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ABSTRACT. This is an elementary introduction to projective geometry. We first discuss
basic plane geometry, all good old results going back to the ancient Greeks, and the
various simplifications that the projective setting brings, and with a look into higher
dimensions too. Then we get into algebraic geometry, of projective flavor, with the
Bézout theorem proved, then with the standard algebraic theory developed, and with
a look into elliptic curves too. We then discuss the symmetry groups in the projective
world, finite or compact, with focus on representation theory, and related diagrams.
Finally, we discuss various analytic aspects, regarding projective groups, homogeneous
spaces and more general manifolds, notably with various integration techniques.



Preface

Do parallel lines cross? Good question for Humanities, with the answer here varying
depending on whom you ask, but with the generally agreed conclusion being that yes,
they do cross, say on the grounds that Love will end up uniting them.

So, parallel lines most likely cross, but can we have some understanding of this too,
we people in Science. And here, as a first experiment, scientific as they come, wake up
in the morning, have a good coffee, I mean just that coffee, and no other things taken by
artists and such, and have a look at some railroad tracks. Do that rails cross or not?

And good question this is. Indeed, while you certainly know that the rails won’t cross,
just imagine the disaster with a train running on that crossing lines, and with this fact
being deeply engraved in your brain, well, what you see, with your scientifically trained
eyes, rather seems to suggest that the rails will cross. Amazing, isn’t it.

In case you doubt, or run into confusion, simply take a picture of that railroad tracks,
with this picture being more or less the same thing that your eyes see, independently of
what the brain says. And the picture will certainly show that the rails cross.

So, very good, fact established, and the problem is now, can we make now some
mathematics, better than the usual mathematics, that we are used to, out of this?

In answer, yes, this is definitely possible, and is something very useful too, for math-
ematics, and for Science in general. The idea indeed is that the usual mathematics, with
usual coordinates and everything, is called “affine”, and based on the above observations,
with a bit of mathematical effort, we can make it “projective”. So, projective geometry
and mathematics is what we would like to learn, in order to get smarter.

This book is an elementary introduction to this, projective geometry, and projective
mathematics in general. The book is organized in four parts, as follows:

(1) We first discuss basic plane geometry, all good old results going back to the ancient
Greeks, and later to the Middle Ages and beyond, and the various simplifications that
the projective setting brings, and with a look into higher dimensions too.
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4 PREFACE

(2) Then we get more systematically into algebraic geometry, of projective flavor, that
is, study of the projective manifolds, with the Bézout theorem proved, then with the
standard algebraic theory developed, and with a look into elliptic curves too.

(3) We discuss then the various symmetry groups in the projective world, that we will
usually take to be finite, or even compact, with all sorts of basic theory and examples,
and then by focusing on representation theory, and related diagrams.

(4) Finally, we discuss various analytic aspects, regarding projective groups, projec-
tive homogeneous spaces, and more general projective manifolds, with some standard
differential geometry questions answered, and with various integration techniques.

Many thanks to my math school professors, from the communist Romania of the 1980s,
and later to the geometry teachers that I had as a freshman at Bucharest, and later to
further geometry teachers, and some teaching colleagues too in Paris, there used to be a
fair amount of projective geometry, in our math teaching, at all levels, at that time, and
good, pleasant and useful learning that was. Hope one day such things will be back.

Thanks as well to my cats, speaking scientists believing what their eyes see, and
drawing quick conclusions out of this, there is no one better than them.

Cergy, March 2025
Teo Banica
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Part 1

Projective space



They’re really rockin’ in Boston
In Pittsburgh, PA
Deep in the heart of Texas
And round the Frisco Bay



CHAPTER 1

Geometry

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 P(Q).

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

11



12 1. GEOMETRY

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 QCQ) 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 a formula of type
PQ=XP+(1-X)Q

Proving Yyour ariom.
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Okay, thanks cat, but I was already having this in mind, for later in this chapter. 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 this chapter, how
cats and physicists can prove Axiom 1.1, or at least, what their claims are.

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,
KNnL=40
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:

AxioMm 1.8. Any two crossing lines K}[L 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:

AXI0M 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. We first have:
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THEOREM 1.10 (Thales). Proportions are kept, along parallel lines. That is, given a
configuration as follows, consisting of two parallel lines, and of two extra lines,

the following equality holds:
SA SC

SB ~ SD
Moreover, the converse holds too, in the sense that this implies AC||BD.

PrROOF. We have indeed the following computation, based on the usual area formula
for the triangles, that is, half of side times height, used multiple times:

SA area(CSA)

SB area(CSB)
area(CSA)
area(CSA) + area(CAB)
area(CSA)
area(CSA) + area(CAD)
area(ASC)
area(ASD)
SC
SD
As for the converse, we will leave the proof here as an instructive exercise. g

There are some other useful versions of the Thales theorem. First, we have:

THEOREM 1.11 (Thales 2). In the context of the Thales theorem configuration,

the following equality, involving the same number, holds as well:
SA AC
SB~ BD

Howewver, the converse of this does not necessarily hold.
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PROOF. In order to prove the formula in the statement, instead of getting lost into
some new area computations, let us draw a tricky parallel, as follows:

By using Theorem 1.10, we have then the following computation, as desired:
SA DE AC
SB DB DB
As for the converse, we will leave the proof here as an instructive exercise. O

As a third Thales theorem now, which is something beautiful too, we have:

THEOREM 1.12 (Thales 3). Given a configuration as follows, consisting of three parallel
lines, and of two extra lines, which can cross or not,

_____ A-—--D i_
-—-B-——- - =-—-—-—- E i_
/
- e e ____= -
the following equality holds:
AB DE
BC  EF

That is, once again, the proportions are kept, along parallel lines.

PROOF. We have two cases here, as follows:

(1) When the two extra lines are parallel, the result is clear, because we have plenty
of parallelograms there, and the fractions in question are plainly equal.

(2) When the two lines cross, let us call S their intersection:
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Now by using Theorem 1.10 several times, we obtain:

AB SB—-SA
BC SC —-SB

_ SB
- SC
SB
_SD
_ SE
SF
1
_ SE-SD
~ SF-SE
_ DE
~ EF
Thus, we are led to the formula in the statement. 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 section.

1b. Angles, triangles

Welcome to advanced plane geometry. It all started with triangles, drawn on sand. In
order to get started, with some basics, we first have the following key result:

THEOREM 1.13. 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:



1B. ANGLES, TRIANGLES 17

(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
poli 2. 85C
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.

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

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:

A,’"

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

Many other things can be said about triangles, and we will be back to this. Impor-
tantly, we can now talk about angles, in the obvious way, by using triangles:
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Fact 1.14. We can talk about the angle between two crossing lines, and have some
basic theory for the angles going, by using triangles, and Thales, in the obvious way.

To be more precise here, let us go back to the configuration from the Thales theorem,
which was as follows, with two parallel lines, and two other lines:

In this situation, we can say that the two triangles SAC' and SBD are similar, and
witn an equivalent formulation of similarity being the fact that the angles are equal:

DEFINITION 1.15. We say that two triangles are similar, and we write
SAC ~ SBD
when their respective angles are equal.

The point now is that, in this situation, we can have some mathematics going, for the
lengths, coming from the following formula, which is the Thales theorem:
SA SC AC
SB SD  BD
At the philosophical level now, you might wonder of course what the values of these
angles, that we have been heavily using in the above, should be, say as real numbers. But

this is something quite tricky, that will take us some time to understand. In the lack of
something bright, for the moment, let us formulate the following definition:

DEFINITION 1.16. We can talk about the numeric value of angles, as follows:

(1) The right angle has value 90°.

(2) We can double angles, in the obvious way.

(3) Thus, the half right angle has value 45°, and the flat angle has value 180°.
(4) We can also triple, quadruple and so on, again in the obvious way.

(5) Thus, we can talk about arbitrary rational multiples of 90°.

6) And, with a bit of analysis helping, we can in fact measure any angle.

(

So, this will be our starting definition for the numeric values of the angles. Of course,
all this might seem a bit improvized, but do not worry, we will come back later to this,
with a better, more advanced definition for these numeric values of the angles.

Getting back to work now, theorems and proofs, in relation with the above, here is a
key result, which will be our main tool for the study of the angles:
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THEOREM 1.17. In an arbitrary triangle

VAN

the sum of all three angles is 180°.

PrROOF. This does not seem obvious to prove, with bare hands, but as usual, in such
situations, some tricky parallels can come to the rescue. Let us prolong indeed the segment
BC' a bit, on the C' side, and then draw a parallel at C, to the line AB, as follows:

But now, we can see that the three angles around ', summing up to the flat angle
180°, are in fact the 3 angles of our triangle. Thus, theorem proved, just like that. O

Going ahead now with our study of angles, as a continuation of the above, let us first
talk about the simplest angle of them all, which is the right angle, denoted 90°. In relation
with it, let us formulate the following definition, making the link with triangles:

DEFINITION 1.18. We call right triangle a triangle of type

A

B C

having one of the angles equal to 90°.
Many things can be said about right triangles, in particular with:
THEOREM 1.19 (Pythagoras). In a right triangle ABC,
A

we have AB? + BC? = AC?.
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PRrOOF. This comes from the following picture, consisting of two squares, and four
triangles which are identical to ABC| as indicated:

o

/\Z

./

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?+4+ BC?+2x AB x BC

O

O O

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:

g = A(J2+4><ABLQBC

= AC®+2x AB x BC
Thus, we are led to the conclusion in the statement. Il
As a second important angle, we have the 60° angle, which usually appears via:

THEOREM 1.20. In an equilateral triangle, having all sides equal,

A

all angles equal 60°.

PRroOOF. This is clear indeed from the fact that the sum is 180°. O

Another interesting angle is the 30° one. About it, we have:
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THEOREM 1.21. In a right triangle having small angles 30°,60°,

A

we have AB = AC/2.

Proor. This is clear by drawing an equilateral triangle, as follows:

A\E

™~

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

We will be back to such things later, when doing trigonometry.

1lc. Advanced results

Moving ahead now, many other things can be said about points and lines, and some-
times parallel lines, as a continuation of the Thales theorem. We first have:

THEOREM 1.22 (Desargues). Two triangles are in perspective azially if and only if
they are in perspective centrally.

ProoOF. This is indeed clear in 3D, and the 2D case follows from this. Importantly,
as in many other of the results above, there are many cases here, depending on whether
various lines cross or not. We will see later how projective geometry simplifies this.  [J

We have as well the following result, going back in time, to Pappus:

THEOREM 1.23 (Pappus). Given a hexagon with both the odd and the even vertices
being colinear, the pairs of opposite sides cross into three colinear points.

PRrROOF. This is related to Desargues, and can be proved via several methods. As
before with Desargues and other results, there are many cases, depending on whether
various lines cross or not. We will see later how projective geometry simplifies this.  [J

Many other things can be said, about points and lines. We will be back to this.
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Let us go back now to basic triangle geometry and centers, as developed before in this
chapter. In order to further build on that material, and systematically look at triangle
centers, we would like to have general crossing results, of the following type:

B D 2o

We will discusss this slowly, with several results on this subject, and on related topics.
First on our list we have the following key result, due to Menelaus:

THEOREM 1.24 (Menelaus). In a configuration of the following type, with a triangle
ABC' cut by a line FED,

we have the following formula, with all segments being taken oriented:

AF BD CE _

FB DC EA_ !

Moreover, the converse holds, with this formula guaranteeing that F, E, D are colinear.

ProoF. This is indeed something very standard, by drawing some altitudes. As for
the converse, this follows from the main result, in the obvious way. Il

We can now answer our original question about crossing lines inside a triangle, drawn
from the vertices, with the following remarkable result, due to Ceva:
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THEOREM 1.25 (Ceva). In a configuration of the following type, with a triangle ABC
containing inner lines AD, BE, CF which cross,

B D 2o

we have the following formula:
AF BD CFE
FB DC EA
Moreover, the converse holds, with this formula guaranteeing that AD, BE,CF cross.

1

Proor. This is indeed something very standard again, which is obviously related to
the previous theorem of Menelaus, and which is best seen by computing some areas. As
for the converse, this follows from the main result, in the obvious way. O

As a basic application of the Ceva theorem, we have now a new point of view on the
barycenter. Indeed, the fact that the medians of a triangle cross can be seen as coming
from the Ceva theorem, via the following trivial computation:

AF BD CFE
FB DC FEA
Which is very nice, but needless to say, there is still a lot of work to be done, on the

barycenter, in order to understand what cats and physicists know about it, in relation
with what was said in the beginning of this chapter. More on this later in this book.

=1x1x1=1

At a more advanced level now, we have the following key result:

THEOREM 1.26. Besides the 4 main centers of a triangle, discussed in the above, many
more remarkable points can be associated to a triangle ABC,

A

B C
and most of these lie on a line, called Fuler line of ABC.
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ProOF. This is something more technical, which can be proved as well, via some
work, the idea with this being as follows:

(1) To start with, it is possible to prove, via some tricks and computations, that the
barycenter, the circumcenter and the orthocenter of a triangle are colinear. With this
being a key result, among others providing a definition for the Euler line.

(2) Needless to say, in order for that Euler line to exist, as defined above, the triangle
ABC must be assumed to be not equilateral. As for the basic example, for this, for an
isosceles triangle, not equilateral, the Euler line is of course the symmetry axis.

(3) At a more advanced level now, as indicated in the statement, it is possible to
construct other interesting centers of a triangle, which usually lie on the Euler line. We
will be back to this in the next theorem, when discussing the nine-point circle.

(4) Finally, again at the level of more advanced results, we have the question of
understanding how these various points lie on the Euler line, meaning understanding the
ratios between the distances between them. Again, many things can be said here. U

Along the same lines, we have as well the following result:
THEOREM 1.27. Associated to a triangle ABC,
A

B C

we have as well a nine-point circle, whose center lies on the Euler line.

PROOF. Again, this is something more technical, which can be proved as well. U

So long for triangles and their centers. This was a very fashionable business long ago,
but in more modern times the goals of mathematicians have slightly deviated towards
arithmetic, with the must-do thing, instead of constructing a new triangle center, being
that of joining the list of generalizators of the Legendre symbol.

As for the truly modern times, here the story is more complicated, with the ultimate
goal being that of having your own version of quantum field theory.

For the rest, as already mentioned on several occasions, the above classical geometry
material has a number of weaknesses. We will fix this, gradually, in what follows.
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1d. Coordinates

At a more advanced level now, many things from plane geometry can be understood
by using coordinates, with each point x € R? being written as a vector, as follows:

()

Of particular interest is the summing operation for such vectors, which, according to
the usual calculus rules for the vectors, is given by the following formula:

() oo () == ()

Indeed, as you surely know well from calculus, geometrically, the idea here is simply
that the vectors add by forming a parallelogram, as follows:

b+d ]
d .y/
b / .,
./
c a a—+c

In practice, the summing operation is usefully complemented by the multiplication by
scalars operation, which is given by the following very intuitive formula:

=) = =)

Finally, of particular interest too, in relation with the computation of the lengths, is
the following formula, allowing us to compute the length of any vector:

o= (3) = lell=vaT e

Very good, and time now to see how our coordinate technology works, if that is worth
something, or not. We will review here all the triangle and basic geometry material from
before, with new proofs for everything, using coordinates, no less than that.

So, God bless, and let us get started. As a first good surprise, in what regards the
axiomatics from the beginning of this chapter, that is literally nuked by coordinates.



26 1. GEOMETRY

We first have, indeed, regarding the first axiom of geometry, that we started this book
with, the following theorem, coming along with a trivial proof:

THEOREM 1.28. Any two distinct points P # () determine a line, denoted P(Q).

PRroOF. This is clear indeed, with coordinates, because we have:
PQ=XP+(1-X)Q

So, very good news, axiom becoming theorem, what more can we wish for. U

Same situation for the second axiom, which becomes a theorem too:

THEOREM 1.29. 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.

Proor. This is again clear with coordinates. O

Getting now to the next thing that we did before, namely the Thales theorem, and as
further good news, that drastically simplifies with coordinates, as follows:

THEOREM 1.30 (Thales). Proportions are kept, along parallel lines. That is, given a
configuration as follows, consisting of two parallel lines, and of two extra lines,

the following equality holds:
SA SC

SB~ SD
Moreover, the converse of this holds too, in the sense that, in the context of a picture as
above, if this equality is satisfied, then the lines AC' and BD must be parallel.

PROOF. Again, this is clear with coordinates, and in fact the other formulations of
the Thales theorem, also from Part I, are clear as well too, again with coordinates. To be
more precise, for the above configuration, the conclusion is as follows:

SA SC AC
SB SD  BD
In addition, we can prove Thales 3 as well, again using coordinates. O

Next, we have the Desargues theorem:
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THEOREM 1.31 (Desargues). Two triangles are in perspective azially if and only if
they are in perspective centrally.

PROOF. Again, this is clear with coordinates. U
Next, we have the Pappus theorem:

THEOREM 1.32 (Pappus). Given a hexagon with both the odd and the even vertices
being colinear, the pairs of opposite sides cross into three colinear points.

PROOF. Again, this is clear with coordinates. O
Getting now to the barycenter theorem, this drastically simplifies, as follows:

THEOREM 1.33 (Barycenter). Given a triangle ABC, its medians cross,

N
/N

B D e

at a point called barycenter, lying at 1/3 — 2/3 on each median.

PROOF. Let us call A, B, C € R? the coordinates of the vertices A, B, C, and consider
the average P = (A + B + C)/3. We have then:

1 2 B
poliy g 2.B1C
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. U

We can prove now as well some other things claimed before, as follows:

THEOREM 1.34. The gravity center of a triangle ABC' is as follows:

(1) In the 0-dimensional case, that is, when putting equal weigths at the vertices
A, B,C, and computing the center, this is the barycenter.

(2) In the 1-dimensional case, that is, with the sides AB, BC, AC' have weigths pro-
portional with their length, this is, in general, different from the barycenter.

(3) In the 2-dimensional case, that is, with the triangle ABC' itself, as an area, having
a weight, uniformly distributed, this is again the barycenter.

PROOF. Again, this is clear with coordinates. Indeed, (1) is something which follows
from the proof of Theorem 1.33, then (2) follows from an easy computation, and (3) is
something which is elementary too, with a bit of analysis know-how. U
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Getting now to the other centers of a triangle, we have here:

THEOREM 1.35. Given a triangle ABC', the following happen:

(1) The angle bisectors cross, at a point called incenter.
(2) The perpendicular bisectors cross, at a point called circumcenter.
(3) The altitudes cross, at a point called orthocenter.

PROOF. Again, such things can be proved with coordinates, and patience. We will
actually leave some of the calculations here as an instructive exercise for you, reader. [J

Coming next, we have the theorem of Pythagoras:

THEOREM 1.36 (Pythagoras). In a right triangle ABC,

A
B C
we have AB? + BC? = AC2.
PROOF. Again, this is clear with coordinates. U

Next, we have the following key result, due to Menelaus:

THEOREM 1.37 (Menelaus). In a configuration of the following type, with a triangle
ABC cut by a line FED,

B
we have the following formula, with all segments being taken oriented:
AF BD CE
FB DC EA

Moreover, the converse holds, with this formula guaranteeing that F, E, D are colinear.

PROOF. Again, this is clear with coordinates. U
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Next, we have the following remarkable result, due to Ceva:

THEOREM 1.38 (Ceva). In a configuration of the following type, with a triangle ABC
containing inner lines AD, BE, CF which cross,

we have the following formula:

AF BD CE
FB DC EA
Moreover, the converse holds, with this formula guaranteeing that AD, BE,CF cross.

1

PROOF. Again, this is clear with coordinates. O
At a more advanced level now, we have the following key result:

THEOREM 1.39. Besides the 4 main centers of a triangle, discussed in the above, many
more remarkable points can be associated to a triangle ABC',

JAN

and most of these lie on a line, called Euler line of ABC'.

PRrOOF. Proving this with coordinates is a good exercise for you, reader. U
Along the same lines, we have as well the following result:

THEOREM 1.40. Associated to a triangle ABC,

VAN

we have as well a nine-point circle, whose center lies on the Euler line.
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PROOF. Again, proving this with coordinates is a good exercise for you, reader. [J

As a conclusion to all this, coordinates seem to perfom quite well, and you might
probably have this question right now, why not having started the present book with
coordinates. In answer, modesty and patience, this is how math is best learned. We will
actually see right next that our present R? coordinates can be beaten themselves by some
better coordinates, namely the C ones. So, long story still to go, and ho hurry.

So, let us talk now about complex coordinates. As a starting point, we have:

THEOREM 1.41. The complex numbers, z = a + tb with a,b € R and with © being a
formal number satisying i> = —1, form a field C. Moreover:

(1

) We have a field embedding R C C, given by a — a + 0 - i.

(2) Additively, we have C ~ R?, with z = a + ib corresponding to (a,b).

(3) The length of vectors r = |z|, with z = a + b, is given by r = Va? + b2.

(4) With z = r(cost+isint), the products z = 2’2" are given by r =r'r", t =t/ +t".
(5) We have e = cost + isint, so we can write z = re'.

(6) There are N solutions to the equation 2V = 1, called N-th roots of unity.

(7) Any degree 2 equation with complex coefficients has both roots in C.

PROOF. We have a field, with 27! = (a — ib)/(a® + V?), and regarding the rest:
1) This is clear.

2) Again, this is clear.
)

(
(
(3) Again, this is clear. Observe also that we have r? = 2z, with z = a — ib.
(

4) We need here the formulae for the sines and cosines of sums, which are as follows,
coming from some trigonometry, done the old way, with triangles in the plane:

cos(s +t) = cosscost —sinssint

sin(s +t) =sinscost + cosssint

Indeed, with these formulae in hand, we have the following computation, as desired:

(coss +isins)(cost + isint)
= (cosscost +i*sinssint) + i(sinscost + cos ssint)
= (cosscost —sinssint) +i(sinscost + cos ssint)
cos(s +t) +isin(s + ¢)
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(5) This follows from some heavy calculus, namely Taylor formula for exp, sin, cos:

RN
Sy

k=0
_ i (it)Zl N o (it)2l+1
£ (2)] = (20 +1)!
o0 2f?l-i-l

- ;0 COIE Z RoTE
= cost+sint
(6) This is clear from (5), with z = w*, with w = >/ and k = 0,1,...,N — 1.
(7) This follows in the usual way, with v/rei* = £/re¢’/? at the end, using (5). O

Getting now to geometry, using complex numbers, many things can be said here, and
as a sample result, we have a better point of view on the barycenter, as follows:

THEOREM 1.42 (Barycenter). Given a triangle ABC, its medians cross,

AN
/ o

at a point called barycenter, lying at 1/3 — 2/3 on each median.

PROOF. Let us call A, B,C € C the coordinates of the vertices A, B, C, and consider
the average P = (A + B + C)/3. We have then:

1AQB+C’

P=—-— A+ —.
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. U

At a more advanced level, many interesting things can be done in relation with or-
thogonality, which in complex coordinates reads:

v ly «— LR
y

Also, the equations of circles are now something simpler, as follows:

e —c| =7
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As an application of this technology, we have the following result:

THEOREM 1.43. Given a triangle ABC, the following happen:

(1) The angle bisectors cross, at a point called incenter.
(2) The perpendicular bisectors cross, at a point called circumcenter.
(3) The altitudes cross, at a point called orthocenter.

PROOF. Again, such things can be proved with complex coordinates. We will actually
leave some of the calculations here as an instructive exercise for you, reader. U

le. Exercises

Exercises:

EXERCISE 1.44.
EXERCISE 1.45.
EXERCISE 1.46.
EXERCISE 1.47.
EXERCISE 1.48.
EXERCISE 1.49.
EXERCISE 1.50.
EXERCISE 1.51.

Bonus exercise.



CHAPTER 2

Projective plane

2a. Projective plane

Welcome to projective geometry. In order to have the parallel lines crossing, which is
something that would be desirable, here are some axioms, to start with:

DEFINITION 2.1. 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.

Obviously, this is something quite general, because a line itself is a projective space,
in the above sense. Note that a circle is a projective space too, in the above sense. We
will be back to such trivial examples later, when talking further axiomatization.

The main example that we will be interested in, in this chapter, is as follows:

DEFINITION 2.2. The projective plane, denoted P3, is the space of lines in R® passing
through the origin. To be more precise:

(1) We call each of the lines in R passing through the origin a point of P2.
(2) We also call each plane in R® passing through the origin a line of P2.

And in the hope that you will not find this too confusing, but no worries, we will get
used to this, which is something quite clever, as we will soon discover.

Getting started with our study, in relation with Definition 2.1, observe that the fol-
lowing happen, in relation with the points and lines of P2, as constructed above:

(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.

As a conclusion to this, what we have is a projective space in the sense of Definition
2.1. Let us record this finding as a theorem, as follows:

33
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THEOREM 2.3. The projective plane P2 is a projective space, in the sense that:

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

PRroor. This follows indeed form the above discussion. O

In order to concretely deal now with P2, say by using coordinates, as we would prefer,
several methods are available. We first have the following result:

THEOREM 2.4. The projective plane P2 appears, alternatively, as the quotient
g =R — {0}/ ~
with ~ being the proportionality of vectors, given by x ~ y when x = \y, with A # 0.

PRrROOF. We know that the projective plane PZ appears by definition as the space of
lines in R3 passing through the origin, and this gives the result. U

As a continuation of this, we can restrict if we want the attention to the vectors on
the unit sphere S3 C R3, and this because any line in R? passing through the origin will
certainly cross this sphere. We are led in this way to the following result:

THEOREM 2.5. The projective plane P2 appears also as the quotient
Pz =Sg/ ~
with ~ being the proportionality of vectors on the sphere, given by x ~ y when x = +y.

PROOF. According to the discussion above, we can restrict the attention to the vectors
on the sphere S3 C R3 and this gives the following formula, with ~ standing as before
for the proportionality of vectors in space, given by x ~ y when x = Ay, with A # 0:

Pg = Sg/ ~

But, it is clear that our line will cross the sphere in exactly two points +z, and we
conclude that we have the formula in the statement. Il

Many other things can be said, as a continuation of the above, and notably in relation
with the picture for P? coming from Theorem 2.5. We will be back to this.

2b. Projective geometry

Time now to do some projective geometry. Following the material in chapter 1, let us
start with the following key result, due to Menelaus:
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THEOREM 2.6 (Menelaus). In a configuration of the following type, with a triangle
ABC' cut by a line FED,

B
we have the following formula, with all segments being taken oriented:
AF BD CE ]
FB DC EA

Moreover, the converse holds, with this formula guaranteeing that F, E, D are colinear.
ProoFr. This is indeed best viewed in the projective geometry setting. U

Next, we have the following remarkable result, due to Ceva:

THEOREM 2.7 (Ceva). In a configuration of the following type, with a triangle ABC
containing inner lines AD, BE, CF which cross,

we have the following formula:
AF BD CE
FB DC EA
Moreover, the converse holds, with this formula guaranteeing that AD, BE,CF cross.

1

PROOF. Again, this is best viewed in the projective geometry setting. Il

Many other things can be said, as a continuation of the above, for instance with some
theory for the curves in the projective plane. We will be back to this.
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2c. Shape, embeddings

Back now to the projective plane itself, this remains a quite mysterious object. Re-
garding its shape, we have the following result, formulated of course quite informally:

THEOREM 2.8. The projective plane P2 is some sort of twisted sphere.
Proor. All this is of course a bit informal, the idea being as follows:

(1) We know that P2 corresponds to the upper hemisphere of the sphere S3 C R?,
with the points on the equator identified via x = —x. 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:

|

O
A
|
|
|
|
|
|

O

O
|
|
|
|
|
|

Y

O

|

(2) 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————F—F——>0
A A A A A
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |
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|

Y

o

—_—

\
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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.

(3) 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.

(4) 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 Mobius strip, and then, well, the Klein bottle.
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(5) 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 imagine 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.

There is some linear algebra to be done here too, by identifying the lines in R?® with
the corresponding rank 1 projections, along with many other things, and we have:

THEOREM 2.9. The projective space P2 can be thought of as being the space of rank 1
projections in the matriz algebra M3(R), given by

1
P, = ||x||2(xzxj)1]

by identifying the lines in R® passing through the origin with the corresponding rank 1
projections in M3(R), in the obvious way.

PROOF. There are several things going on here, the idea being as follows:

(1) The main assertion is more or less clear from definitions, the point being that the
lines in R? passing through the origin are obviously in bijection with the corresponding
rank 1 projections. Thus, we obtain the interpretation of P2 in the statement.

(2) Regarding now the formula of the rank 1 projections, which is a must-know, for
this, and in everyday life, consider a vector y € R3. Its projection on Rz must be a certain
multiple of x, and we are led in this way to the following formula:

<Y, T > 1
= Tr =
<zaxz> |z

Py <Y, x>z

(3) But with this in hand, we can now compute the entries of P,, as follows:

(Px)z] = < Pxej,e,; >
1
= <ejx><T,0 >
1| '
. X
||z
Thus, we are led to the formula in the statement. U

Regarding now embeddings of P2 into Euclidean spaces R", many things can be said,
with a straightforward construction here being as follows:
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THEOREM 2.10. The projective space B2 is a smooth manifold, with charts

T Ti—1 Ti41 xs3
(r1,20,23) = | —, ..., , e, —

where x; # 0. This manifold is compact, and of dimension 2.

PROOF. We know that B2 appears as the space of lines in R? passing through the
origin, so we have the following formula, with ~ being the proportionality of vectors,
given as usual by z ~ y when x = \y, for some scalar \ # 0:

P2 =R {0}/ ~

With this discussion made, let us get now to what is to be proved. Obviously, once
we fix an index i € {1,...,3}, the condition z; # 0 on the vectors z € R? — {0} defines
an open subset U; C P2, and the open subsets that we get in this way cover Pg:

Moreover, the map in the statement is injective U; — R?, and it is clear too that the
changes of charts are C°°. Thus, we have our smooth manifold, as claimed. Il

Many other things can be said about P2, and we will be back to this.

2d. Curves and more

Curves and more.

2e. Exercises

Exercises:

EXERCISE 2.11.
EXERCISE 2.12.
EXERCISE 2.13.
EXERCISE 2.14.
EXERCISE 2.15.
EXERCISE 2.16.
EXERCISE 2.17.
EXERCISE 2.18.

Bonus exercise.



CHAPTER 3

Projective space

3a. Projective space

Welcome to projective geometry, this time in 3 or more dimensions. In order to have
the parallel lines crossing, we use the same axioms as before, namely:

DEFINITION 3.1. A projective space is a space consisting of points and lines, subject
to the following conditions:

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

As noted before in chapter 2, this formalism is something quite general, because a line
itself is a projective space, in the above sense. Note that a circle is a projective space too,
in the above sense. More on these trivial examples in a moment.

The main example that we will be interested in, in this chapter, is as follows:

DEFINITION 3.2. The real projective space, denoted Pﬂév_l, is the space of lines in RN
passing through the origin. To be more precise:
(1) We call each of the lines in RN passing through the origin a point of Pﬂév_l.
(2) We also call each plane in RN passing through the origin a line of Pﬂév_l.

Getting started with this, in relation with Definition 3.1, observe that the following
happen, in relation with the points and lines of Py’ ~', as constructed above:

(1) Each 2 points determine a line. Indeed, 2 points in our sense means 2 lines in RY
passing through the origin, and these 2 lines obviously determine a plane in RY 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 RY
passing through the origin, and these 2 planes obviously determine a line in RY passing
through the origin, namely their intersection, which is a point in our sense.

Let us record this finding as a theorem, as follows:

THEOREM 3.3. The space Pﬂév_l 15 1ndeed a projective space, in the sense that each 2
points determine a line, and each 2 lines cross, on a point.

39
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Proor. This follows indeed form the above discussion. O

In order to concretely deal now with Pﬂév ~! say by using coordinates, as we would
prefer, several methods are available. We first have the following result:

THEOREM 3.4. The projective plane Pﬂév_l appears, alternatively, as the quotient
Py =RY — {0}/ ~
with ~ being the proportionality of vectors, given by x ~ y when x = \y, with A # 0.

Proor. We know that the projective plane Pﬂév ~1 appears by definition as the space
of lines in R passing through the origin, and this gives the result. U

As a continuation of this, we can restrict if we want the attention to the vectors on
the unit sphere Sﬂg 1 ¢ RY, and this because any line in R" passing through the origin
will certainly cross this sphere. We are led in this way to the following result:

THEOREM 3.5. The projective plane Pﬂév_l appears also as the quotient
N-1 N—
Pp™ = 5g 1/ ~
with ~ being the proportionality of vectors on the sphere, given by x ~ y when x = +y.

PRrROOF. According to the discussion above, we can restrict the attention to the vectors
on the sphere S ' C R, and this gives the following formula, with ~ standing as before
for the proportionality of vectors in space, given by x ~ y when x = Ay, with A # 0:

Pg = Sg/ ~

But, it is clear that our line will cross the sphere in exactly two points +z, and we
conclude that we have the formula in the statement. O

Many other things can be said, as a continuation of the above, and notably in relation
with the picture for Pﬂév ~! coming from Theorem 3.5. To be more precise, we have:
THEOREM 3.6. In small dimensions, the projective space Pﬂévfl 15 as follows:
(1) P} is the usual circle.

(2) P2 is some sort of twisted sphere.

ProOF. 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:
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(1) At N = 2, 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, P = T, according to the following scheme:

RN

(2) At N = 3, this is something that we already know, from chapter 2. O

There is some linear algebra to be done here too, by identifying the lines in RY with
the corresponding rank 1 projections, along with many other things, and we have:

THEOREM 3.7. The projective space Pﬂév_l can be thought of as being the space of rank
1 projections in the matriz algebra My(R), given by
1
Py = ——(x:x))y
" fagp et
by identifying the lines in RY passing through the origin with the corresponding rank 1
projections in My (R), in the obvious way.
PROOF. There are several things going on here, the idea being as follows:

(1) The main assertion is more or less clear from definitions, the point being that the
lines in RY passing through the origin are obviously in bijection with the corresponding
rank 1 projections. Thus, we obtain the interpretation of Pﬂév ~!in the statement.



42 3. PROJECTIVE SPACE

(2) Regarding now the formula of the rank 1 projections, which is a must-know, for
this, and in everyday life, consider a vector y € RY. Its projection on Rx must be a
certain multiple of x, and we are led in this way to the following formula:

<y,r > 1
Py = T = <Yy, r>x
YT > |elp Y

(3) But with this in hand, we can now compute the entries of P,, as follows:

(Px)z] = < Pmej,e,; >
1
= HQUHQ <e;,xr >< x,6 >
_ LT
||z
Thus, we are led to the formula in the statement. Il

Regarding now embeddings of Pﬂév ~! into Euclidean spaces R”, many things can be
said, with a straightforward construction here being as follows:

THEOREM 3.8. The projective space P]fg’l is a smooth manifold, with charts

T Ti—1 Ti4+1 TN
(z1,...,oy) — (=2, 2= 22N

where x; # 0. This manifold is compact, and of dimension N — 1.

ProOF. We know that Pﬂév ~1 appears as the space of lines in RY passing through
the origin, so we have the following formula, with ~ being the proportionality of vectors,
given as usual by z ~ y when x = \y, for some scalar A # 0:

PYT=RY — {0}/ ~

Alternatively, we can restrict if we want the attention to the vectors on the unit sphere
SH~1 c RY, and this because any line in RY passing through the origin will certainly
cross this sphere. Moreover, it is clear that our line will cross the sphere in exactly two
points +x, and we conclude that we have the following formula, with ~ being now the
proportionality of vectors on the sphere, given by z ~ y when x = +y:

P =Y
With this discussion made, let us get now to what is to be proved. Obviously, once

we fix an index i € {1,..., N}, the condition x; # 0 on the vectors x € RY — {0} defines
an open subset U; C Pﬂév ~1 and the open subsets that we get in this way cover Pﬂév -1

PY'=U,U...uUy

Moreover, the map in the statement is injective U; — RY~! and it is clear too that
the changes of charts are C**°. Thus, we have our smooth manifold, as claimed. O
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3b. Three dimensions
Let us restrict now the attention to the 3D case. We have here:

DEFINITION 3.9. The real projective space, denoted P3, is the space of lines in R*
passing through the origin. To be more precise:
(1) We call each of the lines in R* passing through the origin a point of P3.
(2) We also call each plane in R* passing through the origin a line of P3.

In order to concretely deal now with P2, say by using coordinates, as we would prefer,
several methods are available. We first have the following result:

THEOREM 3.10. The projective space Ps appears, alternatively, as the quotient
Pg=R'— {0}/ ~
with ~ being the proportionality of vectors, given by x ~ y when x = \y, with A # 0.

PROOF. We know that the projective space P appears by definition as the space of
lines in R* passing through the origin, and this gives the result. U

As a continuation of this, we can restrict if we want the attention to the vectors on
the unit sphere S3 C R*, and this because any line in R? passing through the origin will
certainly cross this sphere. We are led in this way to the following result:

THEOREM 3.11. The projective space Pa appears also as the quotient
Py = Sp/ ~
with ~ being the proportionality of vectors on the sphere, given by x ~ y when x = *+y.

PROOF. According to the discussion above, we can restrict the attention to the vectors
on the sphere S§ C R?, and this gives the following formula, with ~ standing as before
for the proportionality of vectors in space, given by x ~ y when x = Ay, with A # 0O:

Pg = Sp/ ~
But, it is clear that our line will cross the sphere in exactly two points +x, and we
conclude that we have the formula in the statement. U

There is some linear algebra to be done here too, and we have:
THEOREM 3.12. The projective space P can be thought of as being the space of rank
1 projections in the matrixz algebra My(R), given by
1
P, = ——=(@izj);
o 747
by identifying the lines in R* passing through the origin with the corresponding rank 1
projections in My(R), in the obvious way.

Proor. This is indeed something quite self-explanatory. U
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3. PROJECTIVE SPACE
Many other things can be said about P2, as a continuation of this.

3c. Curves, surfaces

Curves, surfaces.

3d. Higher dimensions

Higher dimensions.

3e. Exercises

Exercises:

EXERCISE 3.13.
EXERCISE 3.14.
EXERCISE 3.15.
EXERCISE 3.16.
EXERCISE 3.17.
EXERCISE 3.18.
EXERCISE 3.19.
EXERCISE 3.20.

Bonus exercise.



CHAPTER 4

Generalizations

4a. Arbitrary fields

We discuss here some generalizations of the theory that we have, the idea being that
we can talk about projective spaces over arbitrary fields, in the obvious way.

Let us start with some field theory preliminaries. We first have:

DEFINITION 4.1. 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+0b)+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.

Apparently, the simplest possible field is 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
To be more precise, according to our field axioms, we certainly must have:
0+0=0x0=0x1=1x0=0
0+1=14+0=1x1=1

Thus, everything regarding the addition and multiplication of 0,1 is uniquely deter-
mined, except for the value of 1 + 1. And here, you would say that we should normally
set 1 +1 = 2, with 2 # 0 being a new field element, but the point is that 1 +1 = 0 is
something natural too, this being the addition modulo 2:

1+1=0(2)
And, what we get in this way is a field, denoted as follows:
IFQ = {07 1}

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:

45
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THEOREM 4.2. 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:

I+... +)Q+...+1)=0

Vv vV
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). U

Getting back now to our philosophical discussion regarding numbers, what we have in
Theorem 4.2 is not exactly good news, suggesting that, on purely mathematical grounds,
there is a certain rivalry between Q and F,, as being the simplest field.

So, which of these two fields shall we study here, say as having been created first? Not
an easy question, and as an answer to this, we have:

ANSWER 4.3. Ignoring what pure mathematics might say, and trusting instead physics
and chemistry, we will choose to trust in Q, as being the simplest field.

In short, welcome to science, and with this being something quite natural for us,
mathematics and science being the topic of the present book.
Moving ahead with some more arithmetic, inside Q and perhaps other fields too, let
us start with the following key theorem of Fermat, for the usual integers:
THEOREM 4.4. We have the following congruence, for any prime p,
a” = a(p)

called Fermat’s little theorem.
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PROOF. The simplest way is to do this by recurrence on a € N, as follows:

(a+1)p = Zp: (z)ak

k=0
= da”+1(p)
= a+1(p)
P

Here we have used the fact that all non-trivial binomial coefficients (k
of p, as shown by a close inspection of these binomial coeffients, given by:

p\ _pp=1)...(p=k+1)
k k!

Thus, we have the result for any a € N, and with the case p = 2 being trivial, we can
assume p > 3, and here by using a — —a we get it for any a € Z, as desired. O

) are multiples

The Fermat theorem is particularly interesting when extended from the integers to
the arbitrary field case. In order to discuss this question, let us start with:

THEOREM 4.5. Given a field F, define its characteristic p = char(F) as being the
smallest p € N such that the following happens, and as p = 0, if this never happens:

1+...+41=0
\q‘,_/
p times

Then, assuming p > 0, this characteristic p must be a prime number, we have a field
embedding F, C F, and q¢ = |F| must be of the form q = p*, with k € N.

PROOF. Very crowded statement that we have here, the idea being as follows:
(1) The fact that p > 0 must be prime comes by contradiction, by using:
A+ +D)xQ+...+1)=14+...+1

a times b times ab times

Indeed, assuming that we have p = ab with a,b > 1, the above formula corresponds
to an equality of type AB = 0 with A, B # 0 inside F, which is impossible.

(2) Back to the general case, F' has a smallest subfield £ C F, called prime field,
consisting of the various sums 1 + ... + 1, and their quotients. In the case p = 0 we
obviously have £ = Q. In the case p > 0 now, the multiplication formula in (1) shows
that the set S = {1+ ...+ 1} is stable under taking quotients, and so F = S.

(3) Now with £ = S in hand, we obviously have (E, +) = Z,, and since the multipli-
cation is given by the formula in (1), we conclude that we have E' =T, as a field. Thus,
in the case p > 0, we have constructed an embedding [F, C F', as claimed.

(4) In the context of the above embedding F,, C F', we can say that F is a vector space
over F,, and so we have |F| = p¥, with k € N being the dimension of this space. U
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In relation with Fermat, we can extend the trick in the proof there, as follows:
PROPOSITION 4.6. In a field F of characteristic p > 0 we have
(a+b)P =a’+b°
for any two elements a,b € F.

PrROOF. We have indeed the computation, exactly as in the proof of Fermat, by using
the fact that the non-trivial binomial coefficients are all multiples of p:

P
D\ kip—k
b = b =aP + b
(a+ D) Z (k)a af +
k=0
Thus, we are led to the conclusion in the statement. U

Observe that we can iterate the Fermat formula, and we obtain (a +b)" = a” + b" for
any power r = p°. In particular we have, with ¢ = |F|, the following formula:

(a+0)?=a?+ b7

But this is something quite interesting, showing that the following subset of F', which
is closed under multiplication, is closed under addition too, and so is a subfield:

aq:a}

So, what is this subfield £ C F'?7 In the lack of examples, or general theory for subfields
E C F, we are a bit in the dark here, but it seems quite reasonable to conjecture that we
have E = F. Thus, our conjecture would be that we have the following formula, for any
a € F', and with this being the field extension of the Fermat theorem itself:

E:{aeF

ad=aq

Now that we have our conjecture, let us think at a potential proof. And here, by
looking at the proof of the Fermat theorem, the recurrence method from there, based on
a — a + 1, cannot work as such, and must be suitably fine-tuned.

Thinking a bit, the recurrence from the proof of Fermat somehow rests on the fact
that the additive group Z is singly generated, by 1 € Z. Thus, we need some sort of field
extension of this single generation result, and in the lack of something additive here, the
following theorem, which is something multiplicative, comes to the rescue:

THEOREM 4.7. Given a field F', any finite subgroup of its multiplicative group
G c F—{0}

must be cyclic.
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PROOF. This can be done via some standard arithmetics, as follows:

(1) Let us pick an element g € G of highest order, n = ord(g). Our claim, which will
easily prove the result, is that the order m = ord(h) of any h € G satisfies m|n.

(2) In order to prove this claim, let d = (m,n), write d = am + bn with a,b € Z, and
set k = g®h. We have then the following computations:

Jm = gampbm — gem — gd=bn _ g
JP = gampn — pbn — pd-am _ pd
By using either of these formulae, say the first one, we obtain:
glmal g/ _ (gmyn/a _ (gtyn/d — gn 1
Thus ord(k)|[m,n], and our claim is that we have in fact ord(k) = [m,n|.

(3) In order to prove this latter claim, assume first that we are in the case d = 1.
But here the result is clear, because the formulae in (2) read g = k™, h = ¢g", and since
n = ord(g), m = ord(g) are prime to each other, we conclude that we have ord(k) = mn,
as desired. As for the general case, where d is arbitrary, this follows from this.

(4) Summarizing, we have proved our claim in (2). Now since the order n = ord(g)
was assumed to be maximal, we must have [m, n||n, and so m|n. Thus, we have proved
our claim in (1), namely that the order m = ord(h) of any h € G satisfies m|n.

(5) But with this claim in hand, the result follows. Indeed, since the polynomial 2™ —1
has all the elements h € G as roots, its degree must satisfy n > |G|. On the other hand,
from n = ord(g) with g € G, we have n||G|. We therefore conclude that we have n = |G|,
which shows that G is indeed cyclic, generated by the element g € G. O

We can now extend the Fermat theorem to the finite fields, as follows:

THEOREM 4.8. Given a finite field F', with ¢ = |F| we have
al =a
for any a € F.

PROOF. According to Theorem 4.7 the multiplicative group F' — {0} is cyclic, of order
g — 1. Thus, the following formula is satisfied, for any a € F' — {0}:

a?l=1

Now by multiplying by a, we are led to the conclusion in the statement, with of course
the remark that the formula there trivially holds for a = 0. U

The Fermat polynomial X? — X is something very useful, and its field generalization
X9— X, with ¢ = p* prime power, can be used in order to elucidate the structure of finite
fields. In order to discuss this question, let us start with a basic fact, as follows:
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PROPOSITION 4.9. Given a finite field F', we have
X —-x=][(X-a)

acF
with ¢ = |F|.

PRrROOF. We know from the Fermat theorem above that we have a? = a, for any a € F.
We conclude from this that all the elements a € F' are roots of the polynomial X9 — X,
and so this polynomial must factorize as in the statement. O

The continuation of the story is more complicated, as follows:

THEOREM 4.10. For any prime power q = p* there is a unique field F, having q
elements. At k =1 this is the usual IF,,, and in general, this is the field making

X1 —X=][(X-a)
acF
happen, in some abstract algebraic sense.

PROOF. We are punching here a bit above our weight, the idea being as follows:

(1) At £ = 1 there is nothing much to be said, because the prime field embedding
F, C F found in Theorem 4.2 must be an isomorphism. Thus, done with this.

(2) At £ > 2 however, both the construction and uniqueness of F, are non-trivial.
However, the idea is not that complicated. Indeed, instead of struggling first with finding
a model for F,, and then struggling some more with proving the uniqueness, the point is
that we can solve both these problems, at the same time, by looking at X7 — X.

(3) To be more precise, this polynomial X? — X must have some sort of abstract,
minimal “splitting field”, and this is how [F, comes, both existence and uniqueness. We
will be back to this, which is something non-trivial, later in this book, with details. [

4b. Discrete geometry
Getting now to geometry over finite fields, we have here the following result:

THEOREM 4.11. Given a field F, we can talk about the projective plane P%, as being
the space of lines in F'® passing through the origin, having cardinality

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

ProoF. This is indeed clear from definitions, with the cardinality coming from:
F {0} _ -1
[F—{0}} ¢-—1
Thus, we are led to the conclusions in the statement. U

|Pel = =¢’+q+1
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As an example, let us see what happens for the simplest finite field that we know,
namely F' = [F,. Here our projective plane, having 4 + 2 + 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 for projective geometry are satisfied, in the sense that any two points determine
a line, and any two lines determine a point. And isn’t this beautiful.

4c. Complex numbers

Getting now the complex setting, we have here, exactly as in the real case:

DEFINITION 4.12. We can define the complex projective space P(év’1 as being the space
of complex lines in CN passing through the origin.

As an alternative definition, based this time on linear algebra, we have:

THEOREM 4.13. The complex projective space P(év_l is the space of rank 1 projections
in the matriz algebra My (C), given by
1
|

by identifying the lines in CV passing through the origin with the corresponding rank 1
projections in My (C), in the obvious way.
PRrOOF. All this follows indeed via the same arguments as in the real case. O

1

Talking now differential geometry, the complex projective space Pév ~" is a smooth

compact manifold, having complex dimension N — 1.

4d. Complex geometry

Complex geometry.
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Exercises:

EXERCISE 4.14.
EXERCISE 4.15.
EXERCISE 4.16.
EXERCISE 4.17.
EXERCISE 4.18.
EXERCISE 4.19.
EXERCISE 4.20.

EXERCISE 4.21.

Bonus exercise.

4. GENERALIZATIONS

4e. Exercises



Part 11

Projective manifolds



That’s why I go for that rock and roll music
Any old way you choose it
It’s got a back beat, you can’t lose it
Any old time you use it



CHAPTER 5

Bézout theorem

5a. Plane curves

Plane curves.

5b. Intersections

Intersections.

5c¢. Bézout theorem

Bézout theorem.

5d. Some applications

Some applications.

5e. Exercises

Exercises:

EXERCISE 5.1.
EXERCISE 5.2.
EXERCISE 5.3.
EXERCISE 5.4.
EXERCISE 5.5.
EXERCISE 5.6.
EXERCISE 5.7.
EXERCISE 5.8.

Bonus exercise.
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CHAPTER 6

Abstract algebra

6a. Abstract algebra

Let us get now to R3. Here we are right away into a dillema, because the plane curves
have two possible generalizations. First we have the algebraic curves in R3:

DEFINITION 6.1. An algebraic curve in R? is a curve as follows,

C= {(x,y,z) ER?\P(x,y,2) =0, Q(z,y, 2) = O}
appearing as the joint zeroes of two polynomials P, ().

These curves look of course like the usual plane curves, and at the level of the phe-
nomena that can appear, these are similar to those in the plane, involving singularities
and so on, but also knotting, which is a new phenomenon. However, it is hard to say
something with bare hands about knots. We will be back to this, later in this book.

On the other hand, as another natural generalization of the plane curves, and this
might sound a bit surprising, we have the surfaces in R3, constructed as follows:

DEFINITION 6.2. An algebraic surface in R? is a surface as follows,

S = {(x,y,z) € R*|P(z,y,2) = 0}
appearing as the zeroes of a polynomial P.

The point indeed is that, as it was the case with the plane curves, what we have here
is something defined by a single equation. And with respect to many questions, having a
single equation matters a lot, and this is why surfaces in R? are “simpler” than curves in
R3. In fact, believe me, they are even the correct generalization of the curves in R2.

As an example of what can be done with surfaces, which is very similar to what we
did with the conics C' C R? before, we have the following result:

THEOREM 6.3. The degree 2 surfaces S C R3, called quadrics, are the ellipsoid
2 2 2
)+ )+ ()=
a b c
which is the only compact one, plus 16 more, which can be explicitly listed.
57
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Proor. We will be quite brief here, because we intend to rediscuss all this in a
moment, with full details, in arbitrary N dimensions, the idea being as follows:

(1) The equations for a quadric S C R? are best written as follows, with A € M3(R)
being a matrix, B € Mj.3(R) being a row vector, and C' € R being a constant:

< Au,u >+Bu+C =0

(2) By doing now the linear algebra, and we will come back to this in a moment, with
details, or by invoking the theorem of Sylvester on quadratic forms, we are left, modulo
degeneracy and linear transformations, with signed sums of squares, as follows:

+a?+ £ 22 =0,1

(3) Thus the sphere is the only compact quadric, up to linear transformations, and by
applying now linear transformations to it, we are led to the ellipsoids in the statement.

(4) As for the other quadrics, there are many of them, a bit similar to the parabolas
and hyperbolas in 2 dimensions, and some work here leads to a 16 item list. U

With this done, instead of further insisting on the surfaces S C R3, or getting into
their rivals, the curves C' C R?, which appear as intersections of such surfaces, C' = SN.S’,
let us get instead to arbitrary N dimensions, see what the axiomatics looks like there,
with the hope that this will clarify our dimensionality dillema, curves vs surfaces.

So, moving to N dimensions, we have here the following definition, to start with:

DEFINITION 6.4. An algebraic hypersurface in RY is a space of the form
S = {(a:l,...,a:N) e RY|P(zy,...,an) = o,v@‘}
appearing as the zeroes of a polynomial P € Rz, ..., xy].

Again, this is a quite general definition, covering both the plane curves C' C R and
the surfaces S C R2, which is certainly worth a systematic exploration. But, no hurry
with this, for the moment we are here for talking definitons and axiomatics.

In order to have now a full collection of beasts, in all possible dimensions N € N, and
of all possible dimensions k£ € N, we must intersect such algebraic hypersurfaces. We are
led in this way to the zeroes of families of polynomials, as follows:

DEFINITION 6.5. An algebraic manifold in RN is a space of the form
X = {(331, cay) ERNP(ay, ... an) = O,Vi}

with P; € Rlzy, ..., xN] being a family of polynomials.
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As a first observation, as already mentioned, such a manifold appears as an intersection
of hypersurfaces S;, those associated to the various polynomials P;:

X=5nN...nS,

There is actually a bit of a discussion needed here, regarding the parameter r € N,
shall we allow this parameter to be r = oo too, or not. We will discuss this later, with
some algebra helping, the idea being that allowing r = oo forces in fact r < co.

As an announcement now, good news, what we have in Definition 6.5 is the good
and final notion of algebraic manifold, very general, and with the branch of mathematics
studying such manifolds being called algebraic geometry. In what follows we will discuss
a bit what can be done with this, as a continuation of our previous work on the plane
curves, at the elementary level. All this will lead us into the conclusion that we must first
develop commutative algebra, and come back to algebraic geometry afterwards.

Let us first look more in detail at the hypersurfaces. We have here:

THEOREM 6.6. The degree 2 hypersurfaces S C RY, called quadrics, are up to degen-
eracy and to linear transformations the hypersurfaces of the following form,

+oi+..  +£2%=0,1
and with the sphere being the only compact one.
PrROOF. We have two statements here, the idea being as follows:

(1) The equations for a quadric S C RY are best written as follows, with A € My (R)
being a matrix, B € Mj,n(R) being a row vector, and C' € R being a constant:

< Az,x >+Bx+C=0

(2) By doing the linear algebra, or by invoking the theorem of Sylvester on quadratic
forms, we are left, modulo linear transformations, with signed sums of squares:

+ai+..  £23 =0,1

(3) To be more precise, with linear algebra, by evenly distributing the terms z;x;
above and below the diagonal, we can assume that our matrix A € My (R) is symmetric.
Thus A must be diagonalizable, and by changing the basis of RY, as to have it diagonal,
our equation becomes as follows, with D € My (R) being now diagonal:

< Dzx,x>+4+FEx+F =0

(4) But now, by making squares in the obvious way, which amounts in applying yet
another linear transformation to our quadric, the equation takes the following form, with
G € My(—1,0,1) being diagonal, and with H € {0,1} being a constant:

<Gr,x>=H



60 6. ABSTRACT ALGEBRA

(5) Now barring the degenerate cases, we can further assume G € My(—1,1), and we
are led in this way to the equation claimed in (2) above, namely:

+al+ .. a2y =0,1
(6) In particular we see that, up to some degenerate cases, namely emptyset and point,

the only compact quadric, up to linear transformations, is the one given by:

i 4. tay =1

(7) But this is the unit sphere, so are led to the conclusions in the statement. U
Regarding now the examples of hypersurfaces S C R, or of more general algebraic
manifolds X C RY, there are countless of them, and it is impossible to have some discus-
sion started here, without being subjective. The unit sphere S]{{ 1 RY gets of course
the crown from everyone, as being the most important manifold after RY itself. But

then, passed this sphere, things ramify, depending on what exact applications of algebraic
geometry you have in mind. In what concerns me, here is my next favorite example:

THEOREM 6.7. The invertible matrices A € My(R) lie outside the hypersurface
det A=0
and are therefore dense, in the space of all matrices My (R).

Proor. This is something self-explanatory, but with this result being some key in
linear algebra, all this is worth a detailed discussion, as follows:

(1) We certainly know from basic linear algebra that a matrix A € My (R) is invertible
precisely when it has nonzero determinant, det A # 0. Thus, the invertible matrices
A € My(R) are located precisely in the complement of the following space:

S = {A € MN(R)) det A = o}
(2) We also know from basic linear algebra, or perhaps not so basic linear algebra,
that the determinant det A is a certain polynomial in the entries of A, of degree IN:
det € R[Xlla e aXNN]

(3) We conclude from this that the above set S is a degree N algebraic hypersurface
in our sense, in the Euclidean space My (R) ~ R™, with n = N2.

(4) Now since the complements of non-trivial hypersurfaces S C R™ are obviously
dense, and if needing a formal proof here, for our above hypersurface S this is clear,
simply by suitably perturbing the matrix, and in general do not worry, we will be back
to this, with full details, we are led to the conclusions in the statement. Il

As an illustration for the power of our density result, we have:
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THEOREM 6.8. Given two matrices A, B € My(R), their products
AB,BA € My(R)
have the same characteristic polynomial, Pxp = Ppa.

ProOF. This is something quite hard to prove with bare hands, but we can trick by
using Theorem 6.7. Indeed, it follows from definitions that the characteristic polynomial
of a matrix is invariant under conjugation, in the sense that we have:

Po = Paca-
Now observe that, when assuming that A is invertible, we have:
AB = A(BA)A™!
Thus, we obtain the following formula, in the case where A is invertible:
Pap = Ppa

Now by using the density result from Theorem 6.7, we conclude that this formula
holds in fact for any matrix A, by continuity, as desired. U

Summarizing, we have some algebraic geometry theory going on, with applications, at
least to questions in linear algebra, and presumably in calculus too. Getting back now to
the basics, it is in fact possible to do even more generally, as follows:

DEFINITION 6.9. An algebraic manifold over a field F' is a space of the form
X = {(xl, xy) € FN|P(zy, ..., oy) = O,Vz’}
with P; € Flxq,...,xN]| being a family of polynomials.

This might seem a bit abstract, but as a first observation, recall that F' = C is a field
too, on par with /' = R, and even better than it, in certain contexts. For instance quantum
mechanics naturally lives over F' = C, instead of our usual ' = R. Also, in relation
with questions in linear algebra, a matrix A € My(R) is much better viewed as matrix
A € My(C), because here it has all IV eigenvalues, when counted with multiplicities.

In fact, based on this linear algebra observation, and as our first result in complex
algebraic geometry, we can improve Theorem 6.8, as follows:
THEOREM 6.10. Given two matrices A, B € My(C), their products
AB,BA € My(C)

have the same eigenvalues, with the same multiplicities.
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Proor. To start with, Theorem 6.7 holds over C too, with the invertible matrices
A € My(C) being dense, as being complementary to the following hypersurface:
det A =0
But with this in hand, the trick from the proof of Theorem 6.8 applies, and gives:
Pap = Ppa

But this gives the result, because in the complex matrix setting the characteristic
polynomial P encodes the eigenvalues, with multiplicities. O

This was for a first result in complex algebraic geometry, perhaps a bit advanced. At
the level of more elementary things, the first thought goes to the plane algebraic curves,
in a complex sense. But, surprise here, these are the spaces as follows:

C = {(:E,y) € C*|P(x,y) = 0}

Now when looking at this formula, we realize that our curve C' C C? is in fact some-
thing quite complicated, corresponding to a 2-dimensional surface X C R* But, no
worries, we will come back to this regularly. In fact, in what follows, we will be jointly
developing our theory over both ' =R and F' = C, with such questions in mind.

Getting back now to Definition 6.9 as stated, what about other fields F'? Good
question, and in answer, I would have a quick exercise for you, as follows:

EXERCISE 6.11. Prove that for n > 3 the following curve,
has no non-trivial points, x,y # 0, over ' = Q.

Such ideas are very old, going back to the ancient Greeks, and there are many things
that can be said about algebraic geometry in its “arithmetic” version, over arbitrary fields
F as above. In fact, this is a point where algebraic geometry really shines, with many

known advanced results in number theory having been obtained in this way. But more
on this later, once we will get more familiar with algebraic geometry over F' = R, C.

6b. Rings and modules

As explained above, in order to better understand our algebraic manifolds, and go
beyond what can be done at the elementary level, we are in need of a crash course in
abstract algebra in general, and in commutative algebra in particular, with focus on
ideals of polynomials. Hang on, many abstract things to follow. But this will be a good
investment, useful for topology and for differential geometry too, later in this book.

Let us start with something that we know well, but is worth reminding, namely:
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DEFINITION 6.12. 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+0b)+c, there exists 0 € F such that a +0 = 0,
and any a € F has an inverse —a € F, salisfying a + (—a) = 0.
(2) ab = ba, a(bc) = (ab)c, there exists 1 € F such that al = a, and any a # 0 has
an inverse a~' € F, satisfying aa™t = 1.
(3) The sum and product are compatible via a(b+ ¢) = ab+ ac.

In other words, a field satisfies what we can normally expect from “numbers”, and
as basic examples, we have of course Q, R, C. There are many other examples of fields,
along the same lines. We can talk for instance about fields like Q[v/2], as follows:

PROPOSITION 6.13. The following is an intermediate field Q C F C R,
Q2] = {a + bﬁ’a,b € Q}

and the same happens for any Q[\/n], with n # m? being not a square.

PrOOF. All the field axioms are clearly satisfied, except perhaps for the inversion
axiom. But this axiom is satisfied too, due to the following formula:

1 a—bv2

a—{—bﬂ_ a? — 2b2

Observe that the denominator is indeed nonzero, due to a? # 2b?, which follows by
reasoning modulo 2. As for the case of Q[/n] with n # m?, this is similar. O

As another observation now, complementary to this, with our field theory we are not
at all away from geometry, quite the opposite. Indeed, while the usual spaces of functions
are obviously not fields, geometry and analysis remain around the corner, due to:

PROPOSITION 6.14. The quotients of complex polynomials, called rational funtions,
when written in reduced form, as follows, with P, Q) prime to each other,

P
Q
are well-defined and continuous outside the zeroes Py C C of @), called poles of f:
f:C-—P—=C

Also, these functions are stable under summing, making products and taking inverses,
P,E_PS+QR P R_PR <E>_1_Q
Q S QS QS QS T\
so they form a field C(X), called field of rational functions.

P
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PRrROOF. Almost everything here is clear from definitions, and with the comment that,
in what regards the term “pole”, this does not come from the Poles who invented this,
but rather from the fact that, when trying to draw the graph of f, or rather imagine that
graph, which takes place in 2+ 2 = 4 real dimensions, we are faced with some sort of tent,
which is suspended by infinite poles, which lie, guess where, at the poles of f. Il

Getting back now to generalities, the simplest example of field appears to be Q.
However, this is not exactly true, because the numbers 0, 1, whose presence in a field is
mandatory, 0,1 € F', can form themselves a field, with structure as follows:

1+1=0

To be more precise, according to our field axioms, all operations of type a * b with
a,b = 0,1 are uniquely determined, except for 1+1. You would say that we must normally
set 1 +1 = 2, with 2 # 0 being a new field element, but the point is that 1 +1 = 0 is
something natural too, this being the addition modulo 2. And, what we get is a field:

FQ - {O, 1}
Let us summarize this finding, along with a bit more, as follows:

PROPOSITION 6.15. Q is the simplest field having the property 1+ ...+ 1 # 0, in the
sense that any field F' satisfying this condition must contain Q:

QcF

However, in general this fails, for instance for the field Fy = {0, 1}, with addition 1+1 = 0,
and more generally for the field I, formed by the integers modulo p, with p prime.

PROOF. Here the first assertion 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. As for the second assertion, this follows from the above discussion. O

As a conclusion, we have now a taste of field theory, with the various examples in
Propositions 6.13, 6.14, 6.15 giving us an indication, on what field theory looks like.

Getting back to general theory, now that we have scalars, A\ € F', let us do some
geometry with them. We have here the following straightforward definition:

DEFINITION 6.16. A wvector space V' over a field F is a set with a sum operation +
and a multiplication by scalars operation X, subject to the following conditions:

(1) a+b=b+a,a+ (b+c)=(a+b)+c, there exists 0 € V such that a + 0 = 0,
and any a € V' has an inverse —a € V, satisfying a + (—a) = 0.

(2) The multiplication by scalars satisfies (Au)a = A(pa) and la = a, and is compat-
ible with the vector sum via A(a +b) = Aa + Ab.
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Obviously, this is something very familiar, and in practice you can deal with abstract
vector spaces as above a bit in the same way as you deal with RY or CV, provided of
course that you take some care, in case the field F' has the property 1 + ...+ 1 = 0.
Among others, we have the following result, which helps a lot with everything:

THEOREM 6.17. Any finite dimensional vector space V has a basis, and we have
V=F"
with N being the cardinality of the basis, called dimension of V.

Proor. This is something self-explanatory, that you certainly know well in the cases
F =R, C, and exercise for you to remember how all that theory was working, and adapt
it to the case of arbitrary fields F', with the adaptation being straightforward. O

As an application of this, further building on Proposition 6.15, we have:

THEOREM 6.18. Given a field F, define its characteristic p = char(F) as being the
smallest p € N such that the following happens, and as p = 0, if this never happens:

I1+...+1=0
—_——

p times

Then, assuming p > 0, this characteristic p must be a prime number, we have a field
embedding F, C F, and q¢ = |F| must be of the form q = p*, with k € N.

PRrOOF. Quite crowded statement that we have here, the idea being as follows:
(1) The fact that p > 0 must be prime comes by contradiction, by using:
I+ . +)xQ+...+1)=14...4+1

-
a times b times ab times

Indeed, assuming that we have p = ab with a,b > 1, the above formula corresponds
to an equality of type AB = 0 with A, B # 0 inside F', which is impossible.

(2) Back to the general case, F' has a smallest subfield £ C F, called prime field,
consisting of the various sums 1 + ... 4+ 1, and their quotients. In the case p = 0 we
obviously have £ = Q. In the case p > 0 now, the multiplication formula in (1) shows
that the set S = {1+ ...+ 1} is stable under taking quotients, and so F = S.

(3) Now with £ = S in hand, we obviously have (E,+) = Z,, and since the multipli-
cation is given by the formula in (1), we conclude that we have E' =T, as a field. Thus,
in the case p > 0, we have constructed an embedding F, C F', as claimed.

(4) In the context of the above embedding F,, C F', we can say that F is a vector space
over F,, and so we have |F| = p*, with k € N being the dimension of this space. U
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Many other things can be said about fields, and we will be back to this later, when
discussing more in detail, following Galois and others, the various characteristic 0 fields
that “numbers” can form, and notably the intermediate fields as follows:

QcFcCcC

Moving ahead with more general theory and notions, next in abstract algebra came
the rings and ideals, which are more technical objects, defined as follows:

DEFINITION 6.19. We have notions of rings, modules and ideals, as follows:

(1) A ring R is a set with operations + and x, satisfying the usual conditions for
such operations, except for ab = ba, and for a #0 = Ja~'.

(2) A module V' over a ring R is a vector space, but we will call it ring, and keep the
name vector spaces for the modules over fields, R = F'.

(3) Anideal I C R is a subgroup with the left ideal propertyi € I,r € R = ir € 1,
or the right ideal property i € I,r € R = ri € I, or both.

This was a quite crowded statement, but you get the point, with (1) and (2) we are sort
of trying to do field and vector space mathematics, over things which are not necessarily
fields and vector spaces over them, and (3) is something technical, non-field specific. At
the level of examples, these abound, and we have two important ones, as follows:

(1) The integers form a ring, R = Z, which in addition is commutative, ab = ba. As
obvious module over Z, we have the lattice V = Z". Finally, since R = Z is commutative,
the 3 notions of ideals coincide, and these are the subsets [ = aZ, with a € Z.

(2) The matrices over the integers form a ring, R = My(Z), which is noncommutative
at N > 1. As obvious module over My (Z), we have the lattice V = Z~. As for the ideals,
things here are a bit more complicated, but since at N = 2 the matrices of type (2 §) form
a left ideal which is not a right ideal, and the matrices of type (¢ 3) form a right ideal
which is not a left ideal, at least we know that our 3 types of ideals make sense.

The question that you surely have in mind is, what are ideals good for? Answer:

PROPOSITION 6.20. For a subgroup I C R, the following are equivalent:

(1) I is a two-sided ideal.
(2) R/I is a ring.

Proor. This is something which requires some thinking, as follows:

(1) Since the additive group (R, +) is abelian, given an additive subgroup I C R we
can form the quotient group R/I, which is abelian too, with addition as follows:

(a+I)+(b+1)=(a+b+1)
Observe that the unit is (04 ) = I, and that inverses are given by (—a + I).
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(2) The question is now, can we turn this abelian group R/I into a ring? Normally
the multiplication can only be as follows, and with this clarifying our statement, with the
condition “R/I is a ring” there meaning, with respect to this precise multiplication:

(a+I1)b+1)=(ab+ 1)

(3) But, will this work. As a first observation, there is a bit of analogy here with group
theory, where H C G must be normal in order for G/H to be a group. Thus, our claim
is that the ideal condition is somehow the “analogue of normality, in the ring setting”.

(4) In practice now, it is quite clear, exactly as in the group theory setting, that
everything will be fine, provided that our multiplication is well-defined. And for this
multiplication to be well-defined, the following condition must be satisfied:

(a+D)=W+1), b+)=W+1) = (ab+1)=(dV+1)
But this amounts in the following condition to be satisfied:
a—adel,b-Vel = ab—dbel

(5) Now comes the math. We have the following identity, which shows that if I C R
is a two-sided ideal, then the above condition is satisfied, and so done:

ab—d'bt =ab-V)+ (a—a )t
(6) Conversely now, if the condition in (4) is satisfied, we have in particular:
1—0e€l,r—rel = iwr—0rel
r—rel,i—0e€l = ri—r0el
Thus I C R must be a two-sided ideal, and this finishes the proof. U

Many things can be said about rings, modules and ideals, and we will be back to this
soon. For formulating however a theorem on the subject, we have:

THEOREM 6.21. Assuming that R is commutative and I C R is a maximal ideal, in
the sense that it is a proper ideal, I # R, and there is no bigger proper ideal

ICJCR
the quotient ring F' = R/I is a field.
Proor. This is something very standard, the idea being as follows:

(1) Before starting, a quick example. We know that over R = Z, the ideals are the
subsets I = pZ with p € N. But such an ideal is maximal precisely when p is prime, and
this is the same as asking for the quotient ring R/I = Z, to be a field.

(2) In general now, assume first that R/I is a field. This means that any nonzero
element of R/I is invertible, and with our usual conventions for R/I, this reads:

Vag¢I,3beR, (ab+1)=(1+1)
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Now assume by contradiction that I C R is not maximal, so that we have a bigger
ideal I C J C R. If we pick a € J — I, we obtain, by the above, the following:
acJ—I,beR,ab=1+1,1€l

But this is contradictory, because since J is an ideal, containing I, we must have
ab,i € J, so we conclude that we have 1 € J, and so J = R, contradiction.

(3) Conversely, assume now that I is maximal, and assume too, by contradiction, that
R/I is not a field. Then we can find a zero divisor in R/, which reads:

(a+Db+1)=(I), abd 1
In other words, we can find ab € I with a,b ¢ I. But then, let us look at:
ICcl+aRCR

(4) What we have in the middle is an ideal, and it is also clear, from a ¢ I, that the
inclusion on the left is proper. As for the inclusion on the right, our claim is that this is
proper too. Indeed, assuming otherwise, we would have a formula as follows:

t+ac=1,1€1
Now by multiplying everything by b, we obtain from this:
tb+acb=0b, i€l

But this is contradictory, because on the left we have ib € I and acb = (ab)c € I,
which gives b € I, contradicting the condition b ¢ I. Thus, our claim is proved.

(5) But this is the end of the story, because what we just proved is that what we have
in (3) is indeed a proper ideal, contradicting the maximality of I, as desired. U

As an interesting application of this, in relation with Theorem 6.18, we have:

THEOREM 6.22. For any prime power q = p*, we can construct a field F, having q
elements, as being the quotient field

Fq = F,[X]/(Q)
of the ring of polynomials F,[X] over the integers modulo p, by the ideal generated by an
irreducible polynomial Q € F,[X], of degree k.
PROOF. There are several things going on here, the idea being as follows:

(1) To start with, given an arbitrary field F', it follows from definitions that the
polynomials over it form a ring, R = F[X]. Now if we pick any irreducible polynomial
Q) € F[X], and denote by (Q)) C F[X] the ideal generated by this polynomial, this ideal
will be maximal, and by Theorem 6.21 the following quotient will be a field:

E=FIX]/(Q)
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(2) Now if we denote by k& € N the degree of our polynomial @, it follows from the
basic theory of polynomials that we have an isomorphism of vector spaces, as follows:

E~ FF

(3) Thus, with F = F,, as field input, we are led to the conclusion in the statement.
Of course, there are still a few details to be checked here, with for instance the fact that
we have indeed available irreducible polynomials @) € F,[X] of any degree, needing a
proof. We will leave this as an exercise, and we will come back to this, with full details,
in chapter 3 below. Among others, we will prove there that F, does not depend on the
choice of @ € F,[X], and in fact is the unique field having ¢ = p* elements.

(4) Regarding now the best choice of the irreducible polynomial @) € F,[X], providing
us with a good model for the finite field F,, that we can use in practice, this question
depends on the value of ¢ = p*, and many things can be said here. All in all, our models
are quite similar to C = R[], with ¢ being a formal number satisfying i* = —1.

(5) To be more precise, at the simplest exponent, ¢ = 4, to start with, we can use
Q = X? 4+ X + 1, with this being actually the unique possible choice of a degree 2
irreducible polynomial @) € Fo[X], and this leads to a model as follows:

F4:{O,1,a,a+1’a2:a+1}

(6) Next, at exponents of type ¢ = p* with p > 3 prime, we can use Q = X? —r, with
r being a non-square modulo p, and with (p — 1)/2 choices here. We are led to:

sz:{a+b’y’72:r}

Here, as before with Fy, our formula is something self-explanatory. Observe the anal-
ogy with C = R[i], with i being a formal number satisfying i> = —1. Finally, at ¢ = p*
with £ > 3 things become more complicated, but the main idea remains the same. Il

The above result is quite interesting, among others bringing us back to polynomials,
and algebraic geometry. In fact, the ring R = F[X] that we used is a particular case of
the following types of rings, that we precisely need in algebraic geometry:

R=F[Xy,...,Xy]

In view of this, [ am sure that you have the following question in mind, why having
not talked about such polynomial rings right after Definition 6.19, as being the main
examples of rings, at least from our algebraic geometry perspective.

Good point, and in answer, we have kept the best for the end. In abstract algebra we
have as well a notion of “algebra”, and no wonder here, in view of the name, this must
be something important. And this notion, generalizing the polynomials, is as follows:
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DEFINITION 6.23. An algebra A over a field F' is a ring which is at the same time a
vector space, or perhaps vice versa. That is, we have operations +, X as follows:
(1) a+b=b+a,a+ (b+c)=(a+b)+c, there exists 0 € A such that a +0 = 0,
and any a € A has an inverse —a € A, satisfying a + (—a) = 0.
(2) a(be) = (ab)c, a(b+ ¢) = ab+ ac, (a + b)c = ac+ be for any a,b,c € A, and
(Ap)a = Apa) for any \,p € F and a € A, and also la = al = a.
Quite complicated, you would say, but putting all the axioms for the rings and vector
spaces together can only lead to such a crowded definition. In practice, however, this

turns to be something quite simple, because all the above axioms are meant to help with
our mathematics, by being a sort of “best of” the possible abstract algebra axioms.

But, let us discuss the examples first. And here, we have many of them, with all being
related to geometry or analysis of some sort, as follows:

(1) First we have algebra of polynomials A = F[X]. This is a very basic algebra,
important to us, and with the extra feature that it is commutative, PQ) = QP.

(2) More generally, we have the algebra of polynomials A = F[X,..., Xy|. Again,
this algebra is very important to us, and is commutative, PQ) = QP.

(3) Still talking commutative algebras, we have many of them coming from analysis,
the general principle being that “functions form algebras”. More on this in a moment.

(4) We have as well the algebra of matrices A = My(F'). Again this is a very basic
example, that we know well, which this time is not commutative, ST # T'S.

Obviously, all this is very interesting, and it looks like we hit a big win, with our
Definition 2.23. But, no wonder here, algebra can only be about algebras.

Getting now to the algebras of functions, mentioned in (3), we have here the following
key result, bringing among others some further light on Theorem 6.21 too:

THEOREM 6.24. Given a compact space X, the following happen:

(1) The continuous functions f : X — C form a complex algebra C(X).

(2) Given x € X, the functions satisfying f(x) =0, form an ideal I C C(X).

(3) This ideal is mazimal, and any maximal ideal I C C(X) appears in this way.
(4) In this picture, the fact that the quotient is a field, C(X)/I = C, is clear.

ProoF. All this is self-explanatory, the idea being as follows:
(1) This is clear. Observe that our algebra is commutative, fg = gf.

(2) This is again clear, because f(z) = 0 implies (fg)(z) = 0.
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(3) This follows from some basic topology, via a suitable open cover for X, and we
will leave the clarification of all this as an instructive exercise.

(4) This is clear, because C'(X) — C(X)/I maps f — f(z) € C. O

There are many other examples of algebras of functions, along these lines. In fact, we
can even trick, and view certain algebras, which are certainly not algebras of functions,
as algebras of functions too. As an example, here is a wild physics speculation:

SPECULATION 6.25. We can view the matriz algebra My(C) as being the algebra of
functions on some sort of quantum space My, according to the following formula:

My(C) = C(My)

This quantum space My formally has |Ms| = 4 points, and appears as a sort of twist of
{1,2,3,4}. Moreover, we can integrate over My, according to the formula

T T
/ o 1n + Lo9
Mo 2

with the underlying measure being positive and of mass 1.

To be more precise here, let us be crazy, and define M, according to the formula
C(Msy) = M,(C), without really knowing what we are doing. Then, we have:

Next, since we have My(C) ~ C* as vector spaces, which reads C(M,) ~ C(1,2,3,4),
this suggests that we should have My ~ {1,2,3,4}, as some sort of twisting operation.
But this can be given a mathematical formulation too, the idea being that at the level of
standard bases of C'(M;) ~ C(1,2,3,4), the multiplication gets twisted as follows:

€€kl = 6jkeil — €jCr = (5jkej

Finally, in what regards the last assertion, this expresses the standard fact that the
normalized trace of 2 x 2 matrices tr = Tr/2 is unital and positive, in the sense that:

tr(l)=1 , T>0 = tr(T)>0

Excited about this? Such things come from quantum mechanics, as developed by
Heisenberg, and the above space M, can be given a precise mathematical sense, and is
the entry point to “noncommutative algebraic geometry”. But more on this later, for the
moment, we still have work to do on usual, “commutative” algebraic geometry.

6¢c. The basis theorem

Let us go back now to our general notion of algebraic manifold, from Definition 6.9.
There is an interesting link there with the notion of ideal, coming from:
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PROPOSITION 6.26. Given an arbitrary algebraic manifold, appearing as
X = {(xl,...,:vN) € FN|P(zy,...,zN) = O,Vi}

with P; € Flxq,...,xN| being a family of polynomials, the following happen:
(1) Any linear combination P =" \;P; vanishes on X.

(2) More generally, any combination P = P;Q; vanishes on X .
(3) Thus, any element P € (F;), ideal generated by the P;, vanishes on X.

PRrROOF. Here (1), and then (2) too, are both clear from definitions, with the conven-
tion in both cases that the sums are finite, and (3) is just an abstract reformulation of
(2), because the ideal generated by the polynomials P; is given by:

(P;) = {ZPiQi Qi € F[x1,~~-,$N]}

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

In view of the above result, we can reformulate our notion of algebraic manifold, in
commutative algebra terms, as follows:

PROPOSITION 6.27. The algebraic manifolds are precisely the sets of the form
X = {x c FN’P(:(:) —0,VP e f}
with I C Flxq,...,xN] being a certain ideal.

PROOF. In one sense, this comes from Proposition 6.26, and in the other sense this is
trivial, because any ideal I can be written as I = {B;]i € [}, with P; = i. O

The above result is quite interesting, and raises a lot of questions about the ideals
I C Flzy,...,zy], and the manifolds X C FV that they produce. What exactly are the
ideals I C F[xq,...,xy]?7 Is the correspondence I — X bijective? If not, can we make it
bijective, by restricting the attention to a suitable class of ideals 1?7 And so on.

We will answer all these questions in due time. Let us start with something very basic,
which can obviously be of great use in algebraic geometry, namely:
THEOREM 6.28 (Hilbert basis theorem). Any ideal of polynomials
I C Flzy,...,xN]
is finitely generated, I = (Py,. .., Py), for some P; € Flzy,...,xyN].
Proor. This is something quite tricky, the idea being as follows:

(1) Following Emmy Noether, let us call a ring R Noetherian when any ideal I C R
is finitely generated. Equivalently, any increasing sequence of ideals Iy C Iy C ... must
stabilize, in the sense that we must have I, = [,,,; = ..., for some n € N.
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(2) We want to prove that F|xy,...,zy] is Noetherian, and we will do this by recur-
rence on N. Since R = F'is clearly Noetherian, as being a field, we are left with proving
the recurrence step. And, for this purpose, we will prove something which is a bit more
general, namely that if a ring R is Noetherian, then so is the ring R[X].

(3) We do this by contradiction. So, assume that R is Noetherian, and that R[X] is
not Noetherian, so that we have an ideal I C R[X] which is not finitely generated.

(4) In order to find a contradiction, let us pick P, € I of minimial degree d; € N,
then P, € I/(P;) of minimal degree dy € N, then P; € [/(P, P,) of minimal degree
ds € N, and so on. Since our ideal I C R[X] was assumed to be not finitely generated,
this procedure will not stop, and we obtain an increasing sequence, as follows:

di <dy <d3 < ...
(5) Now let a; € R be the leading coefficient of each P;, and set:
J=(ay,a9,...) CR
Since R was assumed to be Noetherian, we can find n € N such that:
J=(a1,...,a,)

Thus, we have a formula as follows, for certain scalars \; € R:

n

Apy1 = E i@

i=1

(6) With this done, consider the following polynomial:
Q=) NX4nhp,
i=1
This polyomial satisfies then @ € (P, ..., P,), and has the same leading coefficient as
P,y ¢ (Py,...,P,). Thus, the following polynomial has degree < d,,11:

Poaa—Qel/(P,...,P,)

But this is a contradiction, so our assumption in (3) was wrong, which finishes the
proof of our theorem, as explained in the steps (1-3). O

Getting back now to algebraic manifolds, Theorem 6.28 tells us that in our original
Definition 6.9 we can always assume that the family of polynomials {P;} there is finite.
Equivalently, in our reformulation from Proposition 6.27, we can say there at the end that
I C Flzy,...,xy] is finitely generated, with this being true by Theorem 6.28.

However, Theorem 6.28 is best remembered geometrically, as follows:
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THEOREM 6.29. Any algebraic manifold X C FN appears as a finite intersection of
hypersurfaces
X=X

with this intersection being obtained by considering the ideal producing X,
I C Flzy,...,x,)]
writing [ = (Py, ..., P,), and setting X; C FN to be the set of zeroes of each P;.
ProoF. This is indeed something self-explanatory, coming from Theorem 6.28.  [J

Moving ahead now, let us investigate more in detail the correspondence I — X be-
tween ideals I C Fzy,...,zy] and algebraic manifolds X C FV. As a first observation,
we have in fact correspondences in both senses, constructed as follows:

PROPOSITION 6.30. Consider the correspondence I — X given by
xy:{xeFﬂP@g:vaef}
and consider as well the correspondence X — Ix given by:

]X:{Pthh”w%]H@:ﬂNxeX}

We have then X1, = X, but in the other sense, Ix, = I fails in general.

PROOF. Here the first assertion, namely X;, = X, is clear, and the simplest coun-
terexample to Iy, = I comes from the ideal I = (2?), in N = 1 dimensions. Indeed:

12(1’2) — X]:{O} — IXI:<JJ>7£[
Thus, we are led to the conclusions in the statement. O
Let us have now a closer look at Ix, # I, based on the above study. We have:

PROPOSITION 6.31. Given an ideal I C R, define its radical as being:
VI = {TER’HHEN,T”GI}

Then this radical is an ideal, having the following properties:
(1) I =77 Y(N), with N C R being the ideal of nilpotent elements, ™ = 0 for some
n € N, and with m : R — I /R being the quotient map.
2) I c VI, VVI=VI.
(3) If VT is finitely generated, then /I C I, for some n € N.
(4) If I,J C R, with R assumed Noetherian, then VI = /J precisely when I"™ C J
and J" C I for some m,n € N.
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Proor. This is something elementary, and self-explanatory, as follows:

(1) Here everything, including the fact that N C R is indeed an ideal, is clear from
definitions. Observe that our formula I = 771(NN) proves that I is indeed an ideal.

(2) The assertions there are both clear from definitions.
(3) Again, this is something which is clear from definitions.

(4) This assertion, which makes use of the notion of Noetherian ring, that we met in
the proof of Theorem 6.28, follows indeed from (3). O

We can now go back to the correspondences in Proposition 6.30, with the following
key addition to the material there:

THEOREM 6.32. Given an algebraic manifold X C FV, its ideal, given by

Ix = {P € Flzy, ... 25| P(x) = 0,Vz € X}

1s a radical ideal, in the sense that it satisfies the following condition:

Iy = Ix

However, even when restricting the attention to the radical ideals, the correspondence
I — X is still not bijective, in general.

ProoF. This is something elementary, the idea being as follows:

(1) The first assertion is clear from definitions, and we have in fact, more generally,
the following formula, which is clear as well from definitions:

VI C Iy,

(2) As for the second assertion, a first counterexemple here comes by assuming that
our field F' is finite. Indeed, while there are finitely many sets, and so finitely many
algebraic manifolds X C F'V, there are infinitely many radical ideals I C F[X;, ..., zx],
for instance one for each irreducible polynomial P € Flzy,...,xy].

(3) As an important observation, the second assertion fails for ' = R too, in N =1
dimensions, the simplest counterexample here being as follows:

[=@?+1) = X;=0 = Iy, =R[X]#VI
In any case, we are led to the conclusions in the statement. U

The problem is now, what to do? We would certainly love to have I — X bijective,
but this does not look very feasible, at least when F' is arbitrary. However, we will see in
the next section that when assuming that F' is algebrically closed, as is for instance the
field of the complex numbers F' = C, things drastically change, with I — X becoming
bijective, and with this allowing us to develop a lot of non-trivial algebraic geometry.
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6d. Nullstellensatz
Let us first recall that C is algebrically closed, the result being as follows:

THEOREM 6.33. Any polynomial P € C[X]| decomposes as
P=c¢X—-ay)...(X —an)
with ¢ € C and with aq,...,ay € C.
PrOOF. 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(z) + ct*
Now let us write ¢t = rw, with r > 0 small, and with |w| = 1. Our estimate becomes:
P(z +rw) ~ P(z) 4 crfu”

Now recall that we have 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(2 +1w)| = |P(2) + er*u®| = |P(2)](1 — |c]r*)

Now by choosing > 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 +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

Our aim now will be that of developing algebraic geometry over an arbitrary algebri-
cally closed field F', with the main example in mind being the field of complex numbers
F = C. We will see that far more things can be said in this case about the algebra of poly-
nomials A = Fxq,...,zy]|, with respect to what we knew before, when F' was arbitrary,
and with this in hand, we will develop some basic theory for the algebraic manifolds.

Getting back to the discussion from the previous section, we recall from there that

the fundamental question of establishing a bijection between ideals I C Fxy,...,zx]| and
algebraic manifolds X C F'V basically reduces to the question of deciding whether, for an
ideal I C F[xy,...,xy], the following inclusion is an equality or not:

VIc Iy,
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We will see that when F' is algebrically closed, this inclusion is indeed an equality,
with the result being called Hilbert’s Nullstellensatz theorem. Getting started now, let
us first establish a weak version of the Nullstellensatz, as follows:

THEOREM 6.34 (Weak Nullstellensatz). If F' is algebrically closed, we have
Xr#0
for any proper ideal I C Flz1,...,xyN].
Proor. This is something quite tricky, the idea being as follows:

(1) As a first observation, we have indeed here a Weak Nullstellensatz, because when
assuming that the above-mentioned Nullstellensatz holds, we have:

X]:@ —— IXI:F[xl,...,$N]
- \/TZF[ZEh.‘.,lL'N]
- I:F[Il,...,l’N]

(2) As a second observation, the assumption that F is algebrically closed is really
needed, because otherwise we can come with polynomials of type P = X? + 1, say when
F =R, having no zeroes, and so with ideals of type I = (P) € F[X], with X; = 0.

(3) As a third and last observation, our assumption that F' is algebrically closed
tells us that any P € F[X] has zeroes, and based on this, we want to prove that any
I C Flxq,...,zx]| has zeroes, X; # (). Which sounds like a quite plausible claim.

(4) Getting to work now, our precise claim, which will prove our theorem, simply by

replacing I C Flxy, ..., zxn| with a maximal ideal containing it, is that the maximal ideals
I C Flxy,...,xy] are precisely those of the following form, with ay,...,ay € F:
I = (a:l—al,...,a:N—aN)
(5) In order to prove this latter claim, let us pick a maximal ideal I C Flxy,...,zn],

and consider the following quotient, that we know to be a field:
K = Flxy,...,zNn]/1
Our claim in (4), namely [ = (z1 — aq,...,Ty — ay), is then equivalent to:
K~F

Now since F' was assumed to be algebrically closed, proving this amounts in proving
that K is algebraic over F'. And this is what we will prove, by contradiction.

(6) So, asssume that K is purely transcedental over F'. By reordering the variables
x1,...,%N, we can assume that xi,..., 2, € K are algebrically independent over F', and
that xp.1,...,xxy € K are algebraic over the following subfield:

L=K(z,.. a5 CK
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Observe now that K is finitely generated as a L-module. Our claim, based on this,
and which will easily prove the theorem, is that L is finitely generated, as a F-algebra.

(7) In short, we are in need here of some commutative algebra input. Inspired by the
above, consider a Noetherian ring R, and an intermediate ring as follows:

RCSCR[ZEl,...,IN]

Our claim is that if R[xy,...,zy] is finitely generated as S-module, then S is finitely
generated as S-algebra. Observe that this will prove indeed our claim in (6).

(8) So, let us prove this. For this purpose, let us pick a family of S-module generators
Yls-- s Ym € Rlx1, ..., zN], and write formulae as follows, with a;;, b;ji, € S:

Ty = Zaijyj v YiY; = sz’jkyk
J k
Now if we set T" =< a;j, bjjr >, this ring being finitely generated over R, it is Noe-
therian, and since a submodule of a finitely generated module over a Noetherian ring is
finitely generated, with this being something general, and elementary, it follows that S is
a finitely generated T-module, and so is a finitely generated R-algebra, as claimed.

(9) With this in hand, let us get back to our proof of the Weak Nullstellensatz. Our

claim at the end of (6) is now proved, so let us pick algebra generators zj,...,2 € K,
and write these generators as quotients of polynomials, as follows:
P
Zi = —
bQ

(10) Now observe that given any irreducible polynomial P € Flzy, ..., z], the quotient
1/P must be a polynomial in the rational functions z;, and so P must divide at least one
Q;. Thus, we can only have finitely many irreducible polynomials P € Fxy, ..., zx], and
with this being wrong at £ > 1, we have reached to a contradiction, as desired. O

Still with me I hope, after all this algebra. We can now formulate a main result,
namely the Hilbert Nullstellensatz, in its general form, as follows:

THEOREM 6.35 (Nullstellensatz). If F' is algebrically closed, we have
Ix, = VI
for any ideal I C Flz1,...,xN].
Proo¥. This follows from the Weak Nullstellensatz, as follows:

(1) To start with, let us first recall that we trivially have v/I C Ix,, and also that
what we want to prove is stronger than the Weak Nullstellensatz. For more on this, and
other comments, we refer to the beginning of the proof of the Weak Nullstellensatz.

(2) In practice, we want to prove that given an ideal I C F'[zy, ..., xy], any polynomial
P € Flxq,...,zy]| vanishing on X has the property P™ € I, for some m € N.
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(3) For this purpose, we add 1 dimension, and we consider the following ideal:
J=<Il,xy1P(ry,...,2n)— 1>
Since we have X; = (), the Weak Nullstellensatz applies, and shows that .J is trivial.
(4) In order to best interpret this finding, consider the following algebra:
Flry,...,an|[P7'] = Flzy, ..., an1]/(any g P — 1)
The triviality of J gives then a formula of the following type, with f; € I:

1= fo+ firnyr + ...+ fo@N
(5) Now by multiplying by P™, we obtain from this the following formula:
P" =P fo+P™" i+ .+ f
Thus we have P™ € I, as desired. O

With the Nullstellensatz in hand, we can do many things. Assuming as before that F’
is algebrically closed, for the remainder of this chapter, let us start with:

DEFINITION 6.36. Given an algebraic manifold X C FN, we define the Zariski topology
on it by one of the following equivalent conditions:

(1) The closed sets are the algebraic submanifolds Y C X.
(2) Uy ={z € X|f(z) # 0} with f € Flxy,...,xn] is a base of open sets.

Observe that the Zariski topology is not separated, because any two open sets intersect.
Observe also that any descreasing sequence of closed subsets Y7 D Y5 D ... must stablilize,
with this coming from the fact that Flzy,...,zx] is Noetherian. Many other things can
be said here, and we will be back to all this in chapter 7.

Also by using algebra and the Nulstellensatz, we can now investigate the functions on
our algebraic manifolds, with a key notion of regularity, as follows:

DEFINITION 6.37. Let X C F¥ be an algebraic manifold.

(1) A function f: X — F is called reqular at x € X if we can write f = g/h, with
g,h € Flxq,...,xyN], in a neighborhood of x.

(2) More generally, a function f : X — FM s called regular if all its components
fi + X — F are regqular, in the above sense.

(3) A function f: X =Y, withY C FM algebraic, is called reqular when it appears
as the restriction of a reqular function f : X — FM as above.

Summarizing, we have a good notion of morphisms for the algebraic manifolds, and
by using this, we can say that two manifolds are isomorphic, X ~ Y, when we have a
regular bijection between them, in both senses. Many things can be said here, and as a
key result on the subject, coming from the Nullstellensatz, we have:
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THEOREM 6.38. The algebra of reqular functions on a manifold X C FY is
AX) = Flxy,...,xn]/Ix
with Ix being as usual the ideal of polynomials P € F[z1, ..., xN] vanishing on X.
Proor. This follows indeed from the Nullstellensatz.

Again, many things can be said here, and we will be back to this in chapter 7.

6e. Exercises

Exercises:

EXERCISE 6.39.
EXERCISE 6.40.
EXERCISE 6.41.
EXERCISE 6.42.
EXERCISE 6.43.
EXERCISE 6.44.
EXERCISE 6.45.
EXERCISE 6.46.

Bonus exercise.



CHAPTER 7

Projective manifolds

7a. Projective manifolds

Projective manifolds.

7b. Basic examples

Basic examples.

7c. General theory
General theory.

7d. Further examples

Further examples.

7e. Exercises

Exercises:

EXERCISE 7.1.
EXERCISE 7.2.
EXERCISE 7.3.
EXERCISE 7.4.
EXERCISE 7.5.
EXERCISE 7.6.
EXERCISE 7.7.
EXERCISE 7.8.

Bonus exercise.
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CHAPTER 8

Elliptic curves

8a. Elliptic curves

We will be interested here in the elliptic curves, which are the smooth, projective
algebraic curves of genus 1. Under the assumption char(F') # 2,3, that we will make in
this chapter, the corresponding affine curves are as follows, with a,b € F"

v =2 +ar+b

To be more precise, the above equation defines indeed an elliptic curve, provided that
the curve is non-singular, which amounts in saying that the discriminant of the polynomial
on the right is nonzero, with this latter condition being as follows:

A = —16(4a® 4+ 27b*) £ 0

Observe that, when assuming that we are over F' = R, in the case A > 0 the affine
curve has two components, and in the case A < 0 it has one component.

In general, in terms of projective coordinates, the above equation reads:
Y2z = 2 + axz® + b2°

Observe that z = 0 implies x = 0, and then any choice of y will do. The projective
point (0,y,0) is called distinguished point of our elliptic curve, and is denoted 0.

As a last general remark, it follows from the initial definition of the elliptic curves, as
being the smooth, projective algebraic curves of genus 1, that when we are over F' = C,
these curves correspond to certain embeddings of the torus into the complex projective
plane. We will be back to this key fact, later on, with full details.

As a first key result about the elliptic curves, we have:

THEOREM 8.1. Given an elliptic curve X, its points form an abelian group, with
operation given generically by
p+qg+r=20
whenever p,q,r € X are colinear. That is, in the generic case we set p+ q = —r, where
r s the intersection of the line pq with our curve X.

83
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Proor. This statement is something quite compact, the idea being as follows:

(1) Consider an elliptic curve X, coming from an equation y* = 23 + ax + b as above.
Since the curve is symmetric with respect to the x-axis, we can define indeed, generically,
a sum operation p + ¢ = —r as above, and the unit for it is 0 = —0.

(2) The above construction works in the generic case, but in order to have the group
law defined all over X, we must take care of the various special situations that can appear,
too. And here, in the case p = ¢ we can use the tangent there, in the obvious way, and in
the other possible special situations, the formula of p + ¢ is straightforward too.

(3) Thus, we obtain indeed an abelian group, and we will use the same notation, X, for
this group and for the elliptic curve itself, with the convention from now on that elliptic
curve means elliptic curve as before, given with a distinguished point 0.

(4) In the case there is a subfield £ C F involved, we denote by X the elliptic curve
over F, which is a group too. In fact, we have a group embedding Xp C Xp.

(5) Let us do some computations too, in the generic case. In order to sum two points
p = (2,,yp) and q¢ = (z4,y,), we must intersect X with the line pq, and take the opposite
r of that point —r. But the line pq is of the form y = sz + ¢, with the slope being:
_ Y~ Yq

Ty — T

p q

Now intersecting this line with the curve leads to the following equation:
(st +c) =2 +ar+b

On the other hand, since z,,x,, x, must be solutions of this equation, this latter
equation must coincide with the following degree 3 equation:

(v —a,)(x —2,)(@ —2,) = 0
Now by looking at the coefficient of 22, we obtain the following formula:
s = Tp+ Tg+ T,
Thus, with the slope s being as before, we obtain the following formulae:
T, =8> — 1z, — 1,
Yr = Yp — S(Tp — 24)

(6) Summarizing, we have the abelian group law on X constructed in two possible
ways, and with the group embedding Xp C Xp from (4) being fully justified too. O



8B. RATIONAL POINTS 85

8b. Rational points

In practice now, we are mostly interested in computing the rational points of the
elliptic curves, which amounts in studying the following subgroups:

X@ C Xgr
As a key result, regarding these subgroups, we have:

THEOREM 8.2 (Mordell-Weil). Given an elliptic curve X, its subgroup of rational
points Xo C Xg s finitely generated. Thus, we have a decomposition of type

Xo=Z®.. PLPZLN, D ... D 7ZLn,
with finitely many summands, and with Ny, ..., Ny < o0.
ProoOF. This is something quite tricky, the idea being as follows:

(1) The first step, called weak Mordell-Weil theorem, is that of proving that the
quotient abelian group Xq/mXg is finite, for any m > 2:

Xo/mXp| < 0o
| Xo/mXq

(2) The second step involves the notion of height of a point r = (z,y) € X, which is
defined as follows, by writing = = p/q, with p, g prime to each other:

h(r) = log max(|pl, |q|)

The point indeed is that one can prove that there are finitely many rational points of
height h(r) < K, for any K > 0, and this leads to the result. 0

The above result is quite interesting, because it splits the study of rational points into
two parts, depending on whether these are free points, or torsion points:

(1) First we have the free rational points of our elliptic curve, corresponding to the

torsion-free subgroup of the group X from Theorem 8.2, namely:
7D...07 C XQ

Many things can be said here, notably with the Birch and Swinnerton-Dyer conjecture,
asking for the computation of the number of Z summands, called rank of X.

(2) Then we have the torsion rational points of our elliptic curve, corresponding to
the torsion subgroup of the group Xg from Theorem 8.2, namely:

ZNl@...@ZNk CXQ

Here, by a theorem of Mazur, the group on the left can take in fact only 15 possible
values, namely Zy with N =1,...,10 and N = 12, and Zs X Zon with N =1,2,3,4.
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8c. Hasse principle

We discuss now some wild arithmetic tricks, for dealing with equations over the ratio-
nals, and with the rational numbers themselves, based on the notion of p-adic number.
The idea is very simple, namely that of completing Q with respect to a different norm,
which privileges the prime number p that we have chosen in advance.

Before that, some motivational talk. The dream in arithmetics, usually concerned
with solving equations f = 0 over the rationals, is something very simple, namely:

DREAM 8.3. I checked that my equation f = 0 has solutions modulo p, for any prime
p, so my equation must have solutions over Q.

As a first observation, the dream holds when f is constant, f = c. Indeed, ignoring a
bit the differences between integers and rationals, ¢ = 0(p) for any prime p means ¢ = 0,
so our equation is ¢ = 0, having any rational number x € Q as solution.

Along the same lines, there are some other examples of very simple equations f = 0
for which the dream holds. However, such equations are usually so simple, that we can
solve them right away, and so our dream for them is not useful. In general, for more
complicated equations, our dream remains wrong, and must be fine-tuned.

As a second piece of motivation, let us talk some analysis too. Everything in analytic
number theory comes from the Euler formula for the Riemann series, namely:

00 —1
()
ST (-
n=1 n peP p
But this is again something of “local-global” type, with on the left the global quantity,
that is, a usual number, which actually happens to be oo, in our case, and on the right
the “local” versions of this number, with respect to the various primes p.

Summarizing, our dream is something important, both from the algebraic and analytic
perspective, and is definitely worth a second look, with the aim of fixing it. We are led
in this way to the following update to it, which is a bit more modest:

HoPE 8.4. I checked that my equation f = 0 has solutions with respect to any prime
P, in a suitable sense, so my equation must have solutions over Q.

So, this will be our plan for this chapter, doing some mathematics, as for this hope
come true. We will see that this can indeed be done, with our vague wording above “with
respect to any prime p, in a suitable sense” being replaced by something very precise and
mathematical, namely “over the p-adics, for any prime p”, and with the statement itself
being a deep principle in number theory, called Hasse local-global principle.

Getting to work now, let us further reformulate our dreams and hopes, as follows:
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QUESTION 8.5. What are the p-adic numbers, defined with respect to a chosen prime
number p, making the local-global principle work?

In answer, let us temporarily forget about equations, and the local-global principle,
and simply pick a prime number p, and look at the world from the perspective of p. So,
imagining that we are p, both me and you, what we see is something as follows:

(1) First, we see all sorts of integers a € Z. Some appear friendly, namely those of the
form a € pZ, while the others, of the form a ¢ pZ, appear bizarre and distant.

(2) Moreover, between friends a € pZ, those of the form a € p?Z appear particularly
close. And among them, a € p3Z are truly very close friends. And so on.

(3) Then, we see all sorts of rationals, 7 = a/b, and again, some are close, some are
distant, depending on the exact p* factor, with k& € Z, appearing inside .

(4) In particular, the rationals of the form r = 1/p* with k¥ >> 0 appear really
frightening. Fortunately they are very far away from us, we can barely see them.

(5) And finally, we can see some irrationals z ¢ Q too, but these being uncountable,
it is quite hard to figure out how they look like, and are distributed in space.

Very good, so getting back to Earth now, let us write down a definition, based on
what we saw in our Prime Number Experience. By focusing on the integers, and more
generally the rationals, and leaving the irrationals for later, we have:

DEFINITION 8.6. Given p prime, we define the p-adic norm of r € Q as being:

_ a
rl=p"* | szkg ,a,b#0(p)

Also, we call the integer k € Z the p-adic valuation of r, and denote it k = v(r).

Going ahead now with math, the question is, is our Definition 8.6 correct? That is, is
|r| indeed a norm? And here, is depends a bit on your background, with mathematicians
being a bit dissapointed, to the point of even choosing to stop calling |r| a norm, but
physicists and others being fully happy with it, the result being as follows:

THEOREM 8.7. The p-adic norm |r| = p~* is not exactly a norm, but satisfies the
following conditions, which are even better:
(1) First aziom: |z| > 0, with || =0 when x = 0.
(2) Modified second aziom: |zy| = |x| - |y].
(3) Strong triangle inequality: |z + y| < max(|z|, |y|).
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PRrOOF. All this follows indeed from some simple arithmetics modulo p:

(1) That axiom clearly holds, with the remark that we forgot to say in Definition 8.6
that v(0) = oo, by definition, because any p*, no matter how big k& € N is, divides 0.

(2) As a first observation, the usual second norm axiom, namely |[\z| = ||A|| - |z|, with
||.|| standing here for the usual absolute value of the numbers, definitely fails, and this
because all the p-adic norms |r| are by definition integer powers of p, and an arbitrary
A € Q will mess up this. However, we have instead |zy| = |z| - |y|, coming from:

v(zy) = v(w)v(y)

And is this good news or not. After some thinking, this modified second axiom is just
as good as the failed usual second axiom, because who cares about arbitrary numbers
A € Q, not viewed from the perspective of p, I mean. More on this in a moment.

(3) Finally, let us look at sums z + y. Over the integers p*|z, y implies p*|z + y, and
with a bit of fractions arithmetic, that we will leave here as an easy exercise, the same
holds for rationals, in the sense that we have, in terms of the p-adic valuation:

v(z +y) > min(v(z), v(y))
Thus the p-adic norm itself, |r| = p~¥("), satisfies the following inequality:
|z +y| < max(|z], [y])

Now, what does this inequality mean, geometrically? Good question, and as a first re-
mark, since this is obviously something stronger than the usual triangle inequality satisfied
by the norms, |z + y| < |z|+ |y|, we will call it strong triangle inequality. O

Before going ahead, let us further examine the strong triangle inequality found in the
above. This is something new to us, and as a further result on it, we have:

PROPOSITION 8.8. The strong triangle inequality implies
|| # ly| = |z + y| = max(|z|, |y|)
and with this being valid for any modified norm, in the sense of Theorem 8.7.
Proor. This is again something elementary, the idea being as follows:

(1) In what regards the p-adic norm, going back to (3) in the proof of Theorem 8.7, we
can add there the observation that, trivially over the integers, and then over the rationals
too, with a bit of fraction work, the p-adic valuation satisfies:

v(x) #v(y) = v(z+y)=min(v(z),v(y))

Thus the p-adic norm itself satisfies the condition in the statement.
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(2) More generally now, and with this being something quite interesting, our claim
is that this phenomenon is valid for any generalized norm in the sense of Theorem 8.7.
Indeed, assume that |z| > 0, with |z| = 0 when xz = 0, as usual, and that:

lzyl =z - [yl Jo+y| < max(|z],[y])
In order to prove our result, assume |x| > |y|. We then have, trivially:
[z +y| < max(|z], [y]) = [«]

(3) In the other sense now, we have to work a bit. We have the following computation,
with at the end the observation that the max cannot be |y|, because if that would be the
case, the inequality that we would obtain would be |z| < |y|, contradicting |z| > |y|:

2] = [(z+y) =yl
< max(|z +yl, ly])
= |z +yl
Thus, we have equality in the estimate in (2), as desired. O

Very nice all this, and getting back now to what we have in Theorem 8.7, namely the
modified norm axioms there, we can formulate, as a simple consequence:

PROPOSITION 8.9. The p-adic norm |r| = p~*

d(z,y) = |z —y|
is a distance. Thus, the rationals Q become in this way a metric space.

18 not exactly a norm, but

ProOF. With the conditions satisfied by the p-norm |r| in hand, it follows, trivially,
that d(x,y) = |z — y| is indeed a distance, making Q a metric space. O

Now let us turn to irrationals. The quite blurry picture that we saw during our Prime
Number Experience, and with the blame at that time being on the uncountability of these
beasts, in the lack of something better, can be now explained. Indeed, what we saw were
not the “usual” irrationals z € R — Q, but rather some irrationals € Q, — Q viewed
from the perspective of p, constructed according to the following result:

THEOREM 8.10. By completing Q with respect to the p-adic distance
d(z,y) = |z =yl
we obtain a certain field Q,, called field of p-adic numbers.

PRroOOF. This is something very standard, with the passage Q — @, being very similar
to the passage Q — R, that we are very familiar with. In fact, some things get even simpler
for p-adics, due to the strong triangle inequality satisfied by the norm. O

What is next? Many things, especially in relation with understanding what the p-adic
irrationals z € Q, — Q really are, concretely speaking. But before that, inspired by the
theory of usual numbers, Z C Q, we can introduce the p-adic integers, as follows:
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THEOREM 8.11. We can introduce the p-adic integers Z,, C Q, as being

Zp:{xe(@p |x|§1}

not to be confused with Z,, and this is a ring, appearing as completion of Z C Z,.

PROOF. There are several things going on here, the idea being as follows:

(1) We can certainly introduce a set Z, C Q, by the condition in the statement, and
the ring axioms are all clear from the modified norm conditions, from Theorem 8.7, the
verifications of the fact that Z, is stable under sums and products being as follows:

2], [yl <1 = |z +y| < max(|z],[y[) <1

lz|, |y <1 = |zy| = |z|-|y| <1

(2) Next, since the valuation of a usual integer x € Z satisfies v(z) > 0, the norm
satisfies |x| < 1, and so we have an inclusion Z C Z,, as in the statement.

(3) With a bit more work, we can see that Z, is closed with respect to the p-adic
norm, and also, that is appears as the completion of its subring Z C Z,,. O

With this understood, let us get now to the irrationals, and non-integers, and the
p-adic numbers in general, viewed as a whole. Obviously, in order to understand them,
we must understand well the Cauchy sequences and convergence in Q,. But here, many
surprises are waiting for us, as for instance the following notorious formula:

PROPOSITION 8.12. We have the following formula,
- 1
S
k=0
with respect to the p-adic norm.

PRrROOF. By using p™ — 0, with respect to the p-adic norm, we have:

n—1
1—p"

k=0
_ 1 p"
1—-p 1-p
N 1 0
 1l—-p 1-p
B 1
= 1

Thus, we are led to the conclusion in the statement. U
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Quite nice the above formula, we are learning new things here, aren’t we, and even
more spectacular is its p = 2 particular case, which reads:

izk =-1
k=0

As a matter of doublecheking, this latter formula can be proved as follows:

n—1
sz = 21
k=0
~ 0-—1
—1

But we will not get scared by this. Moving ahead now with our general program, of
understanding the Cauchy sequences and convergence in Q,, we have:

THEOREM 8.13. Convergence in Q,, and corresponding picture of Q,.

Proor. This follows, as usual, from some elementary arithmetic modulo p, with the
conclusion being that the arbitrary p-adic numbers z € Q,, have, after all, a quite intuitive
interpretation, when it comes to their decimal, or rather p-adic, expansion. U

Finally, again in the analogy with what we know about numbers, we have:
THEOREM 8.14. The field of p-adic numbers Q, can be further enlarged,
Q, CQ,
into an algebrically closed field Q,, having many interesting properties.

PRrRoOOF. This follows indeed by using the general F — F technology coming from
Galois theory, and with this being quite similar to the construction R — C. U

Getting back now to our original motivations, namely equations for the integers and
rationals, and the local-global principle for them, that we are dreaming of, we have:

THEOREM 8.15. Hasse local-global principle, and Hasse-Minkowski theorem.

PROOF. Many things can be said here, especially in continuation of our previous study
of elliptic curves. The proofs, however, use a lot of non-trivial algebra. We will present
here the main ideas, behind these proofs, with some details missing. O

8d. Further results

Further results.



92

Exercises:

EXERCISE 8.16.
EXERCISE 8.17.
EXERCISE 8.18.
EXERCISE 8.19.
EXERCISE 8.20.
EXERCISE 8.21.
EXERCISE 8.22.

EXERCISE 8.23.

Bonus exercise.
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8e. Exercises
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Symmetry groups



Well, it’s one for the money
Two for the show
Three to get ready

Now go cat go



CHAPTER 9

Projective rotations

9a. Rotation groups

We discuss in this present Part III of this book the various symmetry groups, contin-
uous or discrete, in the projective geometry setting. To start with, in the present chapter
we will discuss the projective rotation groups. Let us start with a very basic result,
regarding the usual, affine rotation groups, that you surely know well, namely:

THEOREM 9.1. We have the following results:
(1) The rotations of RN form the orthogonal group Oy, which is given by:

Oy = {U c MN(R)‘Ut — U—l}
(2) The rotations of CN form the unitary group Uy, which is given by:
Uy = {U e My(C)|U* = U*l}

In addition, we can restrict the attention to the rotations of the corresponding spheres.

Proor. This is something that you surely know, the idea being as follows:

(1) We know from linear algebra that a linear map 7 : RY — RY written as T'(z) =
Uz with U € My(R), is a rotation, in the sense that it preserves the distances and the
angles, precisely when the associated matrix U is orthogonal, in the following sense:

Ut — U*l
Thus, we obtain the result. As for the last assertion, this is clear as well, because an

isometry of RY is the same as an isometry of the unit sphere S{'~* C RV,

(2) We know from linear algebra that a linear map 7 : CV — CV, written as T'(x) =
Uz with U € My(C), is a rotation, in the sense that it preserves the distances and the
scalar products, precisely when the associated matrix U is unitary, in the following sense:

Ur=u-!
Thus, we obtain the result. As for the last assertion, this is clear as well, because an
isometry of C¥ is the same as an isometry of the unit sphere Sév “Lcch. O

In order to introduce now some further examples of continuous groups G C Uy, we
will need the following standard fact, that you surely know well too:

95
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PROPOSITION 9.2. We have the following results:

(1) For an orthogonal matriz U € Oy we have det U € {£1}.
(2) For a unitary matriz U € Uy we have detU € T.

Proor. This is clear from the equations defining Oy, Uy, as follows:

(1) We have indeed the following implications:

UeOy = U =U"
= detU'=detU™!
—  detU = (detU)™*
— detU € {£1}

(2) We have indeed the following implications:

UelUy = U*'=U"!
— detU*=detU*
= detU = (detU)™*
= detUeT

Here we have used the fact that 2 = 2~! means 2z = 1, and so z € T. O

We can now introduce the subgroups SOy C Oy and SUy C Uy, as being the
subgroups consisting of the rotations which preserve the orientation, as follows:

THEOREM 9.3. The following are groups of matrices,
Sox ={U e Ox|desy =1} . sUy ={U e Uy|detv =1}
consisting of the rotations which preserve the orientation.

PRrOOF. The fact that we have indeed groups follows from the properties of the de-
terminant, of from the property of preserving the orientation, which is clear as well. [J

Summarizing, we have constructed so far 4 continuous groups of matrices, consisting
of various rotations, with inclusions between them, as follows:

SUn Un

SOy On

At N =1 the situation is trivial, and we obtain very simple groups, as follows:
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PROPOSITION 9.4. The basic continuous groups at N =1 are

{1} T

{1}

or, equivalently, are the following cyclic groups,

{£1}

Iy ——— Lo

Zy Lo
with the convention that Zs s the group of s-th roots of unity.

PROOF. This is clear from definitions, because for a 1x 1 matrix the unitarity condition
reads U = U~', and so U € T, and this gives all the results. Il

At N = 2 now, let us first discuss the real case. The result here is as follows:

THEOREM 9.5. We have the following results:

(1) SOy is the group of usual rotations in the plane, which are given by:
cost —sint
o = (sint cost )
(2) Oy consists in addition of the usual symmetries in the plane, given by:
g — cost sint
E7 \sint —cost
stractly speaking, we have isomorphisms as follows:
3) Abstractl ki h ' hi foll

SO, ~T |, Oy=T x2Zs

(4) When discretizing all this, by replacing the 2-dimensional unit sphere T by the
reqular N-gon, the latter isomorphism discretizes as Dy = Zn X Zs.

Proor. This follows from some elementary computations, as follows:

(1) The first assertion is clear, because only the rotations of the plane in the usual
sense preserve the orientation. As for the formula of Ry, this is something that we know
well from linear algebra, obtained by computing R, ((1)) and Ry ((1))
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(2) The first assertion is clear, because rotations left aside, we are left with the sym-
metries of the plane, in the usual sense. As for formula of S, this is something that we
know well too, obtained by computing S; ((1)) and S; (?)

(3) The first assertion is clear, because the angles ¢t € R, taken as usual modulo 27,
form the group T. As for the second assertion, the proof here is similar to the proof of
the crossed product decomposition Dy = Zy X Zs for the dihedral groups.

(4) This is something more speculative, the idea here being that the isomorphism
Oy = T % Zy appears from Dy = Zy X Zs by taking the N — oo limit. O
9b. Pauli matrices

Moving forward, let us keep working out what happens at N = 2, but this time with
a study in the complex case. We first have here the following key result:

THEOREM 9.6. We have the following formula,

SU, — {(_“B Z) [ Jaf? + b2 = 1}

which makes SUy isomorphic to the unit sphere S¢ C C.
Proor. Consider indeed an arbitrary 2 x 2 matrix, written as follows:
i= (0 )
Assuming that we have det U = 1, the inverse must be given by:
(4 )
—c a

On the other hand, assuming U € U,, the inverse must be the adjoint:

a_(ac
= (i 3)

We are therefore led to the following equations, for the matrix entries:

d=a , c=-b

Thus our matrix must be of the following special form:

U= <—ab 2)

Moreover, since the determinant is 1, we must have, as stated:

laf* + b]* =1
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Thus, we are done with one inclusion. As for the converse, this is clear, the matrices
in the statement being unitaries, and of determinant 1, and so being elements of SUs.
Finally, regarding the last assertion, recall that the unit sphere St C C? is given by:

st ={(a,b) | la]* + [bf* = 1}

Thus, we have an isomorphism of compact spaces, as follows:

SU, ~ SL <_ab 2>—>(a,b)

We have therefore proved our theorem. U

Regarding now the unitary group Us, the result here is similar, as follows:

THEOREM 9.7. We have the following formula,

vo={a( % 1) [P+ P =101}

which makes Uy be a quotient compact space, as follows,
S((l: x T — U2
but with this parametrization being no longer bijective.

PROOF. In one sense, this is clear from Theorem 9.6, because we have:
|d| =1 = dSU, C Us

In the other sense, let us pick an arbitrary matrix U € U,. We have then:

|det(U)* = det(U)det(U)
= det(U)det(U")
= det(UU™)
= det(1)
1

Consider now the following complex number, defined up to a sign choice:

d=+VdetU

We know from Proposition 9.2 that we have |d| = 1. Thus the rescaled matrix V' = U/d
is unitary, V € U,. As for the determinant of this matrix, this is given by:

det(V) = det(U/d)
= det(U)/d?
= det(U)/det(U)
=1
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Thus we have V' € SUs, and so we can write, with |a|> + [b]* = 1:

Thus the matrix U = dV appears as in the statement. Finally, observe that the result
that we have just proved provides us with a quotient map as follows:

SLxT—=U, | ((a,b),d)—>d<a b)

—-b a
However, the parametrization is no longer bijective, because when we globally switch
signs, the element ((—a, —b), —d) produces the same element of Us. O

Here is now a useful reformulation of our main result so far regarding SU,, obtained
by further building on the parametrization found above:

THEOREM 9.8. We have the formula

B r+iy =zt ‘2 9 9 9
SUZ_{(—z—H’t x—iy) Ay + 2+t _1}

which makes SUy isomorphic to the unit real sphere Sy C R3.

Proor. We recall from Theorem 9.6 that we have the following formula:

SU, = {(_“5 Z) [ Jaf? + b = 1}

Now let us write our parameters a,b € C, which belong to the complex unit sphere
S¢& C C?) in terms of their real and imaginary parts, as follows:

a=x+1y , b=z-+it

In terms of z,y, z,t € R, our formula for a generic matrix U € SU, becomes the one
in the statement. As for the condition to be satisfied by the parameters x,y, z,t € R, this
comes the condition |al? 4 |b]> = 1 to be satisfied by a,b € C, which reads:

Py =1
Thus, we are led to the conclusion in the statement. Regarding now the last assertion,
recall that the unit sphere S3 C R* is given by:

S3 = {(x,y,z,t) ‘ x2+y2+z2+t2:1}

Thus, we have an isomorphism of compact spaces, as follows:

a3 x4y 2+t
SUy ~ Sp (—z+it x_iy)%(x,y,z,t)

We have therefore proved our theorem. U
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As a philosophical comment here, the above parametrization of SUs; is something very
nice, because the parameters (x,y, z,t) range now over the sphere of space-time. Thus,
we are probably doing some kind of physics here. More on this later.

Regarding now the group U,, we have here a similar result, as follows:

THEOREM 9.9. We have the following formula,

. T+ z+it
UQ:{(})—}—ZQ) <—Z—|—%L/t .ZC—Zy) )x2+y2+22+t2:17 p2+q2:1}

which makes Uy be a quotient compact space, as follows,
Sﬂ% X Sﬂlg — U2
but with this parametrization being no longer bijective.

Proor. We recall from Theorem 9.7 that we have the following formula:

vo={a (% o) el b =1, a1 =1}

Now let us write our parameters a,b € C, which belong to the complex unit sphere
S& C C? and d € T, in terms of their real and imaginary parts, as follows:

a=x+1iy , b=z4+11t , d=p+iq

In terms of these new parameters x,vy, z,t, p,q € R, our formula for a generic matrix
U € SU,, that we established before, reads:

. x4y 2+t
U=(p+iq) (—z—i—it x—iy)

As for the condition to be satisfied by the parameters x,y, z,t,p,q € R, this comes
the conditions |a|* + [b]* = 1 and |d| = 1 to be satisfied by a,b,d € C, which read:

$2+y2—|—22+t2:1 ’ p2+q2:1

Thus, we are led to the conclusion in the statement. Regarding now the last assertion,
recall that the unit spheres S3 C R* and S} C R? are given by:

S3 = {(x,y,z,t) ‘ x2+y2+z2+t2:1}

S = {(p,q) ’ P+q = 1}
Thus, we have quotient map of compact spaces, as follows:
3 1 . r+1y z+at
SExsiot o (a0 ba) > b (71 2T

However, the parametrization is no longer bijective, because when we globally switch
signs, the element ((—x, —y, —z, —t), (—p, —¢)) produces the same element of Us. O
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Here is now another reformulation of our main result so far, regarding SUs,, obtained
by further building on the parametrization from Theorem 9.8:

THEOREM 9.10. We have the following formula,

Sng{xcl+yCQ—|—203+tc4 x2+y2+22+t2:1}

where ¢y, co, C3, ¢4 are matrices given by

(10 (i 0
“a=1o0 1 27 o -
(0 1 (0 i
=11 0 A=\ o

called Pauli spin matrices.

ProOOF. We recall from Theorem 9.8 that the group SU, can be parametrized by the
real sphere S3 C R%, in the following way:
_ r+iy z+it ‘ 2 9 5 2
SU; = {(—z+it :c—z’y) Ay 2+t =1
Thus, the elements U € SU, are precisely the matrices as follows, depending on
parameters x,y, z,t € R satisfying 2% + y? + 2° +t? = 1:

10 t 0 0 1 0 ¢
o) eo B) (5 0) (o)
But this gives the formula for SU; in the statement. U

The above result is often the most convenient one, when dealing with SU,. This is
because the Pauli matrices have a number of remarkable properties, which are very useful
when doing computations. These properties can be summarized as follows:

THEOREM 9.11. The Pauli matrices multiply according to the formulae

2_ 2 _ 2 _
5 =c3=c;=—1

CoC3 — —C(C3Cy = C4
C3Cqg = —CyC3 = Co
CpCy = —C(C9Cq4 = C3

they conjugate according to the following rules,
cg=¢C,C=—C, Ch=—C, C,=—C
and they form an orthonormal basis of Msy(C), with respect to the scalar product
< a,b>=tr(ab")

with tr : My(C) — C being the normalized trace of 2 x 2 matrices, tr = Tr /2.
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PRrOOF. The first two assertions, regarding the multiplication and conjugation rules
for the Pauli matrices, follow from some elementary computations. As for the last as-
sertion, this follows by using these rules. Indeed, the fact that the Pauli matrices are
pairwise orthogonal follows from computations of the following type, for i # j:

< ci,¢; >=tr(cic;) = tr(Ecic;) = tr(£e,) =0
As for the fact that the Pauli matrices have norm 1, this follows from:
<y e >=tr(ec) =tr(£c) =tr(c)) =1
Thus, we are led to the conclusion in the statement. Il

We should mention here that the Pauli matrices are cult objects in physics, due to the
fact that they describe the spin of the electron. Indeed, a bit like our Earth spins around
its axis, the electrons spin too. And it took scientists a lot of skill in order to understand
the physics and mathematics of the spin, the conclusion being that the Schrodinger wave
function space for the electron H = L*(R?) has to be enlarged with a copy of the space
K = C?, via a direct sum, as to take into account the spin, and with this spin being
described by the Pauli matrices, in some appropriate, quantum mechanical sense.

As usual, we refer to Feynman [32], Griffiths [42] or Weinberg [95] for more on all
this. And with the remark that the Pauli matrices are actually subject to several possible
normalizations, depending on formalism, but let us not get into all this here.

9c. Euler-Rodrigues

Back to mathematics, let us discuss now the basic unitary groups in 3 or more di-
mensions. The situation here becomes fairly complicated, but it is possible however to
explicitly compute the rotation groups SOz and O3, and explaining this result, due to
Euler-Rodrigues, which is something non-trivial and very useful, will be our next goal.

The proof of the Euler-Rodrigues formula is something quite tricky. Let us start with
the following construction, whose usefulness will become clear in a moment:
PROPOSITION 9.12. The adjoint action SUs ~ My(C), given by
Ty(M)=UMU*
leaves invariant the following real vector subspace of My(C),
E = spang(cy, 2, 3, ¢4)

and we obtain in this way a group morphism SUy — G L4(R).
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PrROOF. We have two assertions to be proved, as follows:

(1) We must first prove that, with £ C M(C) being the real vector space in the
statement, we have the following implication:

UeSUy,Me FE — UMU*€e€FE

But this is clear from the multiplication rules for the Pauli matrices, from Theorem
9.11. Indeed, let us write our matrices U, M as follows:

U =xci +yco + zc3 + tey

M = acy + beg + ces + dey

We know that the coefficients x,y,2,t and a,b,c,d are real, due to U € SU, and
M € E. The point now is that when computing UMU*, by using the various rules from
Theorem 9.11, we obtain a matrix of the same type, namely a combination of ¢y, ¢, c3, ¢4,
with real coefficients. Thus, we have UMU™* € E, as desired.

(2) In order to conclude, let us identify E ~ R* by using the basis c1, ¢o, 3, 4. The
result found in (1) shows that we have a correspondence as follows:

SU, - My(R) , U — (Tv)e
Now observe that for any U € SUs and any M € My(C) we have:

TyTy(M) =U"UMUU = M
Thus Ty~ =Ty, ! and so the correspondence that we found can be written as:

SU, - GLy(R) , U—= (Tv)e
But this a group morphism, due to the following computation:

TyTy (M) =UVMV*U* =Tyy (M)

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

The point now, which makes the link with SO3, and which will ultimately elucidate
the structure of SOs, is that Proposition 9.12 can be improved as follows:

THEOREM 9.13. The adjoint action SUs ~ My(C), given by
Ty(M)=UMU*
leaves invariant the following real vector subspace of My(C),
F = spang(ca, c3,¢4)

and we obtain in this way a group morphism SUs — SOs.
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PrROOF. We can do this in several steps, as follows:

(1) Our first claim is that the group morphism SU; — G L4(R) constructed in Propo-
sition 9.12 is in fact a morphism SU; — Oy4. In order to prove this, recall the following
formula, valid for any U € SU,, from the proof of Proposition 9.12:

Ty =T,

We want to prove that the matrices Ty € GLy(R) are orthogonal, and in view of the
above formula, it is enough to prove that we have:

T = (Ty)'
So, let us prove this. For any two matrices M, N € E, we have:
<Ty«(M),N > = <U'MU,N >
= tr(U"MUN)
= tr(MUNUY)
On the other hand, we have as well the following formula:
< (Ty)"(M),N > = < M, Ty(N) >
= <MUNU" >
= tr(MUNUY)
Thus we have indeed T}; = (Ty)?, which proves our SUs — O, claim.

(2) In order now to finish, recall that we have by definition ¢; = 1, as a matrix. Thus,
the action of SU; on the vector ¢; € E is given by:

TU(Cl) :UclU*:UU*zlzcl

We conclude that ¢; € E is invariant under SU,, and by orthogonality the following
subspace of E must be invariant as well under the action of SUs;:
61L = spang(ca, c3, C4)

Now if we call this subspace F', and we identify I ~ R? by using the basis ¢, c3, ¢4,
we obtain by restriction to F' a morphism of groups as follows:

SUQ — 03

But since this morphism is continuous and SUs is connected, its image must be con-
nected too. Now since the target group decomposes as O3 = SO311 (—S03), and 1 € SU,
gets mapped to 1 € SO3, the whole image must lie inside SO3, and we are done. O

The above result is quite interesting, because we will see in a moment that the mor-
phism SU; — SO3 constructed there is surjective. Thus, we will have a way of parametriz-
ing the elements V € SOz by elements U € SO,, and so ultimately by parameters
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(,9,2,t) € S3. In order to work out all this, let us start with the following result,
coming as a continuation of Proposition 9.12, independently of Theorem 9.13:

THEOREM 9.14. With respect to the standard basis cy,co,c3,c4 of the vector space
R* = span(cy, ¢z, c3,¢4), the morphism T : SUs — G Ly(R) is given by:

1 0 0 0
o |0 o2+ y? — 22— ¢ 2(yz — xt) 2(xz + yt)
Y710 2(xt + yz) 22+ 22 —y? — ¢ 2(zt — xy)
0 2(yt — x2) 2(xy + zt) 2?12 —y? — 2P

Thus, when looking at T as a group morphism SUs — Oy, what we have in fact is a group
morphism SUs — Os, and even SUs — SO3.

Proor. With notations from Proposition 9.12 and its proof, let us first look at the
action L : SUy ~ R* by left multiplication, which is by definition given by:

Ly(M)=UM
In order to compute the matrix of this action, let us write, as usual:
U =xci +yco + zc3 + tey
M = ac; + beg + ces + dey
By using the multiplication formulae in Theorem 9.11, we obtain:
UM = (xc) +ycs + zes + teg)(acy + bes + ces + dey)
= (xa—yb—zc—td)e
+ (2b+ya+ zd —tc)es
+ (xc—yd+ za+th)cs
+ (zd+yc—zb+ta)ey
We conclude that the matrix of the left action considered above is:

x -y —z —t

ly x* -t =z
Ly = z t r -y
t —2 Yy x

Similarly, let us look now at the action R : SU, ~ R* by right multiplication, which
is by definition given by the following formula:

Ry(M) = MU*
In order to compute the matrix of this action, let us write, as before:
U=uxc1 +ycs + zc3 + tey
M = acy + bey + ces + dey
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By using the multiplication formulae in Theorem 9.11, we obtain:
MU* = (acy + bey + ceg + dey)(xey — yeg — zez — tey)
= (ax +by+cz+dt)c
+ (—ay+br —ct+dz)cs
+ (—az + bt + cx — dy)cs
+ (—at —bz+cy +dx)cy

We conclude that the matrix of the right action considered above is:

T Yy =z t
|y z —t =z
fu=|{_2 4+ & —y
-t -z y
Now by composing, the matrix of the adjoint matrix in the statement is:
r Yy =z t rx -y —z —t
_ |y z -t =z y x -t =z
|-zt o —y z t r -y
—t -z vy =z t —2 y =
1 0 0 0
I O e T e 2(yz — at) 2(xz + yt)
|0 2(xt + yz) 2 4 22—y — ¢ 2(zt — zy)
0 2(yt —x2) 2wy +2t) a2+ t2—y?— 22

Thus, we have indeed the formula in the statement. As for the remaining assertions,
these are all clear either from this formula, or from Theorem 9.13. U

We can now formulate the Euler-Rodrigues result, as follows:

THEOREM 9.15. We have a double cover map, obtained via the adjoint representation,

SU2 — SOg
and this map produces the Fuler-Rodrigues formula
2?2yt — 2212 2(yz — wt) 2(xz + yt)
U= 2(xt + yz) e Tl o 2(zt — xy)
2(yt — x2) 2(zy + zt) A

for the generic elements of SOs.

ProoOF. We know from the above that we have a group morphism SU; — SOj, given
by the formula in the statement, and the problem now is that of proving that this is a
double cover map, in the sense that it is surjective, and with kernel {#1}.
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(1) Regarding the kernel, this is elementary to compute, as follows:
ker(SUs — SO3) = {U € SUs| Ty (M) = M,YM € E}

_ {U € SUL|{UM = MU VM € E}

- {U € SU,|Ue; = cZU,Vi}
- {1}

(2) Thus, we are done with this, and as a side remark here, this result shows that our
morphism SU; — SO3 is ultimately a morphism as follows:

PU, C 803 , PU, = SUQ/{:lzl}

Here P stands for “projective”, and it is possible to say more about the construction
G — PG, which can be performed for any subgroup G C Uy. But we will not get here
into this, our next goal being anyway that of proving that we have PU; = SOs.

(3) We must prove now that the morphism SU; — SOj is surjective. This is something
non-trivial, and there are several advanced proofs for this, as follows:

— A first proof is by using Lie theory. To be more precise, the tangent spaces at 1
of both SU; and SO3 can be explicitly computed, by doing some linear algebra, and the
morphism SU; — SO5 follows to be surjective around 1, and then globally.

— Another proof is via representation theory, as developed following Peter-Weyl. In-
deed, the representations of SUs; and SOj3 are subject to very similar formulae, called
Clebsch-Gordan rules, and this shows that SU; — SOj is surjective.

— Yet another advanced proof, which is actually quite bordeline for what can be called
“proof”, is by using the ADE/McKay classification of the subgroups G C SOs3, which
shows that there is no room strictly inside SOj3 for something as big as PUs.

(4) In short, with some good knowledge of group theory, we are done. However, this
is not our case, and we will present in what follows a more pedestrian proof, which was
actually the original proof, based on the fact that any rotation U € SO3 has an axis.

(5) As a first computation, let us prove that any rotation U € Im(SUs — SO3) has
an axis. We must look for fixed points of such rotations, and by linearity it is enough to
look for fixed points belonging to the sphere S32 C R3. Now recall that in our picture for
the quotient map SU, — SOz, the space R3 appears as F' = spang/(ca, c3, ¢4), naturally
embedded into the space R* appearing as E = spang(ci, co, c3,¢4). Thus, we must look
for fixed points belonging to the sphere S3 C R* whose first coordinate vanishes. But, in
our R* = F picture, this sphere S3 is the group SU,. Thus, we must look for fixed points
V € SU, whose first coordinate with respect to ¢y, cs, ¢3, ¢4 vanishes, which amounts in
saying that the diagonal entries of V' must be purely imaginary numbers.
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(6) Long story short, via our various identifications, we are led into solving the equation
UV = VU with U,V € SU,, and with V having a purely imaginary diagonal. So, with
standard notations for SU,, we must solve the following equation, with p € R:

(5 ) (% 5= ) (5 0)

(7) But this is something which is routine. Indeed, by identifying coefficients we obtain
the following equations, each appearing twice:

bg=bq , blp—p) =(a—a)g

In the case b = 0 the only equation which is left is ¢ = 0, and reminding that we must
have p € iR, we do have solutions, namely two of them, as follows:

i 0
v==(; 7

(8) In the remaining case b # 0, the first equation reads bg € R, so we must have ¢ = A\b
with A € R. Now with this substitution made, the second equation reads p—p = A(a—a),
and since we must have p € iR, this gives 2p = A(a — a). Thus, our equations are:

a—a
2

Getting back now to our problem about finding fixed points, assuming |a|> + [b]* = 1
we must find A € R such that the above numbers p, ¢ satisfy |p|> + |¢|> = 1. But:
2

q=Ab , p=A-

a—a

P +la = o2+ \A-

= X(Jb]* + I'm(a)?)
M (1 — Re(a)?)
Thus, we have again two solutions to our fixed point problem, given by:
1
1 — Re(a)?
(9) Summarizing, we have proved that any rotation U € Im(SU; — SOj3) has an

axis, and with the direction of this axis, corresponding to a pair of opposite points on the
sphere S3 C R3, being given by the above formulae, via Sz C S3 = SUs.

(10) In order to finish, we must argue that any rotation U € SO3 has an axis. But
this follows for instance from some topology, by using the induced map Sz — S3. Now
since U € SOj3 is uniquely determined by its rotation axis, which can be regarded as a
point of SZ/{+1}, plus its rotation angle ¢ € [0,27), by using Sz C Si = SU, as in (9)
we are led to the conclusion that U is uniquely determined by an element of SUy/{£1},
and so appears indeed via the Euler-Rodrigues formula, as desired. U
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So long for the Euler-Rodrigues formula. As already mentioned, all the above is just
the tip of the iceberg, and there are many more things that can be said, which are all
interesting, and worth learning. We will be back to this.

Regarding now Oj, the extension from SOj is very simple, as follows:

THEOREM 9.16. We have the Euler-Rodrigues formula

e A 2(yz — at) 2(xz + yt)
U=+ 2(xt 4+ y2) T2 4 22—y — ¢ 2(zt — xy)
2(yt — x2) 2(xy + 2t) 22+ 12—y — 22

for the generic elements of Os.

Proor. This follows from Theorem 9.15, because the determinant of an orthogonal
matrix U € Oz must satisfy det U = £1, and in the case det U = —1, we have:

det(—U) = (=1)*detU = —det U = 1
Thus, assuming det U = —1, we can therefore rescale U into an element —U € SOs,
and this leads to the conclusion in the statement. [l
9d. Higher dimensions
Back to arbitrary dimensions, in the real case, we have the following result:

PROPOSITION 9.17. We have a decomposition as follows, with SON' consisting by
definition of the orthogonal matrices having determinant —1:

Oy = SOx U SO
Moreover, when N is odd the set SON' is simply given by SOy = —SOy.

PROOF. The first assertion is clear from definitions, because the determinant of an
orthogonal matrix must be 1. The second assertion is clear too. Finally, when N is
even the situation is a bit more complicated, and requires complex numbers. Il

In the complex case now, the result is simpler, as follows:

PROPOSITION 9.18. We have a decomposition as follows, with SU% consisting by def-
inition of the unitary matrices having determinant d € T

Oy = SU%,
deT
Moreover, the components are SUE = f - SUy, where f € T is such that f~ =d.

PRrooOF. This is clear from definitions, and from the fact that the determinant of a
unitary matrix belongs to T, by extracting a suitable square root of the determinant. [J
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It is possible to use the decomposition in Proposition 9.18 in order to say more about
what happens in the real case, in the context of Proposition 9.17, but we will not get
into this. We will basically stop here with our study of Oy, Uy, and of their versions
SOy, SUy. As a last result on the subject, however, let us record:

THEOREM 9.19. We have subgroups of On, Uy constructed via the condition
(detU)¢ =1
with d € NU {00}, which generalize both On,Ux and SOy, SUy.

PRroOF. This is indeed from definitions, and from the multiplicativity property of the
determinant. We will be back to these groups, which are quite specialized, later on. [J

Finally, a word about complexification. The passage Oy — Uy cannot be understood
directly, and we must pass here through the corresponding Lie algebras, as follows:

THEOREM 9.20. The passage On — Uy appears via a Lie algebra complexification,
Oy oy —u, — Uy
with the Lie algebra uy being a complexification of the Lie algebra oy .
Proor. This is something rather philosophical, the idea being as follows:

(1) The orthogonal and unitary groups Oy, Ny are both Lie groups, and the corre-
sponding Lie algebras ox,uy can be computed by differentiating the equations defining
On, Uy, with the conclusion being as follows:

on = {A € MN(R)‘A’* - —A}

Uy = {B € MN(C)‘B* - —B}

(2) This was for the correspondences Oy — oy and Uy — uy. In the other sense,
the correspondences oy — Oy and uy — Uy appear by exponentiation, the result here
stating that, around 1, the orthogonal matrices can be written as U = e4, with A € oy,
and the unitary matrices can be written as U = e, with B € uy.

(3) In view of all this, in order to understand the passage Oy — Uy it is enough to
understand the passage oy — uy. But, in view of the above explicit formulae for oy, uy,
this is basically an elementary linear algebra problem. Indeed, let us pick an arbitrary
matrix B € My(C), and write it as follows, with A, C' € My (R):

B=A+iC
In terms of A, C', the equation B* = —B defining the Lie algebra uy reads:
Al=—-A |, C'=C
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(4) As a first observation, we must have A € oy. Regarding now C| let us decompose
it as follows, with D being its diagonal, and C’ being the remainder:

C=D+C'

The remainder C’ being symmetric with 0 on the diagonal, by switching all the signs
below the main diagonal we obtain a certain matrix C’. € oy. Thus, we have decomposed
B € uy as follows, with A, C” € oy, and with D € My(R) being diagonal:

B=A+iD+iC"

(5) As a conclusion now, we have shown that we have a direct sum decomposition of
real linear spaces as follows, with A C My (R) being the diagonal matrices:

LLNZUNEBA@ON

Thus, we can stop our study here, and say that we have reached the conclusion in the
statement, namely that uy appears as a “complexification” of oy. U

9e. Exercises

Exercises:

EXERCISE 9.21.
EXERCISE 9.22.
EXERCISE 9.23.
EXERCISE 9.24.
EXERCISE 9.25.
EXERCISE 9.26.
EXERCISE 9.27.
EXERCISE 9.28.

Bonus exercise.



CHAPTER 10

Projective symmetries

10a. Product operations

We discuss in this chapter more complicated symmetry groups. As a starting point
here, we have the following result regarding the dihedral group Dy:

THEOREM 10.1. The dihedral group Dy s the group having 2N elements, Ry, ..., Ry

and Sy, ...,Sy, called rotations and symmetries, which multiply as follows,
RyRy = Ry
Ry S; = Sk
SkRi = Sk
SpS; = Ry
with all the indices being taken modulo N .
ProOF. This is something which is self-explanatory, with Ry, ..., Ry standing for the
rotations of the N-gon, and with Sy, ..., Sy standing for the symmetries. Il

Observe now that Dy has the same cardinality as Ey = Zy X Zy. We obviously don’t
have Dy ~ Ey, because Dy is not abelian, while Ey is. So, our next goal will be that of
proving that Dy appears by “twisting” Ey. In order to do this, let us start with:

ProprosITION 10.2. The group En = Zn X Zs is the group having 2N elements,

Tiy...,"N and Si,...,Sy, which multiply according to the following rules,
TETL = Tkt
TkS1 = Sk+i
SETT = Sk+1
SkSL = Tk+1

with all the indices being taken modulo N.

PrROOF. With the notation Z, = {1,7}, the elements of the product group En =
7 X Zo can be labeled r1,...,ry and sq,..., sy, as follows:

r,=(k,1) , spg=(k,7)

These elements multiply then according to the formulae in the statement. Now since
a group is uniquely determined by its multiplication rules, this gives the result. U

113
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Let us compare now Theorem 10.1 and Proposition 10.2. In order to formally obtain
Dy from Ey, we must twist some of the multiplication rules of Ey, namely:
SkTL = Sk+l =7 Sk—1
SkSL = Tk4t =7 Tkl

Informally, this amounts in following the rule “r switches the sign of what comes
afterwards”, and we are led in this way to the following definition:

DEFINITION 10.3. Given two groups A, G, with an action A ~ G, the crossed product
P=GxA
is the set G x A, with multiplication (g,a)(h,b) = (gh®, ab).

It is routine to check that P is indeed a group. Observe that when the action is trivial,
h* = h for any a € A and h € H, we obtain the usual product G x A.

Now with this technology in hand, by getting back to the dihedral group Dy, we can
improve Theorem 10.1, into a final result on the subject, as follows:

THEOREM 10.4. We have a crossed product decomposition as follows,

D N = 7 N X ZQ
with Zy = {1, 7} acting on Zy via switching signs, k™ = —k.
PrROOF. We have an action Zs ~ Zy given by the formula in the statement, namely
k™ = —k, so we can consider the corresponding crossed product group:
P N = Z N X Z2
In order to understand the structure of Py, we follow Proposition 10.2. The elements
of Py can indeed be labeled py,...,pxy and o4, ..., oy, as follows:

or = (k1) , o= (k1)
Now when computing the products of such elements, we basically obtain the formulae
in Proposition 10.2, perturbed as in Definition 10.3. To be more precise, we have:

PEPL = Pk+l
POl = O+l
OkpPL = Ok+l
OkO] = Pk+l
But these are exactly the multiplication formulae for Dy, from Theorem 10.1. Thus,
we have an isomorphism Dy ~ Py given by R, — pr and Sx — oy, as desired. O

More generally now, for the transitive graphs, that we are mostly interested in, the
point is that at very small values of the order, N = 2,...,9, these always decompose as
products, via three main types of graph products, constructed as follows:
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DEFINITION 10.5. Given two finite graphs X,Y , we can construct:
(1) The direct product X XY has vertex set X xY, and edges:

(Z‘?Oé) - (]7ﬁ) <:>Z_j> Oé_ﬁ
(2) The Cartesian product X OY has vertex set X XY, and edges:
(t,0) = (j,B) = i=j,a—=fori—ja=p
(3) The lexicographic product X oY has vertex set X x Y, and edges:
(i7a)_(jaﬁ)<l:>a_5ora:67 Z_]
We call these three products the standard products of graphs.

Several comments can be made here. First, the direct product X x Y is the usual one
in a categorical sense, and we will leave clarifying this observation as an exercise. The
Cartesian product X (Y is quite natural too from a geometric perspective, for instance
because a product by a segment gives a prism. As for the lexicographic product X oY,
this is something interesting too, obtained by putting a copy of X at each vertex of Y.

At the level of symmetry groups, several things can be said, and we first have:

THEOREM 10.6. We have group embeddings as follows, for any graphs X,Y,
(X)xGY)CGX xY)

(X)xGY)cCcGXxOoy)
GX)GY)CGXoY)

but these embeddings are not always isomorphisms.

G
G

PROOF. The fact that we have indeed embeddings as above is clear from definitions.
As for the counterexamples, in each case, these are easy to construct as well, provided by
our study of small graphs, at N =2,...,11, and we will leave this as an exercise. Il

The problem now is that of deciding when the embeddings in Theorem 10.6 are iso-
morphisms. In order to discusss this, we first have the following basic fact:

THEOREM 10.7. Given a subgroup G C Sy, regarded as matrix group via
G C SN C ON
the standard coordinates of the group elements, u;;(g) = gij, are given by:
uij =X <0' € G’O’(]) = Z)

Moreover, these functions u;; - G — C generate the algebra C(G).
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PROOF. Here the first assertion comes from the fact that the entries of the permutation
matrices 0 € Sy C Oy, acting as o(e;) = e,(;), are given by the following formula:

1 ifo(j) =1
Oij = .
J 0 otherwise

As for the second assertion, this comes from the Stone-Weierstrass theorem, because
the coordinate functions u;; : G — C obviously separate the group elements 0 € G. [

We are led in this way to the following definition:

DEFINITION 10.8. The magic matriz associated to a permutation group G C Sy is the
N x N matriz of characteristic functions

Uij = X <U € G‘O‘(j) = z)
with the name “magic” coming from the fact that, on each row and each column, these
characteristic functions sum up to 1.

The interest in this notion comes from the fact, that we know from Theorem 10.7,
that the entries of the magic matrix generate the algebra of functions on our group:

O(G) =< uj; >

We will talk more in detail later about such matrices, and their correspondence with
the subgroups G C Sy, and what can be done with it, in the general framework of
representation theory. However, for making our point, here is the general principle:

PrINCIPLE 10.9. Fverything that you can do with your group G C Sy can be expressed
in terms of the magic matriz w = (u;;), quite often with good results.

This principle comes from the above Stone-Weierstrass result, C(G) =< w;; >. Indeed,
when coupled with some basic spectral theory, and more specifically with the Gelfand
theorem from operator algebras, this result tells us that our group G appears as the
spectrum of the algebra < w;; >, therefore leading to the above principle.

As an illustration for all this, in relation with the graphs, we have:

THEOREM 10.10. Given a subgroup G C Sy, the transpose of its action map X x G —
X on the set X ={1,...,N}, given by (i,0) — o(i), is given by:

(I)(GZ) = Z €; (%9 Ugjs
J

Also, in the case where we have a graph with N vertices, the action of G on the vertex
set X leaves invariant the edges precisely when we have

du = ud

with d being as usual the adjacency matriz of the graph.
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PROOF. There are several things going on here, the idea being as follows:

(1) Given a subgroup G C S, if we set X = {1,..., N}, we have indeed an action
map as follows, and with the reasons of using X x G instead of the perhaps more familiar
G x X being dictated by some quantum algebra, that we will do later in this book:

a: XxG—=X , a(i,o)=0(i)
(2) Now by transposing this map, we obtain a morphism of algebras, as follows:
®:C0X) = CX)RC(G) , 2(f)i0)=f(oi))
When evaluated on the Dirac masses, this map & is then given by:

®(e:)(4,0) = ei(0(4)) = oy

Thus, in tensor product notation, we have the following formula, as desired:

o) = (Zej ®sz'> (J,0)
J
(3) Regarding now the second assertion, observe first that we have:
du z] Zdzkukj Zdzkéa(])k - za(]
On the other hand, we have as well the followmg formula:

Zuzk dk] Z(S dk] = U —1(i)j

Thus du = ud reformulates as d;; = do(i)o(5), Wthh gives the result. O

Back to graphs, we want to know when the embeddings in Theorem 10.6 are isomor-
phisms. In what regards the first two products, we have here the following result:

THEOREM 10.11. Let X and Y be finite connected reqular graphs. If their spectra {\}
and {u} do not contain 0 and satisfy

/A0 /= {1}
then G(X xY) = G(X) x G(Y). Also, if their spectra satisfy
=N 0w — ) = {0}
then G(XOY) = G(X) x G(Y).
Proor. This is something quite standard, the idea being as follows:

(1) First, we know from Theorem 10.6 that we have embeddings as follows, valid for
any two graphs X, Y, and coming from definitions:

GX)xGY)CGX xY)
GX)xGY)cGxOdy)
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(2) Now let A\; be the valence of X. Since X is regular we have A\; € Sp(X), with 1 as
eigenvector, and since X is connected A\; has multiplicity 1. Thus if P, is the orthogonal
projection onto C1, the spectral decomposition of dx is of the following form:

dx = MPi+ Y AP
i#1
We have a similar formula for the adjacency matrix dy, namely:
dy = Q1+ Z i@
#1
(3) But this gives the following formulae for the graph products:
dxxy = Z(/\z‘ﬂj)Pi ® Q;

ij
dxpy = Z(/\z + 1) P ® Q
(]
Here the projections form partitions of unity, and the scalar are distinct, so these are
spectral decompositions. The coactions will commute with any of the spectral projections,

and so with both P ® 1, 1 ® ;. In both cases the universal coaction v is the tensor
product of its restrictions to the images of P, ® 1, 1 ® )1, which gives the result. O

Regarding now the lexicographic product, things here are more tricky. Let us first
recall that the lexicographic product of two graphs X oY is obtained by putting a copy
of X at each vertex of Y, the formula for the edges being as follows:

(i,oz)—(j,ﬁ)<:>a—ﬁoroz:5,i—j

In what regards now the computation of the symmetry group, as before we must do
here some spectral theory, and we are led in this way to the following result:

THEOREM 10.12. Let X,Y be regular graphs, with X connected. If their spectra {\;}
and {y;} satisfy the condition

where n and Ay are the order and valence of X, then G(X oY) = G(X)1G(Y).
Proor. This is something quite tricky, the idea being as follows:

(1) First, we know from Theorem 10.6 that we have an embedding as follows, valid
for any two graphs X, Y, and coming from definitions:

G(XNG(Y) C G(X oY)
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(2) We denote by P, (); the spectral projections corresponding to A;, ;. Since X is
connected we have P; = 1/n, and we obtain:

dxoy = dx®1+1®dy
= (Z )\iPi> ® (Z Qj) + (nP) ® (ZMij)
= Y i+ (PieQ)+ Y N(Pel)
7 i#1

In this formula the projections form a partition of unity and the scalars are distinct,
so this is the spectral decomposition of dx.y.

(3) Now let W be the universal magic matrix for X oY. Then W must commute with
all spectral projections, and in particular:

W, Pi@Q;]=0

Summing over j gives (W, P, ® 1] = 0, so 1 ® C(Y) is invariant under the coaction.
So, consider the restriction of W, which gives a coaction of G(X oY) on 1 ® C(Y), that
we can denote as follows, with y being a certain magic unitary:

WA®e)=> 106e,® Y
b

(4) On the other hand, according to our definition of W, we can write:

Wi(e,®1) = Zq@eb@x?i
jb

By multiplying by the previous relation, found in (3), we obtain:

Wie; ®e,) = Z e Qe ® ybaxﬁl-
b

b
= g €j & €y O TjiYpa
jb

But this shows that the coefficients of W are of the following form:
ij,ia = ybax?i = x?iyba

(5) In order to advance, consider now the following matrix:
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Since the map W above is a morphism of algebras, each row of 2’ is a partition of
unity. Also, by using the antipode map S, which is transpose to g — ¢~*, we have:

s(24) = s(Setm)
J ja
= S (Z Vij,ia)
ja
= Z Wia,jb
ja
= Z x?jyab
ja
- Z Yab

=1
(6) We check now that both z% y commute with dx,dy. We have:
(dxoy )iajb = (dx)ij0ab + (dy)ab
Thus the two products between W and dx.y are given by:

(WdXoY)ia,kc - Z Wia,jc(dX)jk + Z Wia,jb<dY)bc

J Jjb
(dxoy W )ia ke = Z(dX)ijoa,kc + Z(dY>aijb,kc
J Jjb

(7) Now since the magic matrix W commutes by definition with dy.y, the terms on
the right in the above equations are equal, and by summing over ¢ we get:

Z i (dx ) jw + Z Yab(dy )pe = Z(dx)ijx?k + Z(dY)abybc
7 cb i cb

The second sums in both terms are equal to the valence of Y, so we get [z%, dx] = 0.
Now once again from the formula coming from [W, dx.y] = 0, we get:

[ya dY] =0

(8) Summing up, the coefficients of W are of the following form, where x
unitaries commuting with dx, and y is a magic unitary commuting with dy:

b are magic

I/ij,ia - x?’iyba
But this gives a morphism C(G(X) ! G(Y)) — G(X oY) mapping uﬁf) — a5, and
Upa — Yba, Which is inverse to the morphism in (1), as desired. O
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10b. Hyperoctahedral groups

At a more advanced level now, we first have the hyperoctahedral group Hy. This
group is something quite tricky, which appears as follows:

DEFINITION 10.13. The hyperoctahedral group Hy is the group of symmetries of the
unit cube in RV,

e ——— O
s
[ J [ J
. °
Ve
o— o
viewed as a graph, or equivalently, as a metric space.

Here the equivalence at the end is clear from definitions, because any symmetry of the
cube graph must preserve the lengths of the edges, and so we have:

G (Dgraph) - G(Dmetric)

The hyperoctahedral group is a quite interesting group, whose definition, as a sym-
metry group, reminds that of the dihedral group Dy. So, let us start our study in the
same way as we did for Dy, with a discussion at small values of N € N:

N = 1. Here the 1-cube is the segment, whose symmetries are the identity ¢d, plus
the symmetry 7 with respect to the middle of the segment:

Thus, we obtain the group with 2 elements, which is a very familiar object:
Hy =Dy = 5y =17

N = 2. Here the 2-cube is the square, whose symmetries are the 4 rotations, of angles
0°,90°,180°,270°, and the 4 symmetries with respect to the 4 symmetry axes, which are
the 2 diagonals, and the 2 segments joining the midpoints of opposite sides:
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Thus, we obtain a group with 8 elements, which again is a very familiar object:
HQ = D4 = Z4 X ZQ

N = 3. Here the 3-cube is the usual cube in R?, pictured as follows:
o ————o
[ 4‘7 [ ]
[ ] 4‘7 [ ]
e ——— 0
However, in relation with the symmetries, the situation now is considerably more

complicated, because, thinking well, this cube has no less than 48 symmetries. Precisely
identifying and counting these symmetries is actually an excellent exercise.

All this looks quite complicated, but fortunately we can count Hy, at N = 3, and at
higher N as well, by using some tricks, the result being as follows:

THEOREM 10.14. We have the cardinality formula
|Hy| =2V N!
coming from the fact that Hy is the symmetry group of the coordinate aves of RY.
PrOOF. This follows from some geometric thinking, as follows:

(1) Consider the standard cube in RY centered at 0, and having as vertices the points
having coordinates +1. With this picture in hand, it is clear that the symmetries of the
cube coincide with the symmetries of the N coordinate axes of RY.

(2) In order to count now these latter symmetries, a bit as we did for the dihedral
group, observe first that we have N! permutations of these N coordinate axes.

(3) But each of these permutations of the coordinate axes ¢ € Sy can be further
“decorated” by a sign vector e € {£1}¥ consisting of the possible &1 flips which can be
applied to each coordinate axis, at the arrival.

(4) And the point is that, obviously, we obtain in this way all the elements of Hy.
Thus, we have the following formula, for the cardinality of Hy:

[Hy| = |Sw] - 23| = N1 2
Thus, we are led to the conclusions in the statement. Il

As in the dihedral group case, it is possible to go beyond this, with a crossed product
decomposition, of quite special type, called wreath product decomposition:
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THEOREM 10.15. We have a wreath product decomposition as follows,

Hy =721 SN
which means by definition that we have a crossed product decomposition
Hy =75 x Sy

with the permutations o € Sy acting on the elements e € ZY as follows:

o(er,...,er) = (€x(), - - s €o(k))

In particular we have, as found before, the cardinality formula |Hy| = 2V N

PROOF. As explained in the proof of Theorem 10.14, the elements of Hy can be
identified with the pairs g = (e, o) consisting of a permutation o € Sy, and a sign vector
e € 7, so that at the level of the cardinalities, we have the following formula:

|Hy| = |Z3 x S|
To be more precise, given an element g € Hy, the element o € Sy is the corresponding
permutation of the N coordinate axes, regarded as unoriented lines in RV, and e € Z%
is the vector collecting the possible flips of these coordinate axes, at the arrival. Now

observe that the product formula for two such pairs g = (e, o) is as follows, with the
permutations o € Sy acting on the elements f € Z) as in the statement:

(e,0)(f,7) = (ef?,07)
Thus, we are precisely in the framework of the crossed products, as constructed in
chapter 1, and we conclude that we have a crossed product decomposition, as follows:

Hy =75 x Sy
Thus, we are led to the conclusion in the statement, with the formula Hy = Zy ! Sy
being just a shorthand for the decomposition Hy = Z5 x Sy that we found. O

We will be back to the hyperoctahedral groups later on, on several occasions, with
further results about them, both of algebraic and of analytic type.

10c. Complex reflections

The groups that we studied so far are all groups of orthogonal matrices. When looking
into general unitary matrices, we led to the following interesting class of groups:

DEFINITION 10.16. The complex reflection group H3, C Uy, depending on parameters
NeN |, seNU{x}
s the group of permutation-type matrices with s-th roots of unity as entries,
Hy = Mn(Zs U{0}) N Uy

with the convention Ze, =T, at s = o0.
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This construction is something quite tricky, that will keep as busy, for the remainder
of this section. As a first observation, at s = 1,2 we obtain the following groups:

Hy =Sy , H%=Hy

Another important particular case of the above construction is s = oo, where we
obtain a group which is actually not finite, but is still compact, denoted as follows:

Ky c Uy

This latter group Ky is called full complex reflection group, and will appear many
times, in what follows. Let us summarize now these observations, as follows:

ProPOSITION 10.17. The complex reflection groups Hy, C Uy are as follows:
(1) At s =1 we have HY, = Sy, having cardinality |Sy| = N.
(2) At s =2 we have H% = Hy, having cardinality |Hy| = 2NV N!.
(3) At s = 0o we have HY = Ky, having cardinality |Ky| = oo.

ProOF. This is clear indeed from the above discussion, and with the cardinality results
at s = 1 and s = 2 being something that we know well. O

Let us record as well the following result, which is elementary too:
ProprosiTiON 10.18. We have inclusions as follows, for any r,s:
rls = H, C Hy
In particular, we have inclusions Sy C H3 C Ky, for any s.

PrOOF. With the cyclic group Z, being viewed as group of the s-th roots of unity, in
the complex plane, as in Definition 10.16, we have inclusions as follows:

rls = Z, C Zs

Thu, with the group Hj, constructed as in Definition 10.16, for r|s we have:
Hy = My(Z,0{0})NUy

C My(Zs;Uu{0})NUx

= H
Finally, the last assertion is clear, and comes as well from this, since for any s:

1|s|oo

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

In general, in analogy with what we know about Sy, Hy, we first have:

ProOPOSITION 10.19. The number of elements of Hy, with s € N is:
|Hy| = sV NI

At s = oo, the group Ky = HYY that we obtain is infinite.
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ProoFr. This is indeed clear from our definition of HY,, as a matrix group as above,
because there are N! choices for a permutation-type matrix, and then s choices for the
corresponding s-roots of unity, which must decorate the N nonzero entries. O

Once again in analogy with what we know at s = 1,2, we have as well:
THEOREM 10.20. We have a wreath product decomposition
Hy =7 x Sy =71 Sn
with the permutations o € Sy acting on the elements e € ZY as follows:
o(er,...,ex) = (€x1), - - €o(k))
In particular we have, as found before, the cardinality formula |Hy| = s™ N

PROOF. As explained in the proof of Proposition 10.19, the elements of H3 can be
identified with the pairs g = (e, o) consisting of a permutation o € Sy, and a decorating
vector e € ZY, so that at the level of the cardinalities, we have:

|Hy| = |ZY x Sy

Now observe that the product formula for two such pairs g = (e, 0) is as follows, with
the permutations o € Sy acting on the elements f € ZY as in the statement:

(e,0)(f,7) = (ef?,07)

Thus, we are in the framework of the crossed products, and we obtain H = ZY x Sy.
But this can be written, by definition, as HY, = Z; ! Sy, and we are done. O

Finally, in relation with graph symmetries, the above groups appear as follows:
THEOREM 10.21. The complex reflection group HY, appears as symmetry group,
Hy = G(NCy)
with NC consisting of N disjoint copies of the oriented cycle Cs.
Proor. This is something elementary, the idea being as follows:

(1) Consider first the oriented cycle Cy, which looks as follows:

./._>.\0
! i
NS

It is then clear that the symmetry group of this graph is the cyclic group Zs,.
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(2) In the general case now, where we have N € N disjoint copies of the above cycle
C,, we must suitably combine the corresponding N copies of the cyclic group Z;. But
this leads to the wreath product group Hy, = Zs 1 Sy, as stated. U

10d. Reflection groups

Back to the rotation groups, in the real case, we have the following result:

PROPOSITION 10.22. We have a decomposition as follows, with SON' consisting by
definition of the orthogonal matrices having determinant —1:

Oy = SOx U SO
Moreover, when N is odd the set SON' is simply given by SOy = —SOy.

PROOF. The first assertion is clear from definitions, because the determinant of an
orthogonal matrix must be 1. The second assertion is clear too. Finally, when N is
even the situation is a bit more complicated, and requires complex numbers. Il

In the complex case now, the result is simpler, as follows:

PROPOSITION 10.23. We have a decomposition as follows, with SUE consisting by
definition of the unitary matrices having determinant d € T:

Oy = SU%
deT

Moreover, the components are SUS = f - SUy, where f € T is such that f~ = d.

ProoOF. This is clear from definitions, and from the fact that the determinant of a
unitary matrix belongs to T, by extracting a suitable square root of the determinant. [J

It is possible to use the decomposition in Proposition 10.23 in order to say more about
what happens in the real case, in the context of Proposition 10.22, but we will not get
into this. We will basically stop here with our study of Oy, Uy, and of their versions
SOy, SUy. As a last result on the subject, however, let us record:

THEOREM 10.24. We have subgroups of On,Uy constructed via the condition
(det U)* =1
with d € NU {oo}, which generalize both On, Uy and SOy, SUy.

ProoOF. This is indeed from definitions, and from the multiplicativity property of the
determinant. We will be back to these groups, which are quite specialized, later on. [J

With this discussed, let us go back now to the complex reflection groups from the
previous section, and make a link with the material there. We first have:
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THEOREM 10.25. The full complex reflection group Ky C Uy, given by
Ky = My(TU{0})NUx
has a wreath product decomposition as follows,
Ky =TSy
with Sy acting on TV in the standard way, by permuting the factors.

ProOOF. This is something that we know from before, appearing as the s = co partic-
ular case of the results established there for the complex reflection groups Hy. O

By using the above full complex reflection group Ky, we can talk in fact about the
reflection subgroup of any compact group G C Uy, as follows:

DEFINITION 10.26. Given G C Uy, we define its reflection subgroup to be
K=GNKy
with the intersection taken inside Uy .

This notion is something quite interesting, leading us into the question of understand-
ing what the subgroups of Ky are. We have here the following construction:

THEOREM 10.27. We have subgroups of the basic complex reflection groups,
H{ C HY
constructed via the following condition, with d € N U {oo},
(det U)? =1
which generalize all the complex reflection groups that we have so far.

PROOF. Here the first assertion is clear from definitions, and from the multiplicativity
of the determinant. As for the second assertion, this is rather a remark, coming from the
fact that the alternating group Ay, which is the only finite group so far not fitting into
the series { Hy }, is indeed of this type, obtained from H = Sy by using d = 1. O

The point now is that, by a well-known and deep result in group theory, the com-
plex reflection groups consist of the series { H3¢} constructed above, and of a number of
exceptional groups, which can be fully classified. To be more precise, we have:

THEOREM 10.28. The irreducible complex reflection groups are

Hd = {U € H|(det U = 1}

along with 34 exceptional examples.

PRrooOF. This is something quite advanced, and we refer here to the paper of Shephard
and Todd, and to the subsequent literature on the subject. U
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10e. Exercises

Exercises:

EXERCISE 10.29.
EXERCISE 10.30.
EXERCISE 10.31.
EXERCISE 10.32.
EXERCISE 10.33.
EXERCISE 10.34.
EXERCISE 10.35.
EXERCISE 10.36.

Bonus exercise.



CHAPTER 11

Representation theory

11a. Representations
Time now for some more advanced mathematics. Following Weyl, we have:

DEFINITION 11.1. A wunitary representation of a compact group G is a continuous
group morphism into a unitary group

v:G—=Uy , g—v,
which can be faithful or not. The character of such a representation is the function
x:G—=C |, g—Tr(vy)
where Tr is the usual, unnormalized trace of the N x N matrices.

At the level of examples, most of the compact groups that we met so far, finite or
continuous, naturally appear as closed subgroups G C Uy. In this case, the embedding
G C Uy is of course a representation, called fundamental representation. In general now,
let us first discuss the various operations on the representations. We have here:

PROPOSITION 11.2. The representations of a compact group G are subject to:

(1) Making sums. Given representations v,w, of dimensions N, M, their sum is the
N + M-dimensional representation v + w = diag(v,w).

(2) Making products. Given representations v, w, of dimensions N, M, their product
is the N M -dimensional representation (v ® w)iq,jb = VijWap-

(3) Taking conjugates. Given a N-dimensional representation v, its conjugate is the
N-dimensional representation (v);; = U;j.

(4) Spinning by unitaries. Given a N-dimensional representation v, and a unitary
U € Uy, we can spin v by this unitary, v — UvU*.

PRrOOF. The fact that the operations in the statement are indeed well-defined, among
morphisms from G to unitary groups, is indeed clear from definitions. O

In relation now with characters, we have the following result:
PROPOSITION 11.3. We have the following formulae, regarding characters

Xotw = Xo T Xw > Xvgw = XoXw > Xo=Xvo » XUoU* = Xv
in relation with the basic operations for the representations.

129
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PRrOOF. All these assertions are elementary, by using the following well-known trace
formulae, valid for any square matrices V, W, and any unitary U:

Tr(diag(V.W)) =Tr(V)+Tr(W) , Tr(VeW)=Tr(V)Tr(W)

Tr(V)y=Tr(V) , Tr(UVU")=Tr(V)

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

Assume now that we are given a closed subgroup G C Uy. By using the above
operations, we can construct a whole family of representations of GG, as follows:

DEFINITION 11.4. Given a closed subgroup G C Uy, its Peter-Weyl representations
are the various tensor products between the fundamental representation and its conjugate:

v:GCUy , v:GCUy

We denote these tensor products v®*, with k = oeeo ... being a colored integer, with the
colored tensor powers being defined according to the rules

=0 , ®*=0v , w

Rkl _ 1)@k g 1)@
and with the convention that v®° is the trivial representation 1 : G — Uj.

Here are a few examples of such representations, namely those coming from the colored
integers of length 2, which will often appear in what follows:

W =vv , 1®*°=0v®7
WY =t@v , 1®** =07
In relation now with characters, we have the following result:
PROPOSITION 11.5. The characters of the Peter-Weyl representations are given by
Xo®k = (Xv)k
with the colored powers being given by x° = x, x* = X and multiplicativity.

Proor. This follows indeed from the additivity, multiplicativity and conjugation for-
mulae from Proposition 11.3, via the conventions in Definition 11.4. U

Getting back now to our motivations, we can see the interest in the above construc-
tions. Indeed, the joint moments of the main character y = x, and its adjoint Y = x; are
the expectations of the characters of various Peter-Weyl representations:

/Xk:/Xué@k
G G

In order to advance, we must develop some general theory. Let us start with:
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DEFINITION 11.6. Given a compact group G, and two of its representations,
v:G—=>Uy , w:G—=Uy

we define the space of intertwiners between these representations as being
Hom(v,w) = {T € Myun(C)|Tvy, = w,T,Vg € G}

and we use the following conventions:

(1) We use the notations Fixz(v) = Hom(1,v), and End(v) = Hom(v,v).
(2) We write v ~ w when Hom(v,w) contains an invertible element.
(3) We say that v is irreducible, and write v € Irr(G), when End(v) = C1.

Here the terminology is something very standard, with Fix, Hom, End standing re-
spectively for the fixed points, homomorphisms and endomorphisms. We will see later
that irreducible means indecomposable, in a suitable sense.

Here are now a few basic results, regarding the above spaces:

THEOREM 11.7. The spaces of intertwiners have the following properties:

(1) T € Hom(v,w),S € Hom(w,z) = ST € Hom(v, z).
(2) S € Hom(v,w), T € Hom(z,t) = S®T € Hom(v® z,w ® t).
(3) T € Hom(v,w) = T* € Hom(w,v).

In abstract terms, we say that the Hom spaces form a tensor x-category.

PRrooOF. All the formulae in the statement are indeed clear from definitions, via ele-
mentary computations. As for the last assertion, this is something coming from (1,2,3).
We will be back to tensor categories later on, with more details on this latter fact. U

As a main consequence of the above result, we have:
THEOREM 11.8. Given a representation v : G — Uy, the linear space
End(v) C My(C)
is a x-algebra, with respect to the usual involution of the matrices.

PROOF. By definition, End(v) is a linear subspace of My (C). We know from Propo-
sition 11.7 (1) that this subspace End(v) is a subalgebra of My (C), and then we know
as well from Proposition 11.7 (3) that this subalgebra is stable under the involution x.
Thus, what we have here is a *-subalgebra of My (C), as claimed. O
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11b. Peter-Weyl

In order to exploit Theorem 11.8, we will need a basic result from linear algebra,
stating that any x-algebra A C My (C) decomposes as a direct sum, as follows:

Indeed, let us write the unit 1 € A as 1 = p; + ... + pg, with p; € A being central
minimal projections. Then each of the spaces A; = p;Ap; is a subalgebra of A, and we
have a decomposition A = A; & ... & Ai. But since each central projection p; € A was
chosen minimal, we have A; ~ My, (C), with N; = rank(p;), as desired.

We can now formulate our first Peter-Weyl type theorem, as follows:

THEOREM 11.9 (Peter-Weyl 1). Let v : G — Un be a representation, consider the
algebra A = End(v), and write its unit 1 = p; + ...+ py as above. We have then

V=01 + ...+ v
with each v; being an irreducible representation, obtained by restricting v to Im(p;).

ProoOF. This basically follows from Theorem 11.8, as follows:

(1) We first associate to our representation v : G — Uy the corresponding action map
on CV. If a linear subspace W C C¥ is invariant, the restriction of the action map to W
is an action map too, which must come from a subrepresentation w C v.

(2) Consider now a projection p € End(v). From pv = vp we obtain that the linear
space W = I'm(p) is invariant under v, and so this space must come from a subrepresen-
tation w C v. It is routine to check that the operation p — w maps subprojections to
subrepresentations, and minimal projections to irreducible representations.

(3) With these preliminaries in hand, let us decompose the algebra End(v) as above,
by using the decomposition 1 = p; + ... + p, into central minimal projections. If we
denote by v; C v the subrepresentation coming from the vector space V; = I'm(p;), then
we obtain in this way a decomposition v = vy + ... 4+ v, as in the statement. U

Here is now our second Peter-Weyl theorem, complementing Theorem 11.9:

THEOREM 11.10 (Peter-Weyl 2). Given a closed subgroup G C, Uy, any of its irre-
ducible smooth representations
w:G— UM

appears inside a tensor product of the fundamental representation v and its adjoint v.

PRrROOF. Given a representation w : G — Uy, we define the space of coefficients
Cyw C C(G) of this representation as being the following linear space:

C., = span [g — w(g)ij}



11B. PETER-WEYL 133
With this notion in hand, the result can be deduced as follows:

(1) The construction w — C,, is functorial, in the sense that it maps subrepresentations
into linear subspaces. This is indeed something which is routine to check.

(2) A closed subgroup G C, Uy is a Lie group, and a representation w : G — Uy is
smooth when we have an inclusion C,, C< (), >. This is indeed well-known.

(3) By definition of the Peter-Weyl representations, as arbitrary tensor products be-
tween the fundamental representation v and its conjugate v, we have:

< (C, >= Z C,ek
k
(4) Now by putting together the above observations (2,3) we conclude that we must
have an inclusion as follows, for certain exponents ki, ..., ky:
Ow - C’U®k1@...€9v®kp

(5) By using now (1), we deduce that we have an inclusion w C v®' @ ... @ v®% and
by applying Theorem 14.10, this leads to the conclusion in the statement. U

In order to further advance with Peter-Weyl theory, we need to talk about integration
over GG. In the finite group case the situation is trivial, as follows:

ProprOSITION 11.11. Any finite group G has a unique probability measure which is
invariant under left and right translations,

p(E) = u(gE) = p(Eg)
and this is the normalized counting measure on G, given by u(E) = |E|/|G|.

PRrROOF. This is indeed something trivial, which follows from definitions. (]

In the general, continuous case, let us begin with the following key result:

PROPOSITION 11.12. Given a unital positive linear form ¢ : C(G) — C, the limit

Lf:ggégyﬁu>

exists, and for a coefficient of a representation f = (T ® id)w we have

szﬂm

where P is the orthogonal projection onto the 1-eigenspace of (id @ )w.
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PROOF. By linearity it is enough to prove the first assertion for functions of the
following type, where w is a Peter-Weyl representation, and 7 is a linear form:

f=(T®idw

Thus we are led into the second assertion, and more precisely we can have the whole
result proved if we can establish the following formula, with f = (7 ® id)w

Jim ~ ;w (f) =7(P)
In order to prove this latter formula, observe that we have:

V*(f) = (@ ¢™)w = ((id @ v )w)
Let us set M = (id ® ¢)w. In terms of this matrix, we have:

((Zd & ¢*k Zolk+1 Z M'LO’Ll - Zkik+1 - (Mk)ioik+1

11...0)

Thus we have the following formula, valid for any k£ € N:
(id @ ™ )w = M*

It follows that our Cesaro limit is given by the following formula:

P <f>=3:%;;T<M>=T(J:%nEM)

Now since w is unitary we have ||w|| = 1, and so ||M|| < 1. Thus the last Cesaro limit
converges, and equals the orthogonal projection onto the 1-eigenspace of M:

n

.1 K
fi 2 ME =P

k=1

Thus our initial Cesaro limit converges as well, to 7(P), as desired. u
When the linear form ¢ € C(G)* is faithful, we have the following finer result:

PROPOSITION 11.13. Given a faithful unital linear form ¢ € C(G)*, the limit

exists, and is independent of 1, given on coefficients of representations by

e e

where P is the orthogonal projection onto the space Fix(w {5 € (C”‘wﬁ f}
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PROOF. In view of Proposition 11.12, it remains to prove that when 1 is faithful, the
1-eigenspace of the matrix M = (id ® ¢)w equals the space Fiz(w).
“D” This is clear, and for any v, because we have the following implication:
w§ =¢§ = M{=¢
“C” Here we must prove that, when v is faithful, we have:
ME=¢ = wE=¢

For this purpose, assume that we have M¢ = £, and consider the following function:

E () (g

We must prove that we have f = 0. Since v is unitary, we have:

AU T (R R
f= Z Wi wi&&k — Nwijfjfz’ - Nwikgigk + mfz’&;
ijk

= DG = Y weGE - Y wi&b+ Y I&P
j ij ik @

1617~ < wé, & > —<wg &>+ [[¢]]°
2(/I* — Re(< wé, € >))
By using now our assumption M¢ = &, we obtain from this:

U(f) = 20([¢]]° = Re(< wg, & >))
= 2([¢]I* — Re(< M¢,€ >))

= 2(]1€l1* - 11
=0
Now since 1) is faithful, this gives f = 0, and so w& = &, as claimed. O

We can now formulate a main result, as follows:

THEOREM 11.14. Any compact group G has a unique Haar integration, which can be
constructed by starting with any faithful positive unital form ¢ € C(G)*, and setting:

1 n
f= >

Moreover, for any representation w we have the formula

(s f)o-r

where P is the orthogonal projection onto Fix(w) = {5 € (C”}wf = 5}.
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PROOF. Let us first go back to the general context of Proposition 11.12. Since convolv-
ing one more time with ¢ will not change the Cesaro limit appearing there, the functional
/, » € C(G)* constructed there has the following invariance property:

o]

In the case where 1 is assumed to be faithful, as in Proposition 11.13, our claim is
that we have the following formula, valid this time for any ¢ € C(G)*:

/wWZsO*/w:w(l)/w

Indeed, it is enough to prove this formula on a coefficient of a corepresentation:
f=(r®idw

In order to do so, consider the following two matrices:

P = <id®/w)w , Q=(d®yp)w

We have then the following formulae, which all follow from definitions:

(L“Of:TWQ>v Gw[)f:T@P>, MUszwﬂﬁ@)

Thus, in order to prove our claim, it is enough to establish the following formula:

PQ=QP =¢(1)P
But this follows from the fact, from Proposition 11.13, that P = (id ® f¢)w is the

orthogonal projection onto Fiiz(w). Thus, we proved our claim. Now observe that, with
Af(g® h) = f(gh), this formula that we proved can be written as follows:

¢(4®M)A:@(M®L)A:@L@1

This formula being true for any ¢ € C(G)*, we can simply delete ¢, and we conclude
that [, = [, has the required left and right invariance property, namely:

(o) (e [) - [0

Finally, the uniqueness is clear as well, because if we have two invariant integrals
Jor . é, then their convolution equals on one hand [, and on the other hand, |, (/; O

Summarizing, we know how to integrate over (G. Before getting into probabilistic
applications, let us develop however more Peter-Weyl theory. We will need:
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ProprosITION 11.15. We have a Frobenius type isomorphism
Hom(v,w) ~ Fiz(v® w)
valid for any two representations v, w.
PRrOOF. According to definitions, we have the following equivalences:
T € Hom(v,w) <= Tv=uwT
<— Z Toivij = Z W Ty;, Va, j
i b

On the other hand, we have as well the following equivalences:
TeFizlvew) <— @Wew)T=¢

— Z VjiWapThi = To;Va, j
bi

With these formulae in hand, both inclusions follow from the unitarity of v, w. O
We can now formulate a third Peter-Weyl theorem, as follows:

THEOREM 11.16 (Peter-Weyl 3). The dense subalgebra C(G) C C(G) generated by the

coefficients of the fundamental representation decomposes as a direct sum
C(@)= B Mamw(C)
welrr(G)

with the summands being pairwise orthogonal with respect to the scalar product
<fg>= [ fs
a

where fG is the Haar integration over G.

PROOF. By combining the previous two Peter-Weyl results, Theorems 11.9 and 11.10,
we deduce that we have a linear space decomposition as follows:

C(G)= Z Cy = Z Mim(w) (C)
welrr(G) welrr(G)

Thus, in order to conclude, it is enough to prove that for any two irreducible repre-
sentations v, w € Irr(G), the corresponding spaces of coefficients are orthogonal:

vopw = C, LC,
But this follows from Theorem 11.14, via Proposition 11.15. Let us set indeed:

Pia,ij/Uz‘jwab
G
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Then P is the orthogonal projection onto the following vector space:

Fiz(v®w) ~ Hom(v,w) = {0}
Thus we have P = 0, and this gives the result. O
Finally, we have the following result, completing the Peter-Weyl theory:

THEOREM 11.17 (Peter-Weyl 4). The characters of irreducible representations belong
to the algebra

C(G)eentra = { f € C(G)|f(gh) = F(hg),¥g,h € G}
called algebra of central functions on G, and form an orthonormal basis of it.

PROOF. Observe first that C(G)centrar is indeed an algebra, which contains all the
characters. Conversely, consider a function f € C(G), written as follows:

f= Z Juw
welrr(G)

The condition f € C(G)centrai states then that for any w € Irr(G), we must have:
fw € C<G)central

But this means that f,, must be a scalar multiple of x,,, so the characters form a basis
of C(GQ)central, as stated. Also, the fact that we have an orthogonal basis follows from
Theorem 11.16. As for the fact that the characters have norm 1, this follows from:

_ _ 1
/GXwaZZ/GwiiwijZle
i A
Here we have used the fact, coming from Theorem 11.14 and Proposition 11.15, that
the integrals f o WijWy form the orthogonal projection onto the following vector space:

Fiz(w ®w) ~ End(w) = C1
Thus, the proof of our theorem is now complete. O

As a key observation here, complementing Theorem 11.17, observe that a function
f : G — C is central, in the sense that it satisfies f(gh) = f(hg), precisely when it
satisfies the following condition, saying that it must be constant on conjugacy classes:

f(ghg™) = f(h),Vg,h € G

Thus, in the finite group case for instance, the algebra of central functions is something
which is very easy to compute, and this gives useful information about Rep(G). We will
not get into this here, but some of our exercises will be about this.

As a basic illustration now for all this, we have the following result:
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THEOREM 11.18. For a compact abelian group G the irreducible representations are
all 1-dimensional, and form the dual discrete abelian group G.

ProoF. This is clear from the Peter-Weyl theory, because when G is abelian any
function f : G — C is central, and so the algebra of central functions is C(G) itself, and

so the irreducible representations u € Irr(G) coincide with their characters x, € G. O

Many other things can be said, along these lines.

11c. Clebsch-Gordan

As a last piece of Lie group theory, we are now in position of dealing, in a quite
conceptual way, with SU; and SOs3. Regarding SU,, the result here is as follows:

THEOREM 11.19. The irreducible representations of SUy are all self-adjoint, and can
be labelled by positive integers, with their fusion rules being as follows,

T @1y =Tp—t] + Tp—tj42 + - T Trpa
called Clebsch-Gordan rules. The corresponding dimensions are dimr, = k + 1.

PROOF. There are several proofs for this fact, the simplest one, with the knowledge
that we have, being via purely algebraic methods, as follows:

(1) Our first claim is that we have the following estimate, telling us that the even
moments of the main character are smaller than the Catalan numbers:

/ X2k < Ck
SUs

But this is something which is elementary, obtained by using SUs, ~ S3 and standard
spherical integrals, and with the stronger statement that we have in fact equality =.
However, for the purposes of what follows, the above < estimate will do.

(2) Alternatively, the above estimate can be deduced with purely algebraic methods,
by using an easiness type argument for SU,, as follows:

/ = dim(Fiz(u®?))
SU,
= dim (span (T;r
< INC(2k)|

To be more precise, SU, is not exactly easy, but rather “super-easy”, coming from
a different implementation = — 7. of the pairings, involving some signs. And with this
being proved exactly as the Brauer theorem for Oy, with modifications where needed.

Te N02(2k:))>
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(3) Long story short, we have our estimate in (1), and this is all that we need. Our
claim is that we can construct, by recurrence on k£ € N, a sequence r; of irreducible,
self-adjoint and distinct representations of SU,, satisfying:

ro=1 , m=u , Te+Tro=7Tr 1017
Indeed, assume that rg,...,ry_; are constructed, and let us construct r,. We have:
Th—1+ Tk—3 = Tpk—2 QT
Thus ry_1 C rg_o ® 11, and since r_s is irreducible, by Frobenius we have:
Tp—2 C Tp—1 @1
We conclude there exists a certain representation r; such that:
Tk + T2 = Tip_1 QT

(4) By recurrence, 1y is self-adjoint. Now observe that according to our recurrence
formula, we can split u®* as a sum of the following type, with positive coefficients:

k
u®® = CrTr + Cp_oTk_9 + ...

We conclude by Peter-Weyl that we have an inequality as follows, with equality pre-
cisely when 7y is irreducible, and non-equivalent to the other summands r;:

Z c? < dim(End(u®*))
(5) But by (1) the number on the right is < C%, and some straightforward combina-
torics, based on the fusion rules, shows that the number on the left is C} as well:

Cp = Zc? < dim(End(u®")) = /S . X < Oy

Thus we have equality in our estimate, so our representation r; is irreducible, and
non-equivalent to 7,_o,7k_4,... Moreover, this representation r, is not equivalent to
Tk—1,Tk—3, - - . either, with this coming from r, C u®? for any p, and from:

dim(Fia:(u®25+l)) _ / X2s+1 =0
SUs
(6) Thus, we proved our claim. Now since each irreducible representation of SUs
appears into some u®*, and we know how to decompose each u®* into sums of represen-
tations ry, these representations ry are all the irreducible representations of SUs,, and we
are done with the main assertion. As for the dimension formula, this is clear. O

Regarding now SOj3, we have here a similar result, as follows:
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THEOREM 11.20. The irreducible representations of SOs are all self-adjoint, and can
be labelled by positive integers, with their fusion rules being as follows,

Tk & T = T|kfl| + 74|k7[|+1 + ...+ Tkl
also called Clebsch-Gordan rules. The corresponding dimensions are dimr, = 2k + 1.

PROOF. As before with SU,, there are many possible proofs here, which are all in-
structive. Here is our take on the subject, in the spirit of our proof for SU,:

(1) Our first claim is that we have the following formula, telling us that the moments
of the main character equal the Catalan numbers:

/ Xk = C}
S05

But this is something that we know from before, coming from Euler-Rodrigues. Al-
ternatively, this can be deduced as well from Tannakian duality, a bit as for SUs,.

(2) Our claim now is that we can construct, by recurrence on k € N, a sequence ry, of
irreducible, self-adjoint and distinct representations of SOj, satisfying:

ro=1 , m=u—1 |, 7rp+r_1+ro=r,1®n

Indeed, assume that rq,...,r,_1 are constructed, and let us construct r,. The Frobe-
nius trick from the proof for SU; will no longer work, due to some technical reasons, so
we have to invoke (1). To be more precise, by integrating characters we obtain:

Tk—1,Tk—2 C Th—1 @ T
Thus there exists a representation r; such that:
The1 @171 =Tk + Tk—1 + Tk—2

(3) Once again by integrating characters, we conclude that 7, is irreducible, and
non-equivalent to ri,...,r._1, and this proves our claim. Also, since any irreducible
representation of SO3 must appear in some tensor power of u, and we can decompose
each u®* into sums of representations 7, we conclude that these representations 7, are
all the irreducible representations of SO3. Finally, the dimension formula is clear. U

There are of course many other things that can be said about SU; and SO3. For
instance, with the proof of Theorem 11.19 and Theorem 11.20 done in a purely algebraic
fashion, by using the super-easiness property of SU; and SOj3, the Euler-Rodrigues formula
can be deduced afterwards from this, without any single computation, the argument being
that by Peter-Weyl the embedding PU,; C SO3 must be indeed an equality.

11d. McKay subgroups
McKay subgroups.
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11le. Exercises

Exercises:

EXERCISE 11.21.
EXERCISE 11.22.
EXERCISE 11.23.
EXERCISE 11.24.
EXERCISE 11.25.
EXERCISE 11.26.
EXERCISE 11.27.
EXERCISE 11.28.

Bonus exercise.



CHAPTER 12

Easiness, diagrams

12a. Easy groups

Let us formulate the following key definition, extending to the case of arbitrary par-
titions what we already know from chapter 11 about pairings:

DEFINITION 12.1. Given a partition w € P(k,l) and an integer N € N, we define
T, : (CM)®F — (C)®!
by the following formula, with e, ..., ex being the standard basis of CV,

Te(en ®...Qe€;,) = Z(S ( /}’;)eh@...@eﬁ

JiJi

and with the coefficients on the right being Kronecker type symbols.

To be more precise here, in order to compute the Kronecker type symbols ¢, () €
{0,1}, we proceed exactly as in the pairing case, namely by putting the multi-indices
i = (i1,...,i%) and j = (j1,...,7;) on the legs of 7, in the obvious way. In case all the
blocks of 7 contain equal indices of i, j, we set (%) = 1. Otherwise, we set d.(%) = 0.

With the above notion in hand, we can now formulate the following key definition,
motivated by the Brauer theorems for Oy, Uy, as indicated before:

DEFINITION 12.2. A closed subgroup G C Uy is called easy when

Hom(u®* u®) = span (

|7 e Dk,

for any two colored integers k,l = oceoe ..., for certain sets of partitions
D(k,l) C P(k,l)

where m — T 1s the standard implementation of the partitions, as linear maps.

In other words, we call a group G easy when its Tannakian category appears in the
simplest possible way: from the linear maps associated to partitions. The terminology is
quite natural, because Tannakian duality is basically our only serious tool.

143
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As basic examples, the orthogonal and unitary groups Oy, Uyx are both easy, coming
respectively from the following collections of sets of partitions:

Py=| |Pu(kl) . Pa=||Pa(k,])
k,l k,l

In the general case now, as an important theoretical remark, in the context of Defini-
tion 12.2, consider the following collection of sets of partitions:

D =| |D(k,1)
k,l
This collection of sets D obviously determines G, but the converse is not true. Indeed,
at N = 1 for instance, both the choices D = P, Py produce the same easy group, namely
G = {1}. We will be back to this issue on several occasions, with results about it.

In order to advance, our first goal will be that of establishing a duality between easy
groups and certain special classes of collections of sets as above, namely:

D =| |D(k,1)

k.l

Let us begin with a general definition, as follows:

DEFINITION 12.3. Let P(k,l) be the set of partitions between an upper colored integer
k, and a lower colored integer l. A collection of subsets

D =| |D(k,1)
kel

with D(k,1) C P(k,l) is called a category of partitions when it has the following properties:
) Stability under the horizontal concatenation, (w,0) — [ro].
) Stability under vertical concatenation (m,0) — [2], with matching middle symbols.
) Stability under the upside-down turning x, with switching of colors, o <+ e.
) Each set P(k,k) contains the identity partition ||...||.

) The sets P(0,ce) and P((), e0) both contain the semicircle M.
(6) The sets P(k,k) with |k| =2 contain the crossing partition ).

D
(1
(2
(3
(4
(5

As before, this is something that we already met in chapter 11, but for the pairings
only. Observe the similarity with the axioms for Tannakian categories, also from chapter
11. We will see in a moment that this similarity can be turned into something very precise,
the idea being that such a category produces a family of easy quantum groups (G y)nen,
one for each N € N, via the formula in Definition 12.1, and Tannakian duality.

As basic examples, that we have already met in chapter 6, in connection with the
representation theory of Oy, Uy, we have the categories Ps, Ps of pairings, and of matching
pairings. Further basic examples include the categories P, P,,., of all partitions, and of
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all partitions whose blocks have even size. We will see in a moment that these latter
categories are related to the symmetric and hyperoctahedral groups Sy, Hy.

The relation with the Tannakian categories comes from the following result:
PROPOSITION 12.4. The assignement m — Ty is categorical, in the sense that
T Ty =Tio) » Tuly=NTITo | TF =T

where c(m,0) are certain integers, coming from the erased components in the middle.

PROOF. The concatenation axiom follows from the following computation:

(T @T,)(€, ®...Q€, ey, ®... R ex,)

= E Eéﬁ(;i ;'p>6"(lll l)6j1®---®€jq®€zl®--~®€ls
oo Jg o

j1~--jq ll---ls
J1--Jg l1..ls q s

= T[wa](eil ... €, X €k, ®...Q 6]{37‘)
The composition axiom follows from the following computation:

TﬂTg(eil ®...Q eip)

_ ST Jio--o Jq
- Zé"(jl ].q> Z&r(kzl kr)em@...@ekr

jl---jq kl...k'r
Y Nees T
2] k L €k €k,
ky...ky Lo i

= Nc(ﬂ—’o-)j—‘[g}(eil ® “ .. ® elp)
Finally, the involution axiom follows from the following computation:
THen®...0¢;,)
= Z<T:(Gjl®...®€jq),€i1®...®€ip>€il®...®€ip

i1.ip

_ Zéfr(;i ;p>eil®...®eip

q

i1...0p
= Tﬂ-*<€j1 ® Ce ® ejq)
Summarizing, our correspondence is indeed categorical. O

Time now to put everyting together. All the above was pure combinatorics, and in
relation with the compact groups, we have the following result:
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THEOREM 12.5. Fach category of partitions D = (D(k,l)) produces a family of com-
pact groups G = (Gy), one for each N € N, via the formula

@k 4,8 wthm

Hom(u®", u

= span <T7r
and the Tannakian duality correspondence.

PRrROOF. Given an integer N € N, consider the correspondence m — T}, constructed in
Definition 12.1, and then the collection of linear spaces in the statement, namely:

Cr = span (T7r T e D(k:,l))

According to the formulae in Proposition 12.4, and to our axioms for the categories
of partitions, from Definition 12.3, this collection of spaces C' = (C};) satisfies the axioms
for the Tannakian categories, from chapter 11. Thus the Tannakian duality result there
applies, and provides us with a closed subgroup Gy C Uy such that:

Cr = Hom(u®* u®)
Thus, we are led to the conclusion in the statement. O

In relation with the easiness property, we can now formulate a key result, which can
serve as an alternative definition for the easy groups, as follows:

THEOREM 12.6. A closed subgroup G C Uy is easy precisely when

Hom(u®* u®") = span (T7r TE D(kz,l))

for any colored integers k,l, for a certain category of partitions D C P.

Proor. This basically follows from Theorem 12.5, as follows:

(1) In one sense, we know from Theorem 12.5 that any category of partitions D C P
produces a family of closed groups G C Uy, one for each N € N, according to Tannakian
duality and to the Hom space formula there, namely:

Hom(u®* u®") = span (T,r TE D(k,l))

But these groups G C Uy are indeed easy, in the sense of Definition 12.2.

(2) In the other sense now, assume that G C Uy is easy, in the sense of Definition
12.2, coming via the above Hom space formula, from a collection of sets as follows:

D =| | D(k,1)

k.l

Consider now the category of partitions D=<D> generated by this family. This is
by definition the smallest category of partitions containing D, whose existence follows by
starting with D, and performing the various categorical operations, namely horizontal and
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vertical concatenation, and upside-down turning. It follows then, via another application
of Tannakian duality, that we have the following formula, for any k&, [:

Hom/(u®* u®") = span (T7r T E ﬁ(l{:,l))

Thus, our group G C Uy can be viewed as well as coming from IND, and so appearing
as particular case of the construction in Theorem 12.5, and this gives the result. U

As already mentioned above, Theorem 12.6 can be regarded as an alternative definition
for easiness, with the assumption that D C P must be a category of partitions being
added. In what follows we will rather use this new definition, which is more precise.

Generally speaking, the same comments as before apply. First, G is easy when its
Tannakian category appears in the simplest possible way: from a category of partitions.
The terminology is quite natural, because Tannakian duality is our only serious tool.

Also, the category of partitions D is not unique, for instance because at N = 1 all the
categories of partitions produce the same easy group, namely G = {1}. We will be back
to this issue on several occasions, with various results about it.

We will see in what follows that many interesting examples of compact quantum
groups are easy. Moreover, most of the known series of “basic” compact quantum groups,
G = (Gy) with N € N, can be in principle made fit into some suitable extensions of the
easy quantum group formalism. We will discuss this too, in what follows.

The notion of easiness goes back to the results of Brauer regarding the orthogonal
group Oy, and the unitary group Uy, which reformulate as follows:
THEOREM 12.7. We have the following results:
(1) The unitary group Uy is easy, coming from the category Ps.
(2) The orthogonal group Oy is easy as well, coming from the category Ps.

ProoF. This is something that we already know, from chapter 11, based on Tannakian
duality, the idea of the proof being as follows:
(1) The group Uy being defined via the relations u* = u™!, u* = !, the associated
Tannakian category is C' = span(T,|r € D), with:
D =< S. , :1 >= P,
(2) The group Oy C Uy being defined by imposing the relations w;; = u;;, the
associated Tannakian category is C' = span(T|r € D), with:

D =<Py{,l>=P,

Thus, we are led to the conclusion in the statement. U
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There are many other examples of easy groups, and we will gradually explore this. To
start with, we have the following interesting result, still in the continuous case:

THEOREM 12.8. We have the following results:

(1) The unitary bistochastic group Cy is easy, coming from the category Pio of match-
ing singletons and pairings.

(2) The orthogonal bistochastic group By is easy, coming from the category Pis of
singletons and pairings.

PROOF. The proof here is similar to the proof of Theorem 12.7. To be more precise,
we can use the results there, and the proof goes as follows:

(1) The group Cy C Uy is defined by imposing the following relations, with £ being
the all-one vector, which correspond to the bistochasticity condition:

ug =¢ , u§=g¢§

But these relations tell us precisely that the following two operators, with the partitions
on the right being singletons, must be in the associated Tannakian category C-

T. : wm=},|
Thus the associated Tannakian category is C' = span(T,|r € D), with:
D =< Py, },} >=Pis
Thus, we are led to the conclusion in the statement.

(2) In order to deal now with the real bistochastic group By, we can either use a
similar argument, or simply use the following intersection formula:

By =CnNOn

Indeed, at the categorical level, this intersection formula tells us that the associated
Tannakian category is given by C' = span(Ty|m € D), with:

D =<"Pia, P> >= Py
Thus, we are led to the conclusion in the statement. Il

As a comment here, we have used in the above the fact, which is something quite
trivial, that the category of partitions associated to an intersection of easy quantum
groups is generated by the corresponding categories of partitions. We will be back to this,
and to some other product operations as well, with similar results, later on.

We can put now the results that we have together, as follows:
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THEOREM 12.9. The basic unitary and bistochastic groups,

ON UN

By On

are all easy, coming from the various categories of singletons and pairings.

Proor. We know from the above that the groups in the statement are indeed easy,
the corresponding diagram of categories of partitions being as follows:

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

Summarizing, what we have so far is a general notion of “easiness”, coming from the
Brauer theorems for Oy, Uy, and their straightforward extensions to By, Cy.

12b. Reflection groups

In view of the above, the notion of easiness is a quite interesting one, deserving a full,
systematic investigation. As a first natural question that we would like to solve, we would
like to compute the easy group associated to the category of all partitions P itself.

And here, no surprise, we are led to the most basic, but non-trivial, classical group
that we know, namely the symmetric group Sy. To be more precise, we have the following
Brauer type theorem for Sy, which answers our question formulated above:

THEOREM 12.10. The symmetric group Sy, regarded as group of unitary matrices,
SN C ON C Uy
via the permutation matrices, is easy, coming from the category of all partitions P.

Proor. Consider indeed the group Sy, regarded as a group of unitary matrices, with
each permutation o € Sy corresponding to the associated permutation matrix:

o(ei) = eqi)
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Consider as well the easy group G C Oy coming from the category of all partitions
P. Since P is generated by the one-block “fork” partition Y € P(2,1), we have:

C(GQ) = C’(ON)/<TY € Hom(u®2,u)>
The linear map associated to Y is given by the following formula:
Ty(@i ® €j) = (5ijei

In order to do the computations, we use the following formulae:

U= (Uz‘j)ij ) u®? = (Uijukl)z’k,jl , Iy = <5ijk)i,jk

We therefore obtain the following formula:

(TYu®2)z’7jk = Z(TY)i,lm(u®2)lm,jk = Ui Uik

lm

On the other hand, we have as well the following formula:

(WTy)ige = Y wia(Ty )ik = ity
.

Thus, the relation defining G C Oy reformulates as follows:
Ty € Hom(u®* u) <= wijugy, = 6w, Vi, j, k

In other words, the elements w;; must be projections, which must be pairwise orthog-
onal on the rows of u = (u;;). We conclude that G C Oy is the subgroup of matrices
g € Oy having the property g;; € {0,1}. Thus we have G = Sy, as desired. O

As a continuation of this, let us discuss now the hyperoctahedral group Hy. The
result here is quite similar to the one for the symmetric groups, as follows:

THEOREM 12.11. The hyperoctahedral group Hy, regarded as a group of matrices,
SN C Hy C ON
is easy, coming from the category of partitions with even blocks Pyey,.

ProoOF. This follows as usual from Tannakian duality. To be more precise, consider
the following one-block partition, which, as the name indicates, looks like a H letter:

H e P(2,2)
The linear map associated to this partition is then given by:

TH(eZ- &® €j) = 51']'61' ® e;
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By using this formula, we have the following computation:

(Ty @ id)u® (e ® ey) = (Ty ®id) (Z €ij @ e @ Uijukz) (eq @ eyp)
ijkl

= (TH ® id) (Z e e ® Uz’a“kb)
ik
= Z e; ® e; @ UigUip

On the other hand, we have as well the following computation:

U®2 (TH ® ld) (ea X 6(,) = 6ab (Z €ij X ep ® uijukl> (ea X Ga)
ijkl

= 5ab Z €; & e & UigUkq
ij
We conclude from this that we have the following equivalence:

Ty € End(u®?) <= SilligUsy, = dapllialia, Vi, k, a, b

But the relations on the right tell us that the entries of the matrix u = (u;;) must
satisfy the following condition, on each row and column of u:

af =0

We conclude that that the corresponding closed subgroup G C Oy consists of the
matrices g € On which are permutation-like, with +1 nonzero entries. Thus, the corre-
sponding group is G = Hy, and as a conclusion to this, we have:

C(Hy) = C(Ox) [ (T € End(u™))

According now to our conventions for easiness, this means that the hyperoctahedral
group Hy is easy, coming from the following category of partitions:

D=<H>
But the category on the right can be computed by drawing pictures, and we have:
< H>= Peven

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

More generally now, we have in fact the following grand result, regarding the series of
complex reflection groups H3;, which covers both the groups Sy, Hy:
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THEOREM 12.12. The complex reflection group Hy, = Z 1SN is easy, the corresponding
category P® consisting of the partitions satisfying the condition

o = 3 o (s)

as a weighted sum, in each block. In particular, we have the following results:

(1) Sn is easy, coming from the category P.
(2) Hy = 72 Sy is easy, coming from the category Pryep.
(3) Ky =TSy is easy, coming from the cateqory Peyen-

ProOF. This is something that we already know at s = 1,2, from Theorems 12.10 and
12.11. In general, the proof is similar, based on Tannakian duality. To be more precise, in
what regards the main assertion, the idea here is that the one-block partition = € P(s),
which generates the category of partitions P° in the statement, implements the relations
producing the subgroup HY, C Sy. As for the last assertions, these are all elementary:

(1) At s = 1 we know that we have Hy = Sy. Regarding now the corresponding
category, here the condition #o = # e (1) is automatic, and so P! = P.

(2) At s = 2 we know that we have Hy = Hy. Regarding now the corresponding
category, here the condition #o0 = # e (2) reformulates as follows:

#o+H#e=0(2)
Thus each block must have even size, and we obtain, as claimed, P? = P,,,.

(3) At s = 0o we know that we have HY = Ky. Regarding now the corresponding
category, here the condition #o = # e (c0) reads:

Yo = fhe
But this is the condition defining P.yen, and so P® = Peyen, as claimed. O

Summarizing, we have many examples. In fact, our list of easy groups has currently
become quite big, and here is a selection of the main results that we have so far:

THEOREM 12.13. We have a diagram of compact groups as follows,

Ky

Un

Hy

On

where Hy = Zo ! Sy and Ky = T 1 Sy, and all these groups are easy.
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PRroOOF. This follows from the above results. To be more precise, we know that the
above groups are all easy, the corresponding categories of partitions being as follows:

Pe'uen 7)2
Peven PQ
Thus, we are led to the conclusion in the statement. Il

Summarizing, most of the groups that we investigated so far in this book are covered
by the easy group formalism. Which is something very nice, and good to know.

As a comment here, one notable exception is the symplectic group Spy. But this
group is covered in fact as well, by a suitable extension of the easy group formalism.
12c. Basic operations

Let us discuss now some basic composition operations, in general, and for the easy
groups. We will be mainly interested in the following operations:

DEFINITION 12.14. The closed subgroups of Uy are subject to intersection and gener-
ation operations, constructed as follows:

(1) Intersection: H N K is the usual intersection of H, K.
(2) Generation: < H, K > is the closed subgroup generated by H, K .

Alternatively, we can define these operations at the function algebra level, by perform-
ing certain operations on the associated ideals, as follows:

PROPOSITION 12.15. Assuming that we have presentation results as follows,
C(H)=CUn)/I , C(K)=CUn)/J
the groups H N K and < H, K > are given by the following formulae,
CHNK)=CWUy)/ <1,J>
C(<H,K>)=CUy)/(INJ)
at the level of the associated algebras of functions.

PRroOF. This is indeed clear from the definition of the operations N and <, >, as
formulated above, and from the Stone-Weierstrass theorem. U

In what follows we will need Tannakian formulations of the above two operations. The
result here, that we have already used a couple of times in the above, is as follows:
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THEOREM 12.16. The intersection and generation operations N and < ,> can be con-
structed via the Tannakian correspondence G — Cg, as follows:

(1) Intersection: defined via Cogng =< Cq,Cy >.
(2) Generation: defined via Ccq p> = Ce N Ch.

Proor. This follows from Proposition 12.15, and from Tannakian duality. Indeed, it
follows from Tannakian duality that given a closed subgroup G C Uy, with fundamental
representation v, the algebra of functions C'(G) has the following presentation:

C(G) = C’(UN)/ <T € Hom(u®* u®")|Vk,VI,VT € Hom(v®k,v®l)>

In other words, given a closed subgroup G C Uy, we have a presentation of the
following type, with I being the ideal coming from the Tannakian category of G:

C(G) =C(Un)/1c
But this leads to the conclusion in the statement. U
In relation now with our easiness questions, we first have the following result:
PROPOSITION 12.17. Assuming that H, K are easy, then so is H N K, and we have
Dynx =< Dy, Dk >
at the level of the corresponding categories of partitions.
ProoF. We have indeed the following computation:

Cunk = <Cpy,Ck >
= < span(Dpy), span(Dy) >
= span(< Dy, Dk >)

Thus, by Tannakian duality we obtain the result. U

Regarding now the generation operation, the situation here is more complicated, due
to a number of technical reasons, and we only have the following statement:

PROPOSITION 12.18. Assuming that H, K are easy, we have an inclusion
< H,K>C{H K}
coming from an inclusion of Tannakian categories as follows,
Cy NCx D span(Dy N D)

where {H, K} is the easy group having as category of partitions Dy N Dy.
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Proor. This follows from the definition and properties of the generation operation,
explained above, and from the following computation:
Cengs = CpNnCg
= span(Dg) N span(Dk)
D) SpCL’I’L(D N D K)

Indeed, by Tannakian duality we obtain from this all the assertions. O

It is not clear if the inclusions in Proposition 12.18 are isomorphisms or not, and this
even under a supplementary N >> 0 assumption. Technically speaking, the problem
comes from the fact that the operation # — T, does not produce linearly independent
maps, and so all that we are doing is sensitive to the value of N € N. The subject here is
quite technical, to be further developed in Part IV below, with probabilistic motivations
in mind, without however solving the present algebraic questions.

Summarizing, we have some problems here, and we must proceed as follows:

THEOREM 12.19. The intersection and easy generation operations N and {,} can be
constructed via the Tannakian correspondence G — D¢, as follows:

(1) Intersection: defined via Dgng =< Dg, Dy >.
(2) Easy generation: defined via Dig uy = Dg N Dy.

PROOF. Here the situation is as follows:
(1) This is a true and honest result, coming from Proposition 12.17.
(2) This is more of an empty statement, coming from Proposition 12.18. O

As already mentioned, there is some interesting mathematics still to be worked out,
in relation with all this, and we will be back to this later, with further details. With the
above notions in hand, however, even if not fully satisfactory, we can formulate a nice
result, which improves our main result so far, namely Theorem 12.13, as follows:

THEOREM 12.20. The basic unitary and reflection groups, namely

Ky Un

Hy On

are all easy, and they form an intersection and easy generation diagram, in the sense that
the above square diagram satisfies Uy = {Kn,On}, and Hy = Ky N Oy.
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PrOOF. We know from Theorem 12.13 that the groups in the statement are easy, the
corresponding categories of partitions being as follows:

Peven PQ

Peven P2

Now observe that this latter diagram is an intersection and generation diagram. By
using Theorem 12.19, this reformulates into the fact that the diagram of quantum groups
is an intersection and easy generation diagram, as claimed. U

It is possible to further improve the above result, by proving that the diagram there
is actually a plain generation diagram. However, this is something more technical, and
for a discussion here, you can check for instance my quantum group book [11].

Moving forward, as a continuation of the above, it is possible to develop some more
general theory, along the above lines. Given a closed subgroup G C Uy, we can talk
about its “easy envelope”, which is the smallest easy group G containing G. This easy
envelope appears by definition as an intermediate closed subgroup, as follows:

GCGcCUy

With this notion in hand, Proposition 12.18 can be refined into a result stating that
given two easy groups H, K, we have inclusions as follows:

< H,K >C <§,\E> c{H,K}
In order to discuss all this, let us start with the following definition:

DEFINITION 12.21. A closed subgroup G C Uy is called homogeneous when
Sy C G CUy
with Sy C Uy being the standard embedding, via permutation matrices.

We will be interested in such groups, which cover for instance all the easy groups, and
many more. At the Tannakian level, we have the following result:

THEOREM 12.22. The homogeneous groups Sy C G C Uy are in one-to-one corre-
spondence with the intermediate tensor categories

span <T .

where P is the category of all partitions, Py is the category of the matching pairings, and
m — Ty is the standard implementation of partitions, as linear maps.

T E Pg) C C' C span (T7r

7T€P>
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Proor. This follows from Tannakian duality, and from the Brauer type results for
Sn,Upn. To be more precise, we know from Tannakian duality that each closed subgroup
G C Uy can be reconstructed from its Tannakian category C' = (C(k, 1)), as follows:

C(G) = C(UN)/ <T e Hom(u®,u®)|Vk,1,VT € O(k, z)>

Thus we have a one-to-one correspondence G <> (', given by Tannakian duality,
and since the endpoints G = Sy,Uy are both easy, corresponding to the categories
C = span(T,|r € D) with D = P, P,, this gives the result. O

Our purpose now will be that of using the Tannakian result in Theorem 12.22, in
order to introduce and study a combinatorial notion of “easiness level”, for the arbitrary
intermediate groups Sy C G C Uy. Let us begin with the following simple fact:

PROPOSITION 12.23. Given a homogeneous group Sy C G C Uy, with associated
Tannakian category C = (C(k,1)), the sets

DY(k, 1) = {7? e P(k,1)

T, € C(k, z)}

form a category of partitions, in the sense of Definition 12.5.

PrROOF. We use the basic categorical properties of the correspondence m — T} between
partitions and linear maps, that we established in the above, namely:

T[WU] =11, T[fr] ~TT, , T = T;

Together with the fact that C is a tensor category, we deduce from these formulae
that we have the following implication:

roeD! = T, T,eC
= T,e1,cC
=0 T[WU] eC
— [no] € D*

On the other hand, we have as well the following implication:

r,oe D! = T, T,cC
= T, 1,eC
= TigeC
= [7]e D!
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Finally, we have as well the following implication:
reD! — T,.eC
— TreC
— T cC
— 71" e D!
Thus D! is indeed a category of partitions, as claimed. U

We can further refine the above observation, in the following way:

PROPOSITION 12.24. Given a compact group Sy C G C Uy, construct D' C P as
above, and let Sy C G* C Uy be the easy group associated to D'. Then:

(1) We have G C G, as subgroups of Ux.
(2) G* is the smallest easy group containing G.
(3) G is easy precisely when G C G' is an isomorphism.

ProoF. All this is elementary, the proofs being as follows:

1) We know that the Tannakian category of G! is given by:
gory g y

Cl, = span (T7r

wepwhn)
Thus we have C' C C, and so G C G, as subgroups of Uy.

(2) Assuming that we have G C G’, with G’ easy, coming from a Tannakian category
C" = span(D’), we must have C' C C, and so D' C D*. Thus, G* C G’, as desired.

(3) This is a trivial consequence of (2). O
Summarizing, we have now a notion of “easy envelope”, as follows:

DEFINITION 12.25. The easy envelope of a homogeneous group Sy C G C Uy is the
easy group Sy C G' C Uy associated to the category of partitions

D%ho:{wepw@

ﬂec%ﬁ}
where C' = (C(k,1)) is the Tannakian category of G.

At the level of examples, most of the known homogeneous groups Sy C G C Uy are
in fact easy. However, there are non-easy interesting examples as well, such as the generic
reflection groups H3 from chapter 10, and we will certainly have an exercise at the end
of this chapter, regarding the computation of the corresponding easy envelopes.

As a technical observation now, we can in fact generalize the above construction to
any closed subgroup G C Uy, and we have the following result:
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PROPOSITION 12.26. Given a closed subgroup G C Uy, construct D* C P as above,
and let Sy C G C Uy be the easy group associated to D'. We have then

G'= (<G, Sy >)!
where < G, Sy >C Uy is the smallest closed subgroup containing G, Sy .

PROOF. According to our Tannakian results, the subgroup < G,Sy >C Uy in the
statement exists indeed, and can be obtained by intersecting categories, as follows:

Cegsy> = Ca N sy
We conclude from this that for any = € P(k,[) we have:
T, € C<G’SN><I€,Z) — T, € Cg(/{?,l)

It follows that the D! categories for the groups < G, Sy > and G coincide, and so the
easy envelopes (< G, Sy >)! and G' coincide as well, as stated. 4

In order now to fine-tune all this, by using an arbitrary parameter p € N, which can
be thought of as being an “easiness level”, we can proceed as follows:

DEFINITION 12.27. Given a compact group Sy C G C Uy, and an integer p € N, we
construct the family of linear spaces

EP(k, 1) = {ale + o+, € Clk D)o €Cm e P(k:,l)}

and we denote by CP the smallest tensor category containing EP = (EP(k,l)), and by
Sy C GP C Uy the compact group corresponding to this category CP.

As a first observation, at p = 1 we have C* = E' = span(D'), where D! is the
category of partitions constructed in Proposition 12.24. Thus the group G*' constructed
above coincides with the “easy envelope” of GG, from Definition 12.25.

In the general case, p € N, the family EP = (EP(k,l)) constructed above is not neces-
sarily a tensor category, but we can of course consider the tensor category C? generated
by it, as indicated. Finally, in the above definition we have used of course the Tannakian
duality results, in order to perform the operation C? — GP.

In practice, the construction in Definition 12.27 is often something quite complicated,
and it is convenient to use the following observation:

PROPOSITION 12.28. The category CP constructed above is generated by the spaces
EP(l) = {ale +.. 4Ty, € C(l)|a; e Com € P(l)}

where C(1) = C(0,1), P(l) = P(0,1), with | ranging over the colored integers.
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PrROOF. We use the well-known fact, that we know from chapter 11, that given a
closed subgroup G C Uy, we have a Frobenius type isomorphism, as follows:
Hom(u®* u®') ~ Fiz(u®™)
If we apply this to the group GP, we obtain an isomorphism as follows:
C(k,1) ~ C(ki)

On the other hand, we have as well an isomorphism P(k,l) ~ P(kl), obtained by
performing a counterclockwise rotation to the partitions 7 € P(k,[). According to the
above definition of the spaces EP(k,[), this induces an isomorphism as follows:

EP(k,1) ~ EP(kl)
We deduce from this that for any partitions m,...,m, € C(k,I), having rotated ver-
sions py, ..., p, € C(kl), and for any scalars aq, ..., q, € C, we have:
o Try + ...+ Ty, € Ck,1) <= aiTy, + ...+ T, € C(kl)
But this gives the conclusion in the statement, and we are done. U

The main properties of the construction G — GP can be summarized as follows:

THEOREM 12.29. Given a compact group Sy C G C Uy, the compact groups GP
constructed above form a decreasing family, whose intersection is G:

G=(\G"
peN
Moreover, G is easy when this decreasing limit is stationary, G = G*.
PROOF. By definition of E?(k,[), and by using Proposition 12.28, these linear spaces

form an increasing filtration of C'(k,l). The same remains true when completing into
tensor categories, and so we have an increasing filtration, as follows:

c=|Jcr

peN

At the compact group level now, we obtain the decreasing intersection in the statement.
Finally, the last assertion is clear from Proposition 12.28. U

As a main consequence of the above results, we can now formulate:

DEFINITION 12.30. We say that a homogeneous compact group
Sy C G CUn
is easy at order p when G'= GP, with p being chosen minimal with this property.

Observe that the order 1 notion corresponds to the usual easiness. In general, all this
is quite abstract, but there are several explicit examples, that can be worked out. For
more on all this, you can check my quantum group book [11].
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12d. Classification results

Let us go back now to plain easiness, and discuss some classification results, following
the old papers, and then the more recent paper of Tarrago-Weber. In order to cut from
the complexity, we must impose an extra axiom, and we will use here:

THEOREM 12.31. For an easy group G = (Gy), coming from a category of partitions
D C P, the following conditions are equivalent:

(1) Gno1 = Gy NUn_1, via the embedding Uy_1 C Uy given by u — diag(u, 1).
(2) Gn_1 = Gy NUn_1, via the N possible diagonal embeddings Uyx_1 C Ux.
(3) D is stable under the operation which consists in removing blocks.

If these conditions are satisfied, we say that G = (Gy) is uniform.
PROOF. We use the general easiness theory explained above, as follows:

(1) <= (2) This is something standard, coming from the inclusion Sy C G, which
makes everything Sy-invariant. The result follows as well from the proof of (1) <= (3)
below, which can be converted into a proof of (2) <= (3), in the obvious way.

(1) <= (3) Given a subgroup K C Uy_;, with fundamental representation wu,
consider the N x N matrix v = diag(u, 1). Our claim is that for any 7 € P(k) we have:

& € Fiz(v®) «—= & € Fiz(v®), Vo' e P(K),n' C =
In order to prove this, we must study the condition on the left. We have:
&r € Fi:z:(v®k) — (v®k€ﬂ')i1...ik = (&x)ir.ip, Vi
— Z st ode Ex) g = En)irin, Vi

<~ 2(5 jl,...,]k U“Jl...vik]‘k:(57r(7:1,...,ik),v7;

Now let us recall that our representation has the special form v = diag(u,1). We
conclude from this that for any index a € {1,...,k}, we must have:

With this observation in hand, if we denote by ', j’ the multi-indices obtained from
i,j obtained by erasing all the above i, = j, = N values, and by &’ < k the common
length of these new multi-indices, our condition becomes:

2(5 jl,...,]k ( /)Z/jlzéﬂ(il,...,ik),Vi

Here the index j is by definition obtained from j’ by filling with N values. In order
to finish now, we have two cases, depending on i, as follows:
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Case 1. Assume that the index set {al|i, = N} corresponds to a certain subpartition
7' C 7. In this case, the N values will not matter, and our formula becomes:

Z5ﬂ(]i? s 7jllc’>(v®kl)i’j/ = 6#(2/17 cee 77;2:’)
j/

Case 2. Assume now the opposite, namely that the set {a|i, = N} does not correspond
to a subpartition ' C 7. In this case the indices mix, and our formula reads:

0=0
Thus, we are led to & € Fixz(v®*), for any subpartition 7’ C 7, as claimed.
Now with this claim in hand, the result follows from Tannakian duality. O
We can now formulate a first classification result, as follows:
THEOREM 12.32. The uniform orthogonal easy groups are as follows,
By On

Sn Hy
and this diagram is an intersection and easy generation diagram.

Proor. We know that the quantum groups in the statement are indeed easy and
uniform, the corresponding categories of partitions being as follows:

P12 P2

P Peven

Since this latter diagram is an intersection and generation diagram, we conclude that
we have an intersection and easy generation diagram of quantum groups, as stated. Re-
garding now the classification, consider an arbitrary easy group, as follows:

S N C G N C ON
This group must then come from a category of partitions, as follows:
BCDCP

Now if we assume G = (Gy) to be uniform, this category of partitions D is uniquely
determined by the subset L C N consisting of the sizes of the blocks of the partitions in
D. Our claim now is that the admissible sets are as follows:



12D. CLASSIFICATION RESULTS 163

(1) L = {2}, producing Oy.
(2) L ={1,2}, producing By.
(3) L =1{2,4,6,...}, producing Hy.
(4) L =1{1,2,3,...}, producing Sy.
Indeed, in one sense, this follows from our easiness results for Oy, By, Hy, Sy. In the
other sense now, assume that L C N is such that the set P, consisting of partitions whose
sizes of the blocks belong to L is a category of partitions. We know from the axioms

of the categories of partitions that the semicircle N must be in the category, so we have
2 € L. Our claim is that the following conditions must be satisfied as well:

kilel k>l = k—Il€eL
kel k>2 = 2k—2¢€L

Indeed, we will prove that both conditions follow from the axioms of the categories of
partitions. Let us denote by b, € P(0, k) the one-block partition, as follows:

b= 4 T
Y12 ...k

For k > [, we can write bx_; in the following way:

Ml M
)12 I 1+1 k
k—l — LLJ L | |

In other words, we have the following formula:
b1 = (0] ® |** )by

Since all the terms of this composition are in Pp, we have b,_; € Py, and this proves
our first formula. As for the second formula, this can be proved in a similar way, by
capping two adjacent k-blocks with a 2-block, in the middle.

With the above two formulae in hand, we can conclude in the following way:
Case 1. Assume 1 € L. By using the first formula with [ = 1 we get:
kel = k—-1€L

This condition shows that we must have L = {1,2,...,m}, for a certain number
m € {1,2,...,00}. On the other hand, by using the second formula we get:

melL — 2m—2€L
= 2m—-2<m
= m e {1,2,00}
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The case m = 1 being excluded by the condition 2 € L, we reach to one of the two
sets producing the groups Sy, By.
Case 2. Assume 1 ¢ L. By using the first formula with [ = 2 we get:
kel = k—-2¢L

This condition shows that we must have L = {2,4,...,2p}, for a certain number
p € {1,2,...,00}. On the other hand, by using the second formula we get:
2pelL — 4dp—-2¢€lL
= 4dp—-2<2p
= pe{loo}
Thus L must be one of the two sets producing Oy, Hy, and we are done. U
All the above is very nice, but the continuation of the story is more complicated. When
lifting the uniformity assumption, the final classification results become more technical,
due to the presence of various copies of Z,, that can be added, while keeping the easiness

property still true. To be more precise, in the real case it is known that we have exactly
6 solutions, which are as follows, with the convention Gy = Gy X Zo:

BN Bf\[ ON

Sy St Hy

In the unitary case now, the classification is quite similar, but more complicated. In
particular the uniform easy groups which are purely unitary are as follows:

CN UN

SN

Ky

We refer here to the literature on the subject. Switching topics now, in the projective
case, that we are mainly interested in, let us formulate the following definition:

DEFINITION 12.33. A projective category of pairings is a collection of subsets
NC5(2k,2l) C E(k,l) C P2(2k,21)

stable under the usual categorical operations, and satisfying o € E —> |o| € E.
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As basic examples, going beyond our crossing category setting, we have the following
projective categories of pairings, where P; is the category of matching pairings:
NCy,C Py C Py

This follows indeed from definitions. Now with the above notion in hand, we can
formulate the following projective analogue of the notion of easiness:

DEFINITION 12.34. An intermediate compact group
POy C HC PUy
1s called projectively easy when its Tannakian category
span(NCy(2k, 21)) € Hom(v®*, v®') C span(Py(2k, 21))
comes via via the following formula, using the standard m — T, construction,
Hom/(v®* v = span(E(k,1))
for a certain projective category of pairings E = (E(k,l)).

Thus, we have a projective notion of easiness, and as examples, the projective versions
of easy groups are projectively easy. We have in fact the following general result:

THEOREM 12.35. We have a bijective correspondence between the affine and projective
categories of partitions, given by the operation

G — PG
at the level of the corresponding affine and projective easy quantum groups.
PRrROOF. The construction of correspondence D — FE is clear, simply by setting:
E(k,l) = D(2k,21)

Indeed, due to the axioms in Definition 12.33, the conditions for categories of partitions
are satisfied. Conversely, given F = (E(k,[)) as in Definition 12.33, we can set:

E
Dk, 1) = (k1) (k, 1 even)
{o:|lc€e E(k+1,l4+1)} (k,lodd)
Our claim is that D = (D(k,l)) is a category of partitions. Indeed:

(1) The composition action is clear. Indeed, when looking at the numbers of legs
involved, in the even case this is clear, and in the odd case, this follows from:

lojo'e E = |7€F
= J7€D
(2) For the tensor product axiom, we have 4 cases to be investigated, depending on

the parity of the number of legs of o, 7, as follows:

— The even/even case is clear.
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— The odd/even case follows from the following computation:
lo,Te B — |oT€FE
— o7€D
— Regarding now the even/odd case, this can be solved as follows:
olreE = |o|,|T€FE
= |o||reFE
= |oT€FE
= o7€D
— As for the remaining odd/odd case, here the computation is as follows:
lo,|Te E = |lo|,|TeF
= ||o|lreE
— o7€kl
= o7€D

(3) Finally, the conjugation axiom is clear from definitions. It is also clear that both
compositions D — E — D and £ — D — FE are the identities, as claimed. As for the
quantum group assertion, this is clear as well from definitions. Il

12e. Exercises

Exercises:

EXERCISE 12.36.
EXERCISE 12.37.
EXERCISE 12.38.
EXERCISE 12.39.
EXERCISE 12.40.
EXERCISE 12.41.
EXERCISE 12.42.
EXERCISE 12.43.

Bonus exercise.
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C’est la vie
Say the old folks
It goes to show

You never can tell



CHAPTER 13

Smooth structure

13a. Differential geometry

Differential geometry.

13b. Smooth structure

Smooth structure.

13c. Standard calculus

Standard calculus.

13d. The complex case

The complex case.

13e. Exercises

Exercises:

EXERCISE 13.1.
EXERCISE 13.2.
EXERCISE 13.3.
EXERCISE 13.4.
EXERCISE 13.5.
EXERCISE 13.6.
EXERCISE 13.7.
EXERCISE 13.8.

Bonus exercise.
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CHAPTER 14

Metric aspects

14a. Distances, metric

Distances, metric.

14b. Exponential maps

Exponential maps.

14c. Advanced calculus

Advanced calculus.

14d. Complex manifolds

Complex manifolds.

14e. Exercises

Exercises:

EXERCISE 14.1.
EXERCISE 14.2.
EXERCISE 14.3.
EXERCISE 14.4.
EXERCISE 14.5.
EXERCISE 14.6.
EXERCISE 14.7.
EXERCISE 14.8.

Bonus exercise.
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CHAPTER 15

Integration theory

15a. Uniform integration

Uniform integration.

15b. Weingarten formula

In order to integrate over projective spaces, and other manifolds, let us first investigate
the group case. Let us start with the following result, coming from Peter-Weyl:

THEOREM 15.1. For an easy group G = (Gy), coming from a category of partitions
D = (D(k,1)), the asymptotic moments of the main character are given by

lim X" = #D(k)

N—oo GN

where D(k) = D(0, k), with the limiting sequence on the left consisting of certain integers,
and being stationary at least starting from the k-th term.

PRrROOF. This follows indeed from the Peter-Weyl theory, by using the linear indepen-
dence result for the vectors &, coming from the Lindstom determinant formula. U

With these preliminaries in hand, we can now state and prove:

THEOREM 15.2. In the N — oo limit, the laws of the main character for the main
easy groups, real and complex, and discrete and continuous, are as follows,

Ky

Un By

Gy

Hy

On by

g1

with these laws, namely the real and compler Gaussian and Bessel laws, being the main
limiting laws in real and complex, and discrete and continuous probability.
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PRroOOF. This follows from the above results. To be more precise, we know that the
above groups are all easy, the corresponding categories of partitions being as follows:

7Deven P2

Peven

Py

Thus, we can use Theorem 15.1, are we are led into counting partitions, and then
recovering the measures via their moments, and this leads to the result. O

Next, we have the following general formula, also coming from Peter-Weyl:

THEOREM 15.3. The Haar integration over a closed subgroup G C, Uy is given on
the dense subalgebra of smooth functions by the Weingarten type formula

/ gzlgl : glk]k dg = Z 5 Wk(ﬂ' V)
mveD(k

valid for any colored integer k = e . .. ey and any multi-indices i, j, where D(k) is a linear
basis of Fix(v®), the associated generalized Kronecker symbols are given by

57T(Z) =<me ®...Q €, >
and Wy, = G,;l is the inverse of the Gram matriz, Gy(m,v) =< m,v >.

Proo¥r. This is something very standard, coming from the fact that the above inte-
grals form altogether the orthogonal projection P* onto the following space:

Fiz(v®") = span(D(k))
Consider now the following linear map, with D(k) = {£x} being as in the statement:
= ) <5&>&
meD(k)

By a standard linear algebra computation, it follows that we have P = WE, where
W is the inverse of the restriction of E to the following space:

K= spcm(

WWED%»

But this restriction is the linear map given by the matrix Gy, and so W is the linear
map given by the inverse matrix Wy = G;l, and this gives the result. U

In the easy case, we have the following more concrete result:
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THEOREM 15.4. For an easy group G C Uy, coming from a category of partitions
D = (D(k,1)), we have the Weingarten formula

/ 9ity, - ity dg = Z 07 ()6, (J)Win (m, v)
G mveD(k)

for any k = ey...ex and any i,j, where D(k) = D(0,k), 0 are usual Kronecker type
symbols, checking whether the indices match, and Wiy = G’,;]{[, with

Gy (m,v) = NI™|
where |.| is the number of blocks.

ProOF. We use the abstract Weingarten formula, from Theorem 15.3. Indeed, the
Kronecker type symbols there are then the usual ones, as shown by:

5&#(?’) = <£ﬂ7€i1®---®eik>

= <Z(5 Ty I ej1®...®ejk,eil®...®eik>

= 5ﬂ-(21, ce ,’lk>

The Gram matrix being as well the correct one, we obtain the result. U

Let us go back now to the general easy groups G C Uy, with the idea in mind of
computing the laws of truncated characters. First, we have the following formula:

PROPOSITION 15.5. The moments of truncated characters are given by the formula
/(911 + ...+ gss)kd.g = Tr(WkNGks)
G
where Gy and Win = Ggﬁ, are the associated Gram and Weingarten matrices.
ProoFr. We have indeed the following computation:

/(911 4+ ...+ gss)kdg = Z Z / 92121 . gzkzk g
G

’L11 ’Lkl

. W,Wuz 3600

m,veD(k i1=1 ip=1
= Z WkN ’/T,I/)GkS(V,’/T)
m,veD(k)
= T’I“(WkNGkS)

Thus, we have reached to the formula in the statement. U
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In order to process now the above formula, and reach to concrete results, we must
impose on our group a uniformity condition. Let us start with:

PROPOSITION 15.6. For an easy group G = (Gn), coming from a category of partitions
D C P, the following conditions are equivalent:

(1) Gno1 = Gy NUn_1, via the embedding Uy_1 C Uy given by u — diag(u, 1).
(2) Gy_1 = Gy NUpn_1, via the N possible diagonal embeddings Uy_1 C Uy.
(3) D is stable under the operation which consists in removing blocks.

If these conditions are satisfied, we say that G = (Gy) is uniform.

PrOOF. The equivalence (1) <= (2) comes from the inclusion Sy C Gy, which
makes everything Sy-invariant. Regarding (1) <= (3), given a subgroup K C, Uy_1,
consider the matrix u = diag(v,1). Our claim is that for any = € P(k) we have:

£ € Fiz(u®) <= &o € Fiz(u®), vo' e P(K), 7' C =
In order to prove this claim, we must study the condition on the left. We have:
§r € Fix(v(g)k) < (U®kfw)i1...ik = (&x)ir.ip, Vi
A Z ®k il Ak J1 Tk (gﬂ')jlmjk = <€7T>i1~~~ik7Vi

< 2(5 jl;---;]k uml...uikjkzéﬂ(il,...,ik),w

Now let us recall that our representatlon has the special form v = diag(v,1). We
conclude from this that for any index a € {1,...,k}, we have:

With this observation in hand, if we denote by 4’, j* the multi-indices obtained from

i,j obtained by erasing all the above i, = j, = N values, and by k¥’ < k the common
length of these new multi-indices, our condition becomes:

Zé Gt )@ )iy = Olin, k), Vi

Here the index j is by definition obtained from the index j’ by filling with N values.
In order to finish now, we have two cases, depending on ¢, as follows:

Case 1. Assume that the index set {a|i, = N} corresponds to a certain subpartition
7' C w. In this case, the N values will not matter, and our formula becomes:

Z(s P S 1 (T PR M C A )

Case 2. Assume now the opposite, namely that the set {a|i, = N} does not correspond
to a subpartition 7’ C 7. In this case the indices mix, and our formula reads 0 = 0. Thus
we have & € F ix(u®k') in both cases, for any subpartition 7’ C 7, as desired. O
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Now back to the laws of truncated characters, we have the following result:
THEOREM 15.7. For a uniform easy group G = (Gn), we have the formula
: k ™
J\}I—Igo - Xt = ,,ezp%k)tl |
with D C P being the associated category of partitions.
PRrROOF. We use Proposition 15.5. With s = [tN], the formula there becomes:

/ Xt = Tr(WinGrpn)
Gn

The point now is that in the uniform case the Gram matrix, and so the Weingarten
matrix too, is asymptotically diagonal. Thus, we obtain the following estimate:

/ P~ Z Win (7, )Gy (7, )
GnN

weD(k)

Z NI (NI

meD(k)

— 3

meD(k)

12

Thus, we are led to the formula in the statement. U
We can now enlarge our collection of truncated character results, and we have:

THEOREM 15.8. With N — oo, the laws of truncated characters are as follows:

) For Ux we obtain the complex Gaussian law GY.
) For Sy we obtain the Poisson law p;.

) For Hy we obtain the Bessel law b;.

) For HY we obtain the generalized Bessel law b;.
) For Ky we obtain the complex Bessel law By.

ProOF. We already know these results at ¢ = 1. In the general case, ¢ > 0, these
follow via some standard combinatorics, from the formula in Theorem 15.7. U

15c. Projective integrals

Projective integrals.

15d. Quotient spaces

Quotient spaces.
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15e. Exercises

Exercises:

EXERCISE 15.9.
EXERCISE 15.10.
EXERCISE 15.11.
EXERCISE 15.12.
EXERCISE 15.13.
EXERCISE 15.14.
EXERCISE 15.15.
EXERCISE 15.16.

Bonus exercise.



CHAPTER 16

Free geometry

16a. Free tori

Welcome to freeness. We will be interested here in developing free geometry and
analysis, with the hope that all this might be related to physics, at very small scales,
quarks and below. The idea being very simple, based on old findings of Heisenberg
and others, if it is true indeed that the more you zoom down, the more commutativity
dissapears, then, logically, if you zoom hard enough, things will become free.

So, what is free? The simplest free object in mathematics is the free group Fy:

DEFINITION 16.1. The free group F is the infinite group
Fy = <91, e 79N’ @>

generated by N wvariables gy, ..., gn, with no relations between them.

This might look a bit abstract, but no worries, F'y has some interesting mathematics,
coming right away, if you have some knowledge in discrete groups, and know how to look
for interesting questions. For instance if you want to draw the Cayley graph of F, whose
vertices are the elements of Fly, with edges h — k drawn when h = giﬂk for some 7, you
will end up with an interesting picture, which at N = 2 looks like this:

And this type of graph certainly has interesting mathematics. One good question
for instance is that of computing the number of length 2k loops based at the root. An-
other question, which is in fact equivalent, via moments, is that of computing the Kesten

179



180 16. FREE GEOMETRY
measure of Fy, which is that of the following variable in the group algebra of Fiy:

X=6¢g1+...+t9gn

All this looks very good, we most likely have here our first object of free geometry. In
order now to formally understand this, let us recall the following formula, with T = TV
being the usual torus, and with Z" being the free abelian group:

Ty = ZN

Thus, getting back now to our free group Fy, which is the free analogue of ZV it is in

fact its dual E\V which is a free manifold, and more specifically the free analogue of TV .
Which is a nice finding, so let us formulate our conclusions as follows:

DEFINITION 16.2. The free torus T3, is the dual of the free group Fy,
T}, = Fy
in analogy with the fact that the usual torus T = TV appears as
Ty = ZN
with on the right the group Z» being the free abelian group.

It is of course possible to formulate things more precisely, and we will be back to
this in a moment, but before that, isn’t this a bit too abstract? But the point here is
that no, at the level of questions to be solved, these remain the same, as for instance the
computation of the Kesten measure, which is now a “function” on the free torus:

x € C(TY)

In fact, this function is the main character of T}, regarded as a compact quantum
group, and so our Kesten problem suddenly becomes something very conceptual, namely
the computation of the law of the main character of T}. Which is very nice.

Before getting into details regarding all this, recall that RY is as interesting as CV.
So, let us formulate as well the real version of Definition 16.2, as follows:

DEFINITION 16.3. The free real torus, or free cube, Ty is the dual
Té =Ly
of the group Ly = Fy/ < g? =1 >, in analogy with the fact that the usual cube is
Ty = 7Y

with on the right the group ZY being the free real abelian group.
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Here the “real” at the end stands for the fact that the generators must satisfy the
real reflection condition ¢? = 1. As for the fact that “real torus = cube”, as stated, this
needs some thinking, and in the hope that, after such thinking, you will agree with me
that there is indeed a standard torus inside R, and that is the unit cube.

Summarizing, all this sounds good, we have a beginning of free geometry, both real
and complex, worth developing, by knowing at least what the torus o of each theory is. In
practice now, at the level of details, in order to talk about T% = FN and TN = LN we
need an extension of the usual Pontrjagin duality theory for the abelian groups, and this
is best done via operator algebras, and the related notion of compact quantum group.

In order to understand all this, let us start with operator algebras. We have:

DEFINITION 16.4. A C*-algebra is a complex algebra A, having:

(1) A norm a — ||al|, making it a Banach algebra.
(2) An involution a — a*, satisfying ||laa*|| = ||a||*.

As basic examples, we have B(H) itself, as well as any norm closed *-subalgebra
A C B(H). It is possible to prove that any C*-algebra appears in this way, but we will
not need in what follows this deep result, called GNS theorem after Gelfand, Naimark,
Segal. So, let us simply agree that, by definition, the C*-algebras A are some sort of
“generalized operator algebras”, and their elements a € A can be thought of as being
some kind of “generalized operators”, on some Hilbert space which is not present.

In practice, this vague idea is all that we need. Indeed, by taking some inspiration
from linear algebra, we can emulate spectral theory in our setting, as follows:

PROPOSITION 16.5. Given a € A, define its spectrum as being the set
o(a) = {AECa—AgZA‘l}

and its spectral radius p(a) as the radius of the smallest centered disk containing o(a).

(1) The spectrum of a norm one element is in the unit disk.

(2) The spectrum of a unitary element (a* = a™') is on the unit circle.

(3) The spectrum of a self-adjoint element (a = a*) consists of real numbers.
(4) The spectral radius of a normal element (aa* = a*a) is equal to its norm.

PROOF. The first claim is that for any polynomial f € C[X], and more generally for
any rational function f € C(X) having poles outside o(a), we have:

o(f(a)) = f(o(a))

This indeed something well-known for the usual matrices, and in general, the proof is
similar. Regarding now the assertions in the statement, these all follow from this:
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(1) This comes from the following formula, valid when ||a|| < 1:

=1l+a+d>+...

1—a
(2) Assuming a* = a™ !, if we denote by D the unit disk, we have, by using (1):
lla|| =1 = o(a) C D
la™Y||=1 = o(a')C D
On the other hand, by using the rational function f(z) = 27!, we have:
ola’yc D = o(a) c D!
Now by putting everything together we obtain, as desired:
ola)c DND =T

(3) This follows from (2), by using the rational function f(z) = (z + it)/(z — it).
Indeed, for ¢ >> 0 we have the following computation:

a+ it *_a—it_ a -+ it -t
a—it) a+it \a—it

Thus the element f(a) is a unitary, and by using (2) its spectrum is contained in T.
We conclude from this that we have:

flo(a)) = o(f(a)) CT
But this shows that we have o(a) C f~}(T) = R, as desired.

(4) We already know that we have p(a) < ||a||, for any @ € A. For the reverse
inequality, when a is normal, we fix a number p > p(a). We have then:

o0

ZTL
/ dz = / g 2Rk dz
lo|=p = — @ l21=p 1—0
o
— § </ Zn—k—1d2> ak
k=0 \lzl=p

— an—l

By applying the norm and taking n-th roots we obtain from this formula:

p = lim [la"]|V"
n—oo
When a = a* we have ||a"|| = ||a||" for any exponent of type n = 2¥ by using the
C*-algebra condition ||aa*|| = ||a||?, and by taking n-th roots we get, as desired:

pla) = |lal|
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In the general normal case now, aa* = a*a, we have a"(a")* = (aa*)", and by using
this, along with the result for self-adjoints, applied to aa*, we obtain:

pla) > lim [|a"[|"'"
n—00
= [l @)
n—00
— ; «\n||1/n
B T

= Vplaa*)
= |lall

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

Generally speaking, Proposition 16.5 is all you need for doing further operator algebras,
only military grade weapons there. As a main application, we have:

THEOREM 16.6 (Gelfand). If X is a compact space, the algebra C(X) of continuous
functions f : X — C is a commutative C*-algebra, with structure as follows:

(1) The norm is the usual sup norm, ||f|| = sup,cx |f(2)].

(2) The involution is the usual involution, f*(x) = f(x).

Conversely, any commutative C*-algebra is of the form C(X), with its “spectrum” X =
Spec(A) appearing as the space of characters x : A — C.

PrRoOOF. Given a commutative C*-algebra A, we can define indeed X to be the set
of characters y : A — C, with the topology making continuous all the evaluation maps
ev, : X — x(a). Then X is a compact space, and a — ev, is a morphism of algebras:

ev:A— C(X)
We first prove that ev is involutive. We use the following formula:
a+a* . i(a—a*)
—_—_— /l/ - —
2 2

Thus it is enough to prove the equality ev,» = ev} for self-adjoint elements a. But
this is the same as proving that a = a* implies that ev, is a real function, which is in
turn true, because ev,(x) = x(a) is an element of o(a), contained in R. So, claim proved.
Also, since A is commutative, each element is normal, so ev is isometric:

leva|| = p(a) = llal|

It remains to prove that ev is surjective. But this follows from the Stone-Weierstrass
theorem, because ev(A) is a closed subalgebra of C'(X), which separates the points. [

The Gelfand theorem suggests formulating the following definition:
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DEFINITION 16.7. Given a C*-algebra A, not necessarily commutative, we write
A=C(X)
and call the abstract object X a “compact quantum space”.

This might look quite revolutionary, but in practice, this definition changes nothing
to what we have been doing so far, namely studying the C*-algebras. So, we will keep
studying the C*-algebras, but by using the above fancy quantum space terminology. For
instance whenever we have a morphism ® : A — B, we will write A = C(X),B = C(Y),
and rather speak of the corresponding morphism ¢ : Y — X. And so on.

Now that we have our notion of quantum spaces, good time to get back towards
Definitions 16.2 and 16.3. In order to understand what that free tori are, we will need:

THEOREM 16.8. Let I' be a discrete group, and consider the complex group algebra
C[T'], with involution given by the fact that all group elements are unitaries, g* = g~ '.
(1) The mazimal C*-seminorm on C[I'] is a C*-norm, and the closure of C[I'] with
respect to this norm is a C*-algebra, denoted C*(I).
(2) When T is abelian, we have an isomorphism C*(T') ~ C(G), where G =T is its
Pontrjagin dual, formed by the characters x : I' — T.

PrOOF. All this is very standard, the idea being as follows:

(1) In order to prove the result, we must find a *-algebra embedding C[I'] C B(H),
with H being a Hilbert space. For this purpose, consider the space H = [*(I'), having
{h}ner as orthonormal basis. Our claim is that we have an embedding, as follows:

7 CIT) € B(H) , (g)(h) = gh
Indeed, since m(g) maps the basis {h}er into itself, this operator is well-defined,
bounded, and is an isometry. It is also clear from the formula m(g)(h) = gh that g —

7(g) is a morphism of algebras, and since this morphism maps the unitaries g € T' into
isometries, this is a morphism of x-algebras. Finally, the faithfulness of 7 is clear.

(2) Since I' is abelian, the corresponding group algebra A = C*(I") is commutative.
Thus, we can apply the Gelfand theorem, and we obtain A = C'(X), with:

X = Spec(A)
But the spectrum X = Spec(A), consisting of the characters y : C*(I') — C, can be
identified with the Pontrjagin dual G =T', and this gives the result. U

The above result suggests the following definition:
DEFINITION 16.9. Given a discrete group I', the compact quantum space G given by
C(G) = ()
is called abstract dual of I', and is denoted G = r.
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Good news, this definition is exactly what we need, in order to understand the meaning
of Definitions 16.2 and 16.3. To be more precise, we have the following result:

PROPOSITION 16.10. The basic tori are all group duals, as follows,

—

Ty Ty ZT\/ Fy

TN

Tn Ty Zy

where Fy = Z*N is the free group on N generators, and Ly = ZN is its real version.

PRrROOF. The basic tori appear indeed as group duals, and together with the Fourier
transform identifications from Theorem 16.8 (2), this gives the result. U

Moving ahead, now that we have our formalism, we can start developing free geometry.
As a first objective, we would like to better understand the relation between the classical
and free tori. In order to discuss this, let us introduce the following notion:

DEFINITION 16.11. Given a compact quantum space X, its classical version is the
usual compact space X 55 C X obtained by dividing C(X) by its commutator ideal:

C(Xeass) =C(X)/I , [=<]a,b] >
In this situation, we also say that X appears as a “liberation” of X.
In other words, the space X .55 appears as the Gelfand spectrum of the commutative
C*-algebra C(X)/I. Observe in particular that X, is indeed a classical space.
In relation now with our tori, we have the following result:

THEOREM 16.12. We have inclusions between the various tori, as follows,

Ty Ty

Ty

Ty
and the free tori on top appear as liberations of the tori on the bottom.

Proor. This is indeed clear from definitions, because commutativity of a group alge-
bra means precisely that the group in question is abelian. U
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16b. Free spheres

In order to extend now the free geometries that we have, real and complex, let us
begin with the spheres. We have the following notions:

DEFINITION 16.13. We have free real and complex spheres, defined via

:ci:xf,g xle)
i

C(Sﬁi;l) =C" (.Tl, .. TN

C(ngrl) =% (azl, . ,xN‘ szxj = fozl = 1)

where the symbol C* stands for universal enveloping C*-algebra.

Here the fact that these algebras are indeed well-defined comes from the following
estimate, which shows that the biggest C*-norms on these x-algebras are bounded:

i

As a first result now, regarding the above free spheres, we have:

[lzill* = llziai]] < =1

THEOREM 16.14. We have embeddings of compact quantum spaces, as follows,

N—-1 N—-1
Sgr — 5S¢

G o
and the spaces on top appear as liberations of the spaces on the bottom.

PRrROOF. The first assertion, regarding the inclusions, comes from the fact that at the
level of the associated C*-algebras, we have surjective maps, as follows:

C(Sz1") C(Se)

C(82™) c(sg™)
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For the second assertion, we must establish the following isomorphisms, where the
symbol C% stands for “universal commutative C*-algebra generated by”:

comm
xr; = x;, g x?zl)
i

C’(Sﬁ[_l) =Cr (xl, ., TN

(S =0Cxm (xl, . ,:L‘N’ szx: = Za:;kxl = 1)

It is enough to establish the second isomorphism. So, consider the second universal
commutative C*-algebra A constructed above. Since the standard coordinates on Sg -1
satisfy the defining relations for A, we have a quotient map of as follows:

A— C(SE

Conversely, let us write A = C(5), by using the Gelfand theorem. Then xy,...,zx
become in this way true coordinates, providing us with an embedding as follows:

Scch

Also, the quadratic relations become Y. |74|? = 1, so we have S C S¥~'. Thus, we
have a quotient map C (S(]CV 1) — A, as desired, and this gives all the results. O

By using the free spheres constructed above, we can now formulate:

DEFINITION 16.15. A real algebraic manifold X C ngrl 15 a closed quantum subspace
defined, at the level of the corresponding C*-algebra, by a formula of type

C(X) = OS2 [ {fila, . on) = 0)
for certain family of noncommutative polynomaials, as follows:
fieC<uxy,...,xn >
We denote by C(X) the x-subalgebra of C(X) generated by the coordinates x1,...,xy.

As a basic example here, we have the free real sphere Sg ;1. The classical spheres

Sév - S]]Ry ~1 and their real submanifolds, are covered as well by this formalism. At the
level of the general theory, we have the following version of the Gelfand theorem:

THEOREM 16.16. If X C S(]C\fjrl 1s an algebraic manifold, as above, we have

Xclass - {ZL’ € Sév_l fi(xh e 7IN> = O}

and X appears as a liberation of X uss-
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PRroOOF. This is something that we already met, in the context of the free spheres. In
general, the proof is similar, by using the Gelfand theorem. Indeed, if we denote by X/, ..
the manifold constructed in the statement, then we have a quotient map of C*-algebras

as follows, mapping standard coordinates to standard coordinates:

C(Xclass> — C( ! )

class
Conversely now, from X C S(]C\f jrl we obtain X e C Sg ~1. Now since the relations
defining X/, .. are satisfied by Xss, we obtain an inclusion Xgass C X/, Thus, at
the level of algebras of continuous functions, we have a quotient map of C*-algebras as

follows, mapping standard coordinates to standard coordinates:
C( ! ) — C(Xclass>

class
Thus, we have constructed a pair of inverse morphisms, and we are done. Il
Finally, once again at the level of the general theory, we have:

DEFINITION 16.17. We agree to identify two real algebraic submanifolds X,Y C Sg;l
when we have a x-algebra isomorphism between x-algebras of coordinates

f:CY)—C(X)
mapping standard coordinates to standard coordinates.

We will see later the reasons for making this convention, coming from amenability.
Now back to the tori, as constructed before, we can see that these are examples of algebraic
manifolds, in the sense of Definition 16.15. In fact, we have the following result:

THEOREM 16.18. The four main quantum spheres produce the main quantum tori

N-1 N-1 + +
S]R,—i— S(C,—I— TN TN

Ty

St ——— 5t Tn
via the formula T = S N'TY, with the intersection being taken inside ngrl.
ProoOF. This comes from the above results, the situation being as follows:
(1) Free complex case. Here the formula in the statement reads:
Ty =S8 NTE
But this is something trivial, because we have T} C Sé\{jrl.

(2) Free real case. Here the formula in the statement reads:

Ty =S 'NT,
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But this is clear as well, the real version of T} being T} .
(3) Classical complex case. Here the formula in the statement reads:
Ty =S¢ 'NTY
But this is clear as well, the classical version of T} being Ty.
(4) Classical real case. Here the formula in the statement reads:
Ty = S§'nT,
But this follows by intersecting the formulae from the proof of (2) and (3). O

In order to better understand the structure of the free spheres Sﬁ jrl, S(]C\f jrl, we need

to talk about free rotations. Following Woronowicz, let us start with:

DEFINITION 16.19. A Woronowicz algebra is a C*-algebra A, given with a unitary
matriz w € My(A) whose coefficients generate A, such that the formulae

Alui;) = Zuzk Qugj o eluig) =065, Sluy) = Ui
k

define morphisms of C*-algebras A: A > AR A, e : A—C, S: A— AP,
We say that A is cocommutative when YA = A, where ¥(a ® b) = b ® a is the flip.

We have the following result, which justifies the terminology and axioms:
THEOREM 16.20. The following are Woronowicz algebras:
(1) C(G), with G C Uy compact Lie group. Here the structural maps are:

Alp) = (g,h) = ¢lgh) . elp)=¢(1) , S(p)=g—¢lg)
(2) C*(T"), with Fx — T finitely generated group. Here the structural maps are:
Alg)=g®g , clgg=1 , Sg=g"

Moreover, we obtain in this way all the commutative/cocommutative algebras.
Proor. This is something very standard, the idea being as follows:

(1) Given G C Uy, we can set A = C(G), which is a Woronowicz algebra, together
with the matrix v = (u;;) formed by coordinates of G, given by:

ui(g) .. wn(9)
9= : :
uni(g) .. unn(9)
Conversely, if (A,u) is a commutative Woronowicz algebra, by using the Gelfand

theorem we can write A = C(X), with X being a certain compact space. The coordinates
u;; give then an embedding X C My(C), and since the matrix v = (u;;) is unitary we
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actually obtain an embedding X C Uy, and finally by using the maps A, ¢,.S we conclude
that our compact subspace X C Uy is in fact a compact Lie group, as desired.

(2) Consider a finitely generated group Fy — I'. We can set A = C*(I"), which is
by definition the completion of the complex group algebra C[I'], with involution given by
g* = g1, for any g € I, with respect to the biggest C*-norm, and we obtain a Woronowicz
algebra, together with the diagonal matrix formed by the generators of I':

g1 0
0 gnN
Conversely, if (A, u) is a cocommutative Woronowicz algebra, the Peter-Weyl theory

of Woronowicz, to be explained below, shows that the irreducible corepresentations of A
are all 1-dimensional, and form a group I', and so we have A = C*(I'), as desired. O

The above result makes it quite clear that what we have in Definition 16.19 is some
sort of joint definition for the compact and discrete quantum groups. In order to further
comment on this, let us go back to the formulae in Definition 16.19, namely:

Aluy) =D ug @ugy , eluy) =05 , Sluy) =uj,
k

The morphisms A, ¢, S are called comultiplication, counit and antipode, and they have
the following properties, which are something very familiar in abstract algebra:

THEOREM 16.21. Let (A, u) be a Woronowicz algebra.

(1) A, e satisfy the usual axioms for a comultiplication and a counit, namely:
(A®id)A = (id® A)A
(e@id)A = (id®e)A=1id
(2) S satisfies the antipode axiom, on the x-subalgebra generated by entries of u:
m(S ®id)A =m(id® S)A =¢e(.)1
(3) In addition, the square of the antipode is the identity, S* = id.

PROOF. The two comultiplication axioms can be established as follows:

(A@id)Alu;) = (id® A)A(uy) =Y g @ up @ w,
kl
As for the two antipode formulae, their verification is similar. O

Summarizing, the Woronowicz algebras appear to have nice properties. In view of
Theorem 16.20 and Theorem 16.21, we can formulate the following definition:
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DEFINITION 16.22. Given a Woronowicz algebra A, we formally write
A=C(G)=C*(I)
and call G compact quantum group, and I' discrete quantum group.

In relation with this, there are actually some analytic subtleties, coming from amenabil-
ity, so our objects must be divided by a certain equivalence relation, for everything to
work fine. To be more precise, we agree to write (A, u) = (B, v) when there is a x-algebra
isomorphism as follows, mapping standard coordinates to standard coordinates:

< Wjj >~ Vij >, Uij — Vyj

Moving ahead now, let us call now corepresentation of A any unitary matrix v € M,,(A)
satisfying the same conditions as those satisfied by u, namely:

A(vj) = Zvik vk , e(vy) =0 , Slvy) =}
k

These corepresentations can be thought of as corresponding representations of the
underlying compact quantum group G. Following Woronowicz, we have:

THEOREM 16.23. Any Woronowicz algebra has a unique Haar integration functional,

(/G®z'd>A:(z'd®/G>A:/G(.)1

which can be constructed by starting with any faithful positive form ¢ € A*, and setting
1 n
= lim — o*F

where ¢ x 1» = (¢ @ P)A. Moreover, for any corepresentation v € M,(C) @ A we have

(z’d@/G)v:P

where P is the orthogonal projection onto Fix(v) = {{ € C"|v€ = &}.
PRroOF. This can be done in 3 steps, as follows:

(1) Given ¢ € A*, our claim is that the following limit converges, for any a € A:

1 n
a=lim — Y ¢*(a)

Indeed, by linearity we can assume that a is the coefficient of corepresentation, a =
(T ®id)v. But in this case, an elementary computation shows that we have the following
formula, where P, is the orthogonal projection onto the 1-eigenspace of (id ® ¢)uv:

(id@[p)v:P@
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(2) Since v€ = ¢ implies [(id ® ¢)v]¢ = &, we have P, > P, where P is the orthogonal
projection onto the space Fiz(v) = {{ € C"|v§ = £}. The point now is that when ¢ € A*
is faithful, by using a positivity trick, one can prove that we have P, = P. Thus our
linear form f(p is independent of ¢, and is given on coefficients a = (7 ® id)v by:

(id@/p)v:P

(3) With the above formula in hand, the left and right invariance of [, = f@ is clear
on coefficients, and so in general, and this gives all the assertions.

Consider the dense x-subalgebra A C A generated by the coefficients of u, and endow
it with the scalar product < a,b >= [ o ab*. Still following Woronowicz, we have:
THEOREM 16.24. We have the following Peter-Weyl type results:

(1) Any corepresentation decomposes as a sum of irreducible corepresentations.
(2) Each irreducible corepresentation appears inside a certain u®*.

(3) A= Derrr(a) Maim@)(C), the summands being pairwise orthogonal.

(4) The characters of irreducible corepresentations form an orthonormal system.

PROOF. All these results are very standard, the idea being as follows:

(1) Given v € M, (A), its intertwiner algebra End(v) = {T € M, (C)|Tv = vT} is a
finite dimensional C*-algebra, and so decomposes as End(v) = M,,(C) & ... & M,, (C).
But this gives a decomposition of type v = v + ...+ v,., as desired.

(2) Consider indeed the Peter-Weyl corepresentations, u®* with k colored integer,
defined by u® = 1, u®° = u, u®* = 4 and multiplicativity. The coefficients of these
corepresentations span the dense algebra A4, and by using (1), this gives the result.

(3) Here the direct sum decomposition, which is technically a *-coalgebra isomorphism,
follows from (2). As for the second assertion, this follows from the fact that (id ® [,)v is
the orthogonal projection P, onto the space Fiz(v), for any corepresentation v.

(4) Let us define indeed the character of v € M,,(A) to be the matrix trace, x, = Tr(v).
Since this character is a coefficient of v, the orthogonality assertion follows from (3). As
for the norm 1 claim, this follows once again from (id ® [,)v = P,. U

Good news, we can now talk about free rotations. Following Wang, we have:

THEOREM 16.25. The following universal algebras are Woronowicz algebras,
coy)=0c" ((uij)i,jzl,...,N‘U = u,u’ = u‘1>
C(Uy) =C" ((uij)i,jzl,...,N’U* =uhu = a”)

so the underlying spaces Ok, Uy, are compact quantum groups.
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PRrOOF. This follows from the elementary fact that if a matrix u = (u;;) is orthogonal
or biunitary, then so must be the following matrices:

A § € _ £ S %
k

Thus, we can indeed define morphisms A,e,.5 as in Definition 16.19, by using the
universal properties of C(O}), C(Uy), and this gives the result. O

Let us discuss now the correspondence U — S. In the classical case the situation is
very simple, because the sphere S = SV~ appears by rotating the point = = (1,0,...,0)
by the isometries in U = Uy. Moreover, the stabilizer of this action is the subgroup
Un_1 C Uy acting on the last N — 1 coordinates, and so the sphere S = S¥~! appears
from the corresponding rotation group U = Uy as an homogeneous space, as follows:

SN = Un/Un_1

In functional analytic terms, all this becomes even simpler, the correspondence U — S
being obtained, at the level of algebras of functions, as follows:

C(SN_l) - C(UN) , Xy — Uy

In general now, the straightforward homogeneous space interpretation of S as above
fails. However, we can have some theory going by using the functional analytic viewpoint,
with an embedding x; — uy; as above. Let us start with the following result:

PROPOSITION 16.26. For the basic spheres, we have a diagram as follows,

C(S) 2. 08)®CU)
c(U) 2. o) CU)

where on top ®(x;) = Zj T @ uji, and on the left a(x;) = wy;.

ProOOF. The diagram in the statement commutes indeed on the standard coordinates,
the corresponding arrows being as follows, on these coordinates:

Zj X & Ui

Z;

U, Z]- U1y Q Ujy

Thus by linearity and multiplicativity, the whole the diagram commutes. U



194 16. FREE GEOMETRY
As a consequence of the above result, we can now formulate:
PROPOSITION 16.27. We have a quotient map and an inclusion as follows,
U—SycCS
with Sy being the first row space of U, given by
C(Sy) =< uy; >C C(U)
at the level of the corresponding algebras of functions.
PROOF. At the algebra level, we have an inclusion and a quotient map as follows:
C(S) = C(Sy) c C(U)
Thus, we obtain the result, by transposing. Il

In order to advance, we will use the uniform integration over S, which can be intro-
duced, in analogy with what happens in the classical case, in the following way:

DEFINITION 16.28. We endow each of the algebras C(S) with its integration functional
/ :C(S)—=CU)—C
S
obtained by composing the morphism x; — uy; with the Haar integration of C'(U).
With this in hand, we can now integrate over the spheres S, as follows:
THEOREM 16.29. The integration over the basic spheres is given by

/xfll e’“—E g Win (7, 0)
s

m  o<kers
with 7,0 € D(k), where Wiy = G, is the inverse of Gy(m, o) = NI™vel.

PROOF. According to our conventions, the integration over S is a particular case of
the integration over U, via x; = uy;. By using the Weingarten formula, we obtain:

€1 €k _ €1 e
S

= Z 5 WkN(TF O')

m,oeD (k)

== Z 5 WkNﬂ'O')

m,oeD (k)

Thus, we are led to the formula in the statement. U
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16c. Projective spaces

Getting back now to our projective business, our starting point will be the following
functional analytic description of the real and complex projective spaces Pﬂév -1 P(év -1

THEOREM 16.30. We have presentation results as follows,
C(PY) = Chm ((pij)i,jzl,...,N‘p =p=p' =p’Tr(p) = 1)
C(PE™Y) = Chum <(pij)i,j:1,.4.,N‘p =p*=p*Tr(p) = 1)
for the algebras of continuous functions on the real and complex projective spaces.

ProoOF. We use the fact that the projective spaces Pﬂg -1 P(év ~1 can be respectively
identified with the spaces of rank one projections in My (R), Mx(C). With this picture
in mind, it is clear that we have arrows <—. In order to construct now arrows —, consider
the universal algebras on the right, Ar, Ac. These algebras being both commutative, by
the Gelfand theorem we can write, with Xz, X being certain compact spaces:

Ar=C(Xgr) , Ac=C(Xe)

Now by using the coordinate functions p;;, we conclude that Xp, X¢ are certain spaces
of rank one projections in My(R), My (C). In other words, we have embeddings:

XpCPY ' | Xec PN
By transposing we obtain arrows —, as desired. U
The point now is that the above result suggests the following definition:

DEFINITION 16.31. Associated to any N € N is the following universal algebra,

whose abstract spectrum is called “free projective space”.

Observe that, according to our presentation results for the real and complex projective
spaces Pﬂév 1 and Pév ~! we have embeddings of compact quantum spaces, as follows:

Py tcplitcpt

Let us first discuss the relation with the spheres. Given a closed subset X C S]{{ ;1,

its projective version is by definition the quotient space X — PX determined by the fact
that C(PX) C C(X) is the subalgebra generated by the following variables:
Dij = TiZj

In order to discuss the relation with the spheres, let us start with:
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THEOREM 16.32. The projective versions of the 3 real spheres are as follows,

N-1 N—1 N—1
SR —>SR,* —>SR,+

PN—l PN—l PN—I
R — fc T4+
modulo the standard equivalence relation for the quantum algebraic manifolds.

PROOF. The assertion at left is true by definition. For the assertion at right, we
have to prove that the variables p;; = z;z; over the free sphere S]fg ;1 satisfy the defining

relations for C(PY '), from Definition 16.31, namely:
p=p"=p" , Tr(p)=1
We first have the following computation:
(p")ij = P = (252:)" = 225 = pij
We have as well the following computation:
(p2)ij = Zpikpkj = Z ZiZsz = Zizj = Dij
k k
Finally, we have as well the following computation:

Tr(p) ZZPkaZzﬁz 1
% %

Regarding now PSH]{’ = P(év ~1 the inclusion “C” follows from abed = cbad = cbda.
In the other sense now, the point is that we have a matrix model, as follows:

T C(S]g’:l) — My(C(SE=Y)) , o — (3 %)

But this gives the missing inclusion “D”, and we are done. O

16d. Threefold way

Looking back at the definition of the spheres that we have, and at the precise relations
between the coordinates, we are led into the following notion:

DEFINITION 16.33. A monomial sphere is a subset S C ngrl obtained via relations

1 Tk = xfl . .J]fk v(ila cee 7lk) S {]‘7 o 7N}k

Iil . e Zk io‘(l) . Zd(k) 3

with o € Sy being certain permutations, and with e, f, € {1,*} being certain exponents.
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This definition is quite broad, and we have for instance as example the sphere Sg ;1
coming from the relations ab*c = cb*a, corresponding to the following diagram:

In view of these difficulties, we will restrict now the attention to the real case. Let us
first recall that we have the following fundamental result, dealing with the real case:

THEOREM 16.34. There are exactly 3 real easy geometries, namely
RY c RY c RY
coming from Py D Py D NCsy, whose associated spheres are
Sptc SRt asi!
and whose tori, unitary and reflection groups are given by similar formulae.

PRrROOF. This is something that we know well, coming from the fact that G = O} is
the unique intermediate easy quantum group Oy C G C O;{,. U

Let us focus now on the spheres, and try to better understand their “easiness” property,
with results getting beyond what has been done above, in the general easy context. That
is, our objects of interest in what follows will be the 3 real spheres, namely:

S ¢ S{{;l C Sﬁ;l

Our purpose in what follows we will be that of proving that these spheres are the only
monomial ones. In order to best talk about monomiality, in the present real case, it is
convenient to introduce the following group:

Soe = | Sk
k>0

To be more precise, this group appears by definition as an inductive limit, with the
inclusions S C Sk11 that we use being given by:

ceSy, = ok+1)=k+1
In terms of S, the definition of the monomial spheres reformulates as follows:

PROPOSITION 16.35. The monomial spheres are the algebraic manifolds S C Sﬁ;l
obtained via relations of type

Ly« Ty, :xia(l)"‘xia(k)’ V(Zl,,'Lk) S {1,,N}k

associated to certain elements o € Sy, where k € N is such that o € S},.
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PrOOF. We must prove that the relations z;, ...z;, oy -+ Liggy AT€ left un-
changed when replacing k — k + 1. But this follows from Y, 27 = 1, because:

:xi

Liy oo LigLig oy = Ligqy »++ LigyLigsa
2 ' 2
— Liq v xikxik+1 = T; io1) 'xla(k)xikJrl
s } : } : 2
'Iil . ajlk ’Lk+1 l?zo(l : a(k)zik+1
ik+1 74k+1
= Tj ... Ty, = .Ti[’(l) c. xio—(k)
Thus we can indeed “simplify at right”, and this gives the result. U

As already mentioned, our goal in what follows will be that of proving that the 3 main
spheres are the only monomial ones. In order to prove this result, we will use group theory
methods. We call a subgroup G C S, filtered when it is stable under concatenation, in
the sense that when writing G = (G}) with Gy C Sy, we have:

o€ Gp,meG = om € Gry
With this convention, we have the following result:

THEOREM 16.36. The monomial spheres are the subsets Sg C S]fgfjrl given by
O(Se) = c<sg;1)/<xh @y = @iy g, Vi i) €41, NY Vo € Gk>
where G = (Gy) is a filtered subgroup of Se = (Sk).

Proor. We know from Proposition 16.35 that the construction in the statement pro-

duces a monomial sphere. Conversely, given a monomial sphere S C S]{{ +1, let us set:

s Vit i) € {1, ,N}"’}

With G = (Gj) we have then S = Sg. Thus, it remains to prove that G is a filtered
group. But since the relations x;, ... z; = Tiyy - - - Liygy CAL be composed and reversed,
each Gy, follows to be stable under composition and inversion, and is therefore a group.
Also, since the relations x;, ... x;, = Tig) - - Tiyy, CAN be concatenated as well, our group
G = (Gy,) is stable under concatenation, and we are done. O

Ly oo gy, = ZL’Z'U(I) .. T

Gk:{aesk

At the level of examples, according to our definitions, the simplest filtered groups,
namely {1} C S, produce the simplest real spheres, namely:

Sﬁ;l > Syt

In order to discuss now the half-classical case, we need to introduce and study a certain
privileged intermediate filtered group {1} C S* C S, which will eventually produce the
intermediate sphere Sg' 7' D S§." O S8 ", This can be done as follows:
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PROPOSITION 16.37. Let S%, C Sy be the set of permutations having the property that
when labelling cyclically the legs as follows
[ JNON NG RN

each string joins a black leg to a white leg.

(1) S% is a filtered subgroup of S, generated by the half-classical crossing.
(2) We have S, ~ Sy, x Sk, and S, ~ Sk X Sk, for any k € N,

PrOOF. The fact that SZ is indeed a subgroup of S, which is filtered, is clear.
Observe now that the half-classical crossing has the “black-to-white” joining property:

Thus this crossing belongs to S5, and it is routine to check that the filtered subgroup
of S generated by it is the whole S¥ . Regarding now the last assertion, observe first
that the filtered subgroups 53, S} consist of the following permutations:

O ® O ©) [ ] O [ ]

([ ] (0] ([ ] [ ] O ([ ] o
[ ] O [ J @) [ ]
O [ ] O [ ] o

Thus we have S5 = 51 x Sy and S = Sy X S, with the first component coming
from dotted permutations, and with the second component coming from the solid line
permutations. The same argument works in general, and gives the last assertion. O

Now back to the main 3 real spheres, the result is as follows:
PROPOSITION 16.38. The basic monomial real spheres, namely
Sptc SRt sy
come respectively from the filtered groups So D Sk, D {1}.

PRroOF. This is clear by definition in the classical and in the free cases. In the half-
liberated case, the result follows from Proposition 16.37 (1). O

Now back to the general case, with the idea in mind of proving the uniqueness of the
above spheres, consider a monomial sphere Sg C Sﬁ{ jrl, with the filtered group G' C Su
taken to be maximal, as in the proof of Theorem 16.36. We have the following result:
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PROPOSITION 16.39. The filtered group G C S associated to a monomial sphere
S C S]{gfjrl 1s stable under the following operations, on the corresponding diagrams:

(1) Removing outer strings.
(2) Removing neighboring strings.

ProOF. Both these results follow by using the quadratic condition:

(1) Regarding the outer strings, by summing over a, we have:

Xa=Yae = Xd*=Yd?
— X =Y
We have as well the following computation:
aX =aY = d*’X =d*Y
— X=Y
(2) Regarding the neighboring strings, once again by summing over a, we have:

Xaby = ZabT = Xd*Y = Za*T
= XY =ZT

We have as well the following computation:

Xaby = ZbaT = Xd*Y = Za*T
— XY =ZT

Thus G = (Gy) has both the properties in the statement. O
We can now state and prove a main result, as follows:
THEOREM 16.40. There is only one intermediate monomial sphere
Sgtcscsy!
namely the half-classical real sphere Sﬁ;l.

Proor. We will prove that the only filtered groups G C S, satisfying the conditions
in Proposition 16.39 are those correspoding to our 3 spheres, namely:

{1} € S C S

In order to do so, consider such a filtered group G C S,,. We assume this group to be
non-trivial, G # {1}, and we want to prove that we have G = S* or G = S.

Step 1. Our first claim is that G contains a 3-cycle. Assume indeed that two permu-
tations m, 0 € S, have support overlapping on exactly one point, say:

supp(m) N supp(o) = {i}
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lr=tom is a 3-cycle, namely:

The point is then that the commutator o~

(i,07 (i), 7 (4))

Indeed the computation of the commutator goes as follows:

s o) o \O< ° o o) o
o o) o ° o o o
g : : |

= e} o o ° o o e}
! <
o) o o ° o) o o

o1 | >\
o) o) o) ° o) o) o)

Now let us pick a non-trivial element 7 € G. By removing outer strings at right
and at left we obtain permutations 7/ € Gy, 7" € G having a non-trivial action on their
right /left leg, and the trick applies, with:

T=7TQids1 , oc=1idy_1 Q71"
Thus, G contains a 3-cycle, as claimed.

Step 2. Our second claim is G must contain one of the following permutations:

Indeed, consider the 3-cycle that we just constructed. By removing all outer strings,
and then all pairs of adjacent vertical strings, we are left with these permutations.

Step 3. Our claim now is that we must have S’ C G. Indeed, let us pick one of the
permutations that we just constructed, and apply to it our various diagrammatic rules.
From the first permutation we can obtain the basic crossing, as follows:

O O

S XX
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Also, by removing a suitable ) shaped configuration, which is represented by dotted
lines in the diagrams below, we can obtain the basic crossing from the second and third
permutation, and the half-liberated crossing from the fourth permutation:

Thus, in all cases we have a basic or half-liberated crossing, and so, as desired:
S, CG
Step 4. Our last claim, which will finish the proof, is that there is no proper interme-
diate subgroup as follows:

S, CGC S
In order to prove this, observe that S C S, is the subgroup of parity-preserving
permutations, in the sense that “i even = o (i) even”.

Now let us pick an element o € S — S}, with £ € N. We must prove that the group
G =< S%,0 > equals the whole S,.. In order to do so, we use the fact that ¢ is not parity
preserving. Thus, we can find i even such that o(7) is odd. In addition, up to passing to
ol|, we can assume that o(k) = k, and then, up to passing one more time to o, we can
further assume that £ is even. Since both i, k are even we have:

(i,k) € Sy
We conclude that the following element belongs to G:
o(i,k)o™t = (o(i), k)

But, since o (i) is odd, by deleting an appropriate number of vertical strings, (o (i), k)
reduces to the basic crossing (1,2). Thus G = S, and we are done. U

We have a similar result in the projective setting, as follows:
THEOREM 16.41 (Threefold way). The basic projective spaces, namely
pYytcplitcplt!
are the only monomial ones.

Proor. This follows indeed by using the same arguments as for the spheres. O

16e. Exercises

Congratulations for having read this book, and no exercises for this final chapter.
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