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ABSTRACT. This is an introduction to linear algebra and group theory. We first review
the linear algebra basics, namely the determinant, the diagonalization procedure and
more, and with the determinant being constructed as it should, as a signed volume. We
discuss then the basic applications of linear algebra to questions in analysis. Then we
get into the study of the closed groups of unitary matrices G C Uy, with some basic
algebraic theory, and with a number of probability computations, in the finite group
case. In the general case, where G C Uy is compact, we explain how the Weingarten
integration formula works, and we present some basic N — oo applications.



Preface

Linear algebra is the source of many good things in this world. First of all, every-
thing algebra, for sure. But also geometry and analysis, because any smooth function
or manifold, taken locally, perturbes a certain linear transformation of RY. And finally
probability too, remember indeed that Gauss integral needed for talking about normal
laws, which can only be computed by using polar coordinates and their Jacobian.

The purpose of this book is to talk about linear algebra in a large sense, theory and
applications, at a somewhat more advanced level than the beginner one, and by insisting
on beautiful things. And with some graduate level mathematics, and quantum physics
too, in mind. We will particularly insist on the groups of matrices, which are extremely
useful for all sorts of mathematics and physics, and which are perhaps the most beautiful
topic one could study, once the basics of linear algebra and matrices understood.

The first half of the book is concerned with linear algebra and its applications. Part I
is a quick journey through basic linear algebra, from basic definitions and fun with 2 x 2
matrices, up to the Spectral Theorem in its most general form, for the normal matrices
A € My(C). Among the features of our presentation, the determinant will be introduced
as it should, as a signed volume of a system of vectors. And also, we will discuss all sorts
of useful matrix tricks, which are more advanced, and good to know.

As a continuation of this, Part II deals with various applications of linear algebra,
to questions in analysis. After a quick look at differentiation and integration, which in
several variables are intimately related to matrix theory, via the Jacobian, Hessian and
so on, we will develop some useful probability theory, in relation with the normal and
hyperspherical laws, by using spherical coordinates and their Jacobian. We will also
discuss some other analytic topics, such as special matrices and spectral theory.

The second half of the book is concerned with matrix groups. As already mentioned,
this is perhaps the most beautiful topic one could study, once the basics of linear algebra
understood. The subject is however huge, and Part III will be a modest introduction to
it. Our philosophy will be that of talking about all sorts of interesting closed subgroups
G C Uy, finite and continuous alike, and by using very basic methods, coming from
standard calculus, combinatorics and probability, for their study.
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4 PREFACE

As a conclusion to this, the finite group case will appear to be reasonably understood,
while the continuous case, not. Part IV will be dedicated to the study of the closed
subgroups G C Uy, and more specifically the continuous ones, by using heavy machinery,
as heavy as it gets. We will discuss here the basics of representation theory, then the
existence of the Haar measure, and the Peter-Weyl theory, and then more advanced
topics, such as Tannakian duality, Brauer theorems, and Weingarten calculus.

In the hope that you will find this book useful. At the level of things which are
not done here, notable topics include the Jordan decomposition, which is the nightmare
of everyone involved, teacher or student, and this remains between us, as well as some
basic Lie algebra theory, which would have perfectly make sense to include, but that we
preferred to replace by representation theory, and its relation with combinatorics and
probability, which are somewhat more elementary, and fitting better with the rest.

Let us also mention that this way of presenting things has its origins in some recent
research work on the quantum groups, and more specifically on the so-called easy quantum
groups. The idea there is that there is no much smoothness and geometry, with the main
tools belonging to combinatorics and probability. Thus, as main philosophy, the present
book, while dealing with classical topics, is written with a “quantum” touch.

This book remains an introductory text, and for more, we will recommend some
reading at the end. Among others, for some help with the preliminaries, you have my
general mathematics book [6], for more linear algebra, you have my advanced linear
algebra book [7], and for more about groups, you have my group theory book [8].

Most of this book is based on lecture notes from various classes at Cergy, and I would
like to thank my students. The final part goes into research topics, and I am grateful to
Benoit Collins, Steve Curran and Jean-Marc Schlenker, for our joint work on the subject.
Many thanks go as well to my cats. There is so much to learn from them, too.

Cergy, January 2026
Teo Banica
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Part 1

Linear algebra



So close, no matter how far
Couldn’t be much more from the heart
Forever trusting who we are
And nothing else matters



CHAPTER 1

Real matrices

la. Linear maps

We are interested in what follows in symmetries, rotations, projections and other such
basic transformations, in 2, 3 or even more dimensions. Such transformations appear a
bit everywhere, in physics. To be more precise, each physical problem or equation has
some “symmetries”, and exploiting these symmetries is usually a useful thing.

Let us start with 2 dimensions, and leave 3 and more dimensions for later. The
transformations of the plane R? that we are interested in are as follows:

DEFINITION 1.1. A map f : R? — R? is called affine when it maps lines to lines,

fltz+ (1 =t)y) =tf(z)+ (1 =t)f(y)
for any x,y € R? and any t € R. If in addition f(0) =0, we call f linear.
As a first observation, our “maps lines to lines” interpretation of the equation in
the statement assumes that the points are degenerate lines, and this in order for our
interpretation to work when = = y, or when f(z) = f(y). Also, what we call line is not

exactly a set, but rather a dynamic object, think trajectory of a point on that line. We
will be back to this later, once we will know more about such maps.

Here are some basic examples of symmetries, all being linear in the above sense:

PROPOSITION 1.2. The symmetries with respect to Ox and Oy are:

B -G) G- 0)

The symmetries with respect to the x =y and x = —y diagonals are:

0-0) - ()-C
Y T Y -z
All these maps are linear, in the above sense.

PrROOF. The fact that all these maps are linear is clear, because they map lines to
lines, in our sense, and they also map 0 to 0. As for the explicit formulae in the statement,
these are clear as well, by drawing pictures for each of the maps involved. U
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12 1. REAL MATRICES
Here are now some basic examples of rotations, once again all being linear:
PROPOSITION 1.3. The rotations of angle 0° and of angle 90° are:
T _
-G )= ()
Y Yy Y z

The rotations of angle 180° and of angle 270° are:
G- ()= ()
) Y Y -z

All these maps are linear, in the above sense.
PROOF. As before, these rotations are all linear, for obvious reasons. As for the
formulae in the statement, these are clear as well, by drawing pictures. Il

Here are some basic examples of projections, once again all being linear:

PROPOSITION 1.4. The projections on Ox and Oy are:

()G 6)-0)
— : —
Yy 0 Yy (0
The projections on the x =y and x = —y diagonals are:
1 _
T N T+y ’ T _)1 T —y
Y 2\z+vy Y 2\y—=x
All these maps are linear, in the above sense.

PROOF. Again, these projections are all linear, and the formulae are clear as well,
by drawing pictures, with only the last 2 formulae needing some explanations. In what
regards the projection on the x = y diagonal, the picture here is as follows:

6o—o0— >
But this gives the result, since the 45° triangle shows that this projection leaves

invariant x 4+ y, so we can only end up with the average (z + y)/2, as double coordinate.
As for the projection on the x = —y diagonal, the proof here is similar. 0

Finally, we have the translations, which are as follows:
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PROPOSITION 1.5. The translations are exactly the maps of the form

()= (50)

_>

Yy y+q

with p,q € R, and these maps are all affine, in our sense.

PROOF. A translation f : R? — R? is clearly affine, because it maps lines to lines.
Also, such a translation is uniquely determined by the following vector:

0 p
(o)~ ()
q
To be more precise, f must be the map which takes a vector (Z), and adds this vector
(2 ) to it. But this gives the formula in the statement. O
Summarizing, we have many interesting examples of linear and affine maps. Let us
develop now some general theory, for such maps. As a first result, we have:
THEOREM 1.6. For a map f : R* — R2, the following are equivalent:
(1) f is linear in our sense, mapping lines to lines, and 0 to 0.
(2) f maps sums to sums, f(x+y)= f(x)+ f(y), and satisfies f(Az) = A f(x).
Proor. This is something which comes from definitions, as follows:

(1) = (2) We know that f satisfies the following equation, and f(0) = 0:
fltz+ (1 =t)y) =tf(z) + (1 -1)f(y)
By setting y = 0, and by using our assumption f(0) = 0, we obtain, as desired:
ftz) = tf(x)
As for the first condition, regarding sums, this can be established as follows:

fla+y) = f<2-$gy)

— o (m—;—y)

L, f@ 1)
2

= fl@)+ f(y)
(2) = (1) Conversely now, assuming that f satisfies f(z +y) = f(z) + f(y) and
f(Az) = Af(z), it follows that f must map lines to lines, as shown by:
P+ (U=t)y) = f(t) + F(1-1)y)
= tf(zx)+ (1 =1)f(y)
Also, we have f(0) = f(2-0) = 2f(0), which gives f(0) = 0, as desired. O
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The above result is very useful, and in practice, we will often use the condition (2)
there, somewhat as a new definition for the linear maps. Let us record this as follows:

DEFINITION 1.7 (upgrade). A map f : R* — R? is called:
(1) Linear, when it satisfies f(z +y) = f(x)+ f(y) and f(Az) = A f(x).
(2) Affine, when it is of the form f = g+ x, with g linear, and x € R2.
Before getting into the mathematics of linear maps, let us comment a bit more on
the “maps lines to lines” feature of such maps. As mentioned after Definition 1.1, this

requires thinking at lines as being “dynamic” objects, the point being that, when thinking
at lines as being sets, this interpretation fails, as shown by the following map:

x 23
() -0)
Y 0
However, in relation with all this we have the following useful result:
THEOREM 1.8. For a continuous injective f : R? — R2, the following are equivalent:
(1) f is affine in our sense, mapping lines to lines.

(2) f maps set-theoretical lines to set-theoretical lines.

PROOF. By composing f with a translation, we can assume that we have f(0) = 0.
With this assumption made, the proof goes as follows:

(1) = (2) This is clear from definitions.

(2) = (1) Let us first prove that we have f(x +y) = f(z) + f(y). We do this
first in the case where our vectors are not proportional, x ¢ y. In this case we have a
proper parallelogram (0, x,y, x +y), and since f was assumed to be injective, it must map
parallel lines to parallel lines, and so must map our parallelogram into a parallelogram
(0, f(x), f(y), f(x + y)). But this latter parallelogram shows that we have:

fla+y) = f(z)+ f(y)

In the remaining case where our vectors are proportional, z ~ y, we can pick a sequence

x, — x satisfying x,, o0 y for any n, and we obtain, as desired:
Tp = T, Tp Y, VN = f(:cn—l—y):f(xn)Jrf(y),Vn
—  flz+y) = fl@)+ fy)

Regarding now f(Az) = Af(z), since f maps lines to lines, it must map the line 0 — z

to the line 0 — f(x), so we have a formula as follows, for any A, z:
fAz) = 0z (A) f(2)

But since f maps parallel lines to parallel lines, by Thales the function ¢, : R — R

does not depend on z. Thus, we have a formula as follows, for any A, x:

fx) = p(A) f(x)
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We know that we have ¢(0) = 0 and ¢(1) = 1, and we must prove that we have
©(X\) = A for any \. For this purpose, we use a trick. On one hand, we have:

FA+w)z) =\ +p)f(z)

On the other hand, since f maps sums to sums, we have as well:

f(A+pz) = fAz) + f(pz)
= o) f(x)+e(p)f(z)
= (p(A) +@(u)f(2)
Thus our rescaling function ¢ : R — R satisfies the following conditions:
p(0)=0 , o) =1, @A+p) =el)+e
But with these conditions in hand, it is clear that we have ¢(\) = A, first for all the

inverses of integers, A\ = 1/n with n € N, then for all rationals, A € @, and finally by
continuity for all reals, A € R. Thus, we have proved the following formula:

fx) = Af ()
But this finishes the proof of (2) = (1), and we are done. O

All this is nice, and there are some further things that can be said, but getting to
business, Definition 1.7 is what we need. Indeed, we have the following powerful result,
showing that the linear/affine maps f : R? — R? are fully described by 4/6 parameters:

THEOREM 1.9. The linear maps f : R? — R? are precisely the maps of type
T ax + by
I (y> - (Cﬂf + dy)
and the affine maps f : R? — R? are precisely the maps of type
()= (ra) ()
Y cr +dy q
with the conventions from Definition 1.7 for such maps.

PROOF. Assuming that f is linear in the sense of Definition 1.7, we have:

G) =G+ ()
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Thus, we obtain the formula in the statement, with a, b, ¢,d € R being given by:
1 a 0 b
o) =) () -()

In the affine case now, we have as extra piece of data a vector, as follows:

0 p

() =)
q
Indeed, if f : R? — R? is affine, then the following map must be linear:
fo <p > . R? 5 R

q

Thus, by using the formula in (1) we obtain the result. O

Moving ahead now, Theorem 1.9 is all that we need for doing some non-trivial math-
ematics, and so in practice, that will be our new definition for the linear and affine maps.
In order to simplify now all that, which might be a bit complicated to memorize, the idea
will be to put our parameters a, b, ¢,d into a matrix, in the following way:

DEFINITION 1.10. A matriz A € Ms(R) is an array as follows:
a b
=)
These matrices act on the vectors in the following way,
a b\ [z azr + by
<C d) (y) - (C:de)
the rule being “multiply the rows of the matrixz by the vector”.

The above multiplication formula might seem a bit complicated, at a first glance, but
it is not. Here is an example for it, quickly worked out:

1 2\ (3 [1-3+2-1\ (5
56/\1) \5-3+6-1) \21
As already mentioned, all this comes from our findings from Theorem 1.9. Indeed,

with the above multiplication convention for matrices and vectors, we can turn Theorem
1.9 into something much simpler, and better-looking, as follows:

THEOREM 1.11. The linear maps f : R* — R? are precisely the maps of type
f(v) = Av
and the affine maps f : R? — R? are precisely the maps of type
f(v) = Av+w

with A being a 2 x 2 matriz, and with v,w € R? being vectors, written vertically.
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Proor. With the above conventions, the formulae in Theorem 1.9 read:
T a b T
f(y> N (C d) (y>
T a b T P
()= 9 G)+6)
y ¢ d) \y q
Thus, we are led to the conclusions in the statement. O
Before going further, let us discuss some examples. First, we have:
PROPOSITION 1.12. The symmetries with respect to Ox and Oy are given by
1 0 x -1 0\ [z
0 -1/ \y ’ 0 1) \y
and the symmetries with respect to the x =y and x = —y diagonals are given by
0 1\ [z 0 -1\ /[=x
1 0/ \y ' -1 0 y
with our conventions above for the matrix multiplication.
PROOF. According to Proposition 1.2, the above transformations map (Z) to:
x —x Y —y
—y Y x —x
But this gives the formulae in the statement, by guessing in each case the matrix
which does the job, in the obvious way. U
Regarding now the basic rotations, we have here:
PrOPOSITION 1.13. The rotations of angle 0° and of angle 90° are given by
1 0\ [z 0 -1\ (=x
0 1)\y) ~’ 1 0 y
and the rotations of angle 180° and of angle 270° are given by
-1 0 x 0 1\ [z
0 —-1/\y) ~’ -1 0/ \y
with our conventions above for the matrix multiplication.
PROOF. As before, but by using Proposition 1.3, the vector (z) maps to:
z ) -z Yy
Y z -y Y
But this gives the formulae in the statement, again by guessing the matrix. U

Finally, regarding the basic projections, we have here:
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PRrROPOSITION 1.14. The projections on Ox and Oy are given by

1 0\ [z 0 0\ (z
0 0/ \y ’ 0 1) \y
and the projections on the x =y and x = —y diagonals are given by
1/1 1\ (= 1/1 =1\ [
2\1 1) \y) * 2\-1 1) \y
with our conventions above for the matrix multiplication.

PROOF. As before, but according now to Proposition 1.4, the vector (z) maps to:

T 0 1/x+y 1/x—y
0/ ’ y) B 2\z+y) = 2\y-=x
But this gives the formulae in the statement, as usual by guessing the matrix. U

In addition to the above transformations, there are many other examples. We have
for instance the null transformation, which is given by:

(9 C)=()

Here is now a more bizarre map, but which can still be understood, however, as being
the map which “switches the coordinates, then kills the second one”:

b 0)G)- ()

Even more bizarrely now, here is a certain linear map, whose interpretation is more
complicated, and is left to you, reader:

6903

And here is another linear map, which once again, being something geometric, in 2
dimensions, can definitely be understood, at least in theory:

1 1 r\ [(x+y
Let us discuss now the computation of the arbitrary symmetries, rotations and pro-
jections. We begin with the rotations, whose formula is a must-know:
THEOREM 1.15. The rotation of angle t € R is given by the matrix
cost —sint
o = (sint cost )

depending on t € R taken modulo 2.
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ProOF. The rotation being linear, it must correspond to a certain matrix:

b
w0 )

We can guess this matrix, via its action on the basic coordinate vectors (é) and ((1))
Indeed, a quick picture shows that we must have:

a b\ (1) [cost
¢ dJ\0) \sint
Also, by paying attention to positives and negatives, we must have:
a b\ (0) [—sint
c d)\1) \ cost

Guessing now the matrix is not complicated, because the first equation gives us the
first column, and the second equation gives us the second column:

a\  (cost b\ [—sint
c¢) \sint ’ d) \ cost
Thus, we can just put together these two vectors, and we obtain our matrix. U

Regarding now the symmetries, the formula here is as follows:

THEOREM 1.16. The symmetry with respect to the Ox axis rotated by an angle t/2 € R
1s given by the matriz
g — cost sint
P77 \sint —cost

depending on t € R taken modulo 2.

PROOF. As before, we can guess the matrix via its action on the basic coordinate
vectors (é) and ((1)) A quick picture shows that we must have:

a b\ (1\ [cost
¢ d)\0J) \sint
Also, by paying attention to positives and negatives, we must have:
a b\ (0\ [ sint
¢ d)\1)] \—cost
Guessing now the matrix is not complicated, because we must have:
a\ _ (cost b\ [ sint
c/]  \sint ’ d) \ —cost
Thus, we can just put together these two vectors, and we obtain our matrix. O

Finally, regarding the projections, the formula here is as follows:
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THEOREM 1.17. The projection on the Oz azis rotated by an angle t/2 € R is given

by the matriz
p_ 1 [1+cost sint
t= 9 sint 1 —cost

depending on t € R taken modulo 2.

Proor. We will need here some trigonometry, and more precisely the formulae for
the duplication of the angles. Regarding the sine, the formula here is:

sin(2t) = 2sintcost
Regarding the cosine, we have here 3 equivalent formulae, as follows:
cos(2t) = cos’t —sin’t
= 2cos’t—1
= 1-—2sin’¢

Getting back now to our problem, some quick pictures, using similarity of triangles,
and then the above trigonometry formulae, show that we must have:

1 t [cost 1 (1+ cost
P, =cos—| . = - .

0 2 \ sin 2 sint

0 .t [cos 1 sint
P, =sin—| . —

1 2 \sin 5 2 \1—cost

Now by putting together these two vectors, and we obtain our matrix. U

SN+ N+ po

1b. Matrix calculus

In order to formulate now our second theorem, dealing with compositions of maps, let
us make the following multiplication convention, between matrices and matrices:

a b\ (p q\ _(ap+br aqg+bs
c d)\r s) \ep+dr cqg+ds

This might look a bit complicated, but as before, in what was concerning multiplying
matrices and vectors, the idea is very simple, namely “multiply the rows of the first matrix
by the columns of the second matrix”. With this convention, we have:

THEOREM 1.18. If we denote by fu : R? — R? the linear map associated to a matriz
A, given by the formula

falv) = Av
then we have the following multiplication formula for such maps:
fals = fan

That is, the composition of linear maps corresponds to the multiplication of matrices.
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PrROOF. We want to prove that we have the following formula, valid for any two
matrices A, B € M,(R), and any vector v € R?:

A(Bv) = (AB)v

For this purpose, let us write our matrices and vector as follows:

=)0y -

The formula that we want to prove becomes:

EalCHOI=E )G

But this is the same as saying that:

a b\ (pr+qy\ [(ap+br ag+bs\ (@
c d TT + Sy - Cp+d7” cq+ds Y

And this latter formula does hold indeed, because on both sides we get:

apz + aqy + brz + bsy
cpx + cqy + drx + dsy

Thus, we have proved the result. U

As a verification for the above result, let us compose two rotations. The computation
here is as follows, yieding a rotation, as it should, and of the correct angle:

R.R — [coss —sins\ (cost —sint
st sins coss sint cost
cosscost —sinssint —cosssint —sintcoss
sinscost + cosssint —sinssint + cos scost

sin(s +t) cos(s+1)
= Rs—l—t

_ <COS(S+t) —sin(s+t))

We are ready now to pass to 3 dimensions. The idea is to select from what we learned
in 2 dimensions, nice results only, and generalize to 3 dimensions. We obtain:

THEOREM 1.19. Consider a map f : R® — R3.
(1) f is linear when it is of the form f(v) = Av, with A € M3(R).
(2) f is affine when f(v) = Av+ w, with A € M3(R) and w € R3.
(3) We have the composition formula fafp = fap, similar to the 2D one.
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PROOF. Here (1,2) can be proved exactly as in the 2D case, with the multiplication
convention being as usual, “multiply the rows of the matrix by the vector”:

a b c x ar + by + cz
d e f y| =de+ey+ fz
g h i z gr + hy + iz

As for (3), once again the 2D idea applies, with the same product rule, “multiply the
rows of the first matrix by the columns of the second matrix”:

a b c P q T ap+bs+cv aq+bt+cw ar—+bu+ cx
d e f s t ul|l =\|dp+es+ fv dg+et+ fw dr+eu—+ fr
g h i vow T gp+hs+iv gq+ht+i1w gr+ hu-+ix

Thus, we proved our theorem. Of course, we are going a bit fast here, but we will
discuss all this in detail, right next, directly in arbitrary N dimensions. O

We are now ready to discuss 4 and more dimensions. Before doing so, let us point out
however that the maps of type f : R* — R?, or f: R — R2, and so on, are not covered
by our results. Since there are many interesting such maps, say obtained by projecting
and then rotating, and so on, we will be interested here in the maps f : RY — RM.

A bit of thinking suggests that such maps should come from the M x N matrices.
Indeed, this is what happens at M = N =2 and M = N = 3, of course. But this happens
as well at N = 1, because a linear map f : R — R™ can only be something of the form
f(\) = M, with v € RM | and v € R™ means that v is a M x 1 matrix. So, let us start
with the product rule for the M x N matrices, which is as follows:

DEFINITION 1.20. We can multiply the M x N matrices with N x K matrices,

a1 ... Q1N b11 R blK

aymn ... ApMN le bNK

the product being the M x K matriz given by the following formula,

ay1bin + ... +ainbyr oo anbig + ...+ ainbyk

apnbin + ... Fayunbnr ... ayibig + ...+ aunbyk
obtained via the usual rule “multiply rows by columns”.
Observe that this formula generalizes all the multiplication rules that we have been

using so far, between various types of matrices and vectors. Thus, in practice, we can
simply forget all the previous multiplication rules, and simply memorize this one.
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In case the above formula looks hard to memorize, here is an alternative formulation
of it, which is simpler and more powerful, by using the standard algebraic notation for
the matrices, A = (A;;), that we will heavily use, in what follows:

PROPOSITION 1.21. The matriz multiplication is given by formula
(AB)y; = ) AuByy
k

with A;; standing for the entry of A at row i and column j.

Proor. This is indeed just a shorthand for the formula in Definition 1.20, by following
the rule there, namely “multiply the rows of A by the columns of B”. U

As an illustration for the power of the convention in Proposition 1.21, we have:
PROPOSITION 1.22. We have the following formula, valid for any matrices A, B, C,
(AB)C = A(BC)
provided that the sizes of our matrices A, B, C' fit.

ProoOF. We have the following computation, using indices as above:

((AB)C)ij = Y (AB)iCirj = Y AuBuCy;

k
On the other hand, we have as well the following computation:

(A(BC))i; = Z Au(BC)y; = ZAilBlka:j
. Kl

Thus we have (AB)C = A(BC), and we have proved our result. O

With this, we can now talk about linear maps between spaces of arbitrary dimension,
generalizing what we have been doing so far. The main result here is as follows:

THEOREM 1.23. Consider a map f : RY — RM.
(1) f is linear when it is of the form f(v) = Av, with A € Mpy«n(R).
(2) f is affine when f(v) = Av+w, with A € My«n(R) and w € RM.
(3) We have the composition formula fafp = fap, whenever the sizes fit.

Proor. We already know that this happens at M = N =2, and at M = N = 3 as
well. In general, the proof is similar, by doing some elementary computations. U

As a first example here, we have the identity matrix, acting as the identity:

1 0 T i

0 1 TN TN
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Along the same lines, we have as well the null matrix (0);;, acting as the null map,
x — 0. Here is now an important result, providing us with many examples:

PROPOSITION 1.24. The diagonal matrices act as follows,
)\1 0 T )\1.1'1

0 Av/ \on ANT N
by multiplying each vector entry by a certain scalar.
Proo¥. This is clear, indeed, from definitions. ]
As a more specialized example now, we have:

PROPOSITION 1.25. The flat matriz, which is as follows,
1 ... 1

Iy = : :
1 ... 1

acts via N times the projection on the all-one vector.

PROOF. The flat matrix acts in the following way:
1 ... 1 I T+ ... +xN

1 ... 1 TN 1+ ...+xTN
Thus, in terms of the matrix P = [ /N, we have the following formula:
T 1
p ) o + ...ty
) N
N 1
Now since the linear map f(z) = Pz satisfies f> = f, and since Im(f) consists of the

scalar multiples of the all-one vector £ € RY, we conclude that f is a projection on RE.
Also, with the standard scalar product convention < z,y >= > x;y;, we have:

< flz)—x,&> = < f(x),{>—<x,&>

= Zin xN—in

= 0

Thus, our projection is indeed orthogonal, and we are done. And more on this later
in this chapter, when systematically discussing scalar products and orthogonality. U
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1c. Diagonalization

Let us develop now some general theory for the square matrices. We will need the
following standard result, regarding the changes of coordinates in R":

THEOREM 1.26. For a system {vy,...,vxy} C RY, the following are equivalent:

(1) The vectors v; form a basis of RN, in the sense that each vector x € RN can be
written in a unique way as a linear combination of these vectors:

T = Z AiU;
(2) The following linear map associated to these vectors is bijective:
FARY S RY A A
(3) The matriz formed by these vectors, regarded as usual as column vectors,
P =[vy,...,on] € My(R)
is invertible, with respect to the usual multiplication of the matrices.

PRrROOF. Here the equivalence (1) <= (2) is clear from definitions, and the equiva-
lence (2) <= (3) is clear as well, because we have f(z) = Pz. O

Getting back now to the matrices, as an important definition, we have:

DEFINITION 1.27. Let A € My(R) be a square matriz. We say that v € RY is an
eigenvector of A, with corresponding eigenvalue X € RY, when:

Av=)v
Also, we say that A is diagonalizable when RN has a basis formed by eigenvectors of A.

We will see in a moment examples of eigenvectors and eigenvalues, and of diagonaliz-
able matrices. However, even before seeing the examples, it is quite clear that these are
key notions. Indeed, for a matrix A € My (R), being diagonalizable is the best thing that
can happen, because in this case, once the basis changed, A becomes diagonal.

To be more precise here, we have the following result:

PROPOSITION 1.28. Assuming that A € My (R) is diagonalizable, we have the formula
At
A=
AN
with respect to the basis {vy,...,vx} of RN consisting of eigenvectors of A.

PRrooOF. This is clear from the definition of eigenvalues and eigenvectors, and from
the formula of linear maps associated to diagonal matrices, from Proposition 1.24. U
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Here is an equivalent form of the above result, which is often used in practice, when
we prefer not to change the basis, and stay with the usual basis of RY:

THEOREM 1.29. Assuming that A € My (R) is diagonalizable, with
vi,...,un €RY A, AV ER
as eigenvectors and corresponding eigenvalues, we have the formula
A=PDpP!
with the matrices P, D € My(R) being given by the formulae
P=vy,...,on] , D=diag(A\,...,\n)

and respectively called passage matriz, and diagonal form of A.

PRrOOF. This can be viewed in two possible ways, as follows:

(1) As already mentioned, with respect to the basis v1,...,vy € RY formed by the
eigenvectors, our matrix A is given by:

A1
A pum—
AN

But this corresponds precisely to the formula A = PDP~! from the statement, with
P and its inverse appearing there due to our change of basis.

(2) We can equally establish the formula in the statement by a direct computation.
Indeed, we have Pe; = v;, where {e;,...,ex} is the standard basis of RY, and so:

APe; = Av; = \v;
On the other hand, once again by using Pe; = v;, we have as well:
PDe; = P\ije; = \;Pe; = \v;
Thus we have AP = PD, and so A = PDP~!, as claimed. O

Let us discuss now some basic examples, namely the rotations, symmetries and pro-
jections in 2 dimensions. The situation is very simple for the projections, as follows:

PROPOSITION 1.30. The projection on the Oz azis rotated by an angle t/2 € R,

P—l 1+cost  sint
"7 9\ sint 1—cost

s diagonalizable, its diagonal form being as follows,

10
7 (i o)

and this regardless of the value of the angle t/2.
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Proor. This is clear, because if we denote by L the line where our projection projects,
we can pick any vector v € L, and this will be an eigenvector with eigenvalue 1, and then
pick any vector w € L', and this will be an eigenvector with eigenvalue 0. Thus, even
without computations, we are led to the conclusion in the statement. O

The computation for the symmetries is similar, as follows:
PROPOSITION 1.31. The symmetry with respect to the Ox azis rotated by t/2 € R,
cost sint
S = (Sint — cos t)

1s diagonalizable, its diagonal form being as follows,

1 0
(0 2)
and this regardless of the value of the angle t/2.

Proor. This is again clear, because if we denote by L the line with respect to which
our symmetry symmetrizes, we can pick any vector v € L, and this will be an eigenvector
with eigenvalue 1, and then pick any vector w € L*, and this will be an eigenvector with
eigenvalue —1. Thus, we are led to the conclusion in the statement. U

Regarding now the rotations, here the situation is different, as follows:
PROPOSITION 1.32. The rotation of angle t € [0,27), given by the formula
cost —sint
oy = (sint cost )
is diagonal at t = 0,7, and is not diagonalizable at t # 0, .

PRroOOF. The first assertion is clear, because at ¢ = 0, 7 the rotations are:

10 ~1 0
we(on) (08

As for the rotations of angle ¢ # 0, 7, these clearly cannot have eigenvectors. U
Finally, here is one more example, which is the most important of them all:

THEOREM 1.33. The following matrix is not diagonalizable,

()

because it has only 1 eigenvector.
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PRrOOF. The above matrix, called J en hommage to Jordan, acts as follows:
(0) ) =)
0 0/ \y 0
Thus the eigenvector/eigenvalue equation Jv = Av reads:
Y Az
() =)
We have then two cases, depending on A, as follows, which give the result:

(1) For A # 0 we must have y = 0, coming from the second row, and so z = 0 as well,
coming from the first row, so we have no nontrivial eigenvectors.

(2) As for the case A = 0, here we must have y = 0, coming from the first row, and so

the eigenvectors here are the vectors of the form (g) O

1d. Scalar products

In order to discuss some interesting examples of matrices, and their diagonalization,
in arbitrary dimensions, we will need the following standard fact:

PROPOSITION 1.34. Consider the scalar product on RY, given by:
<@y >=Y Ty

We have then the following formula, valid for any vectors x,y and any matriz A,
< Aw,y >=<uz,Aly >
with A' being the transpose matriz, (A");; = Aji.

PROOF. By linearity, it is enough to prove the above formula on the standard basis
vectors ey, ...,ey of RY. Thus, we want to prove that for any i, j we have:

< Aej,e; >=<e;, Ale; >
The scalar product being symmetric, this is the same as proving that:

< Aej,e; >=< Alej e >
On the other hand, for any matrix M we have the following formula:

M;; =< Mej,e; >
We conclude that the formula to be proved simply reads:
Ayy = (A")ji

But this precisely the definition of A, and we are done. O
With this, we can develop some theory. We first have:
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THEOREM 1.35. The orthogonal projections are the matrices satisfying:
P*=pP' =P
These projections are diagonalizable, with eigenvalues 0, 1.
PROOF. It is obvious that a linear map f(x) = Pz is a projection precisely when:
pP?=Pp

In order now for this projection to be an orthogonal projection, the condition to be
satisfied can be written and then processed as follows:

<Pr— Py Pr—2>=0 <= <x—y P'Pr—Pa>=0
&= P'Pyx—Plz=0
e PP-P =0
Thus we must have P' = P'P. Now observe that by transposing, we have as well:
P = (P'P) = P{(P!)t = PtP

Thus we must have P = P!, as claimed. Finally, regarding the diagonalization asser-
tion, this is clear by taking a basis of I'm(f), which consists of 1-eigenvectors, and then
completing with 0-eigenvectors, which can be found inside the orthogonal of Im(f). O

Here is now a key computation of such projections:

THEOREM 1.36. The rank 1 projections are given by the formula

—_

where the constant, ||x|| = /Y, x%, is the length of the vector.

Proor. Consider a vector y € RY. Its projection on Rz must be a certain multiple
of z, and we are led in this way to the following formula:

<y, x> 1

P.y= T =
RO

<y, x>z

With this in hand, we can now compute the entries of P,, as follows:

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

As an application, we can recover a result that we already know, namely:
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PROPOSITION 1.37. In 2 dimensions, the rank 1 projections, which are the projections
on the Ox axis rotated by an angle t/2 € [0,7), are given by the following formula:

P—l 1+ cost sint
t— 9 sint 11— cost

Together with the following two matrices, which are the rank 0 and 2 projections in R?,

0 0 11
(o) =0)
these are all the projections in 2 dimensions.

PRrROOF. The first assertion can be deduced from the general formula in Theorem 1.36,
by plugging in the following vector, depending on a parameter s € [0, 7):

(cos 3)
x=1 .
sin s
Indeed, we obtain in this way the following matrix, which with ¢ = 2s is the one in
the statement, via the standard trigonometry formulae for the doubles of angles:

P - cos®’s  cosssins
25— \ cosssin s sin’ s

As for the second assertion, this is clear from the first one, because outside rank 1 we
can only have rank 0 or rank 2, corresponding to the matrices in the statement. U

Here is another interesting application, this time in N dimensions:

PROPOSITION 1.38. The projection on the all-1 vector £ € RY is
1 ... 1

1 ... 1
with the all-1 matriz on the right being called the flat matrix.

PROOF. As already pointed out in the proof of Proposition 1.25, the matrix in the
statement acts in the following way:
I X i 1
T e N
P : =
3 : N
TN 1
Thus P is indeed a projection onto RE, and the fact that this projection is indeed
the orthogonal one follows either by a direct orthogonality computation, or by using the
general formula in Theorem 1.36, by plugging in the all-1 vector &. U

Let us discuss now, as a final topic of this chapter, the isometries of RY. We have
here the following general result:



1D. SCALAR PRODUCTS 31

THEOREM 1.39. The linear maps f : RY — RN which are isometries, in the sense
that they preserve the distances, are those coming from the matrices satisfying:

Ut =yt
These latter matrices are called orthogonal, and they form a set O C My(R) which is
stable under taking compositions, and inverses.
ProOOF. We have several things to be proved, the idea being as follows:
(1) We recall that we can pass from scalar products to distances, as follows:
|z = v<a,z>

Conversely, we can compute the scalar products in terms of distances, by using the
polarization identity, which is as follows:

o +yll* = lle —yll* = ll2l* + Iyl +2 <@,y > 2] = [lyl* + 2 <2,y >
= 4d<z,y>

Now given a matrix U € My(R), we have the following equivalences, with the first
one coming from the above identities, and with the other ones being clear:

|Uz|| = ||z]] <= < Uz, Uy>=<uz,y>
= <2, UUy>=<uz,9y>
— UUy=y
— U'U=1
— U'=U"
(2) The second assertion is clear from the definition of the isometries, and can be
established as well by using matrices, and the U! = U~! criterion. U

As a basic illustration here, we have:

THEOREM 1.40. The rotations and symmetries in the plane, given by
cost —sint cost sint
Ry = <sint cost > o Se= <sint —Cost)
are 1isometries. These are all the isometries in 2 dimensions.

Proor. We already know that R, is the rotation of angle t. As for S;, this is the
symmetry with respect to the Oz axis rotated by /2 € R. But this gives the result, since
the isometries in 2 dimensions are obviously either rotations, or symmetries. U

As a conclusion, the set Oy from Theorem 1.39 is a quite fundamental object, with
O, already consisting of some interesting 2 x 2 matrices, namely the matrices Ry, S;. We
will be back to Oy, which is a so-called group, and is actually one of the most important
examples of groups, on several occasions, in what follows.
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le. Exercises

The key thing in linear algebra is that of geometrically understanding the linear maps
x — Ax associated to the matrices A € My (R). Here is an exercise on this:

EXERCISE 1.41. Work out the geometric interpretation of the map f(x) = Az, with
A € My(£1)
and then discuss as well the diagonalization of these matrices.

To be more precise, there are 2* = 16 matrices here, some of which were already
discussed in the above. As a bonus exercise, you can try as well A € M,(0,1), which is
16 more matrices. And for the black belt, try A € My(—1,0,1).

EXERCISE 1.42. Diagonalize explicitly the third flat matriz, namely

111
L=(1 11
111

and then study as well the general case, that of the matriz L.

Here we already know from the above that the diagonal form is D = (V,0,...,0),
and the problem is that of finding the passage matrix P, as to write the diagonalization
formula Iy = PDP~!. The case to start with, as a warm-up for the exercise, is N = 2,
where [, is twice the orthogonal projection on the z = y diagonal, which was already
discussed in the above. Then, go with NV = 3, and then with general N € N.

EXERCISE 1.43. Work out the trigonometry formulae
sin(2t) = 2sintcost , cos(2t) = 2cos’t — 1
by using elementary methods, coming from plane geometry.
There are many ways of solving this exercise, and of course enjoy.

EXERCISE 1.44. Prove that the isometries in 2 dimensions are either rotations, or
symmetries, as to complete the proof of Theorem 1.40.

As before, there are many ways of dealing with this, all being nice geometry.

EXERCISE 1.45. Develop a theory of angles between the vectors x,y € RY, by using
the well-known formula
<,y >= [[z[| - |[yl] - cost
that you should by the way fully understand first, in N = 2 dimensions.

To be more precise, you must first make sure that the above formula holds indeed at
N = 2, as a theorem. Then, based on this, you can use this formula at N > 3 too, but
this time as a definition for the angle ¢ between x,y. There are many things that can be
done here, and the more complete the theory that you develop, the better.



CHAPTER 2

The determinant

2a. Matrix inversion

We have seen in the previous chapter that most of the interesting maps f : RV — R¥
that we know, such as the rotations, symmetries and projections, are linear, and can be
written in the following form, with A € My (R) being a square matrix:

f(v) = Av

In this chapter we develop more general theory for such linear maps. We will be mostly
motivated by the following fundamental result, which has countless concrete applications,
and which is actually at the origin of the whole linear algebra theory:

THEOREM 2.1. Any linear system of equations

a11T1 +aprs +... +tainry = U1
a21T1 + 9299 + ...+ AQoNT N = Vg
aN1Z1 +an2To + ...+ aNNTN = UN

can be written in matrix form, as follows,
Ax =wv
and when A is invertible, its solution is given by v = A 1w,

Proor. With linear algebra conventions, our system reads:

an G2 ... AN T U1
921 A9 ... QAN i) (%)
ani1 an2 ... ANN TN UN
Thus, we are led to the conclusions in the statement. Il

In practice, we are led to the question of inverting the matrices A € My(R). And this
is the same question as inverting the linear maps f : RY — R, due to:

33
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THEOREM 2.2. A linear map f : RN — RN, written as
f(v) = Av
is invertible precisely when A is invertible, and in this case we have f~1(v) = A~ .

ProOF. This is something that we basically know, coming from the fact that, with
the notation f4(v) = Av, we have the following formula:

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

In order to study invertibility questions, for matrices and linear maps, let us begin
with some examples. In the simplest case, in 2 dimensions, the result is as follows:

THEOREM 2.3. We have the following inversion formula, for the 2 x 2 matrices:

(a b)l :;<d —b)
c d ad —be \—¢ a
When ad — bc = 0, the matrix is not invertible.
ProOF. We have two assertions to be proved, the idea being as follows:
(1) As a first observation, when ad — bec = 0 we must have, for some A € R:
b=Xa , d= X
Thus our matrix must be of the following special type:
(a b) _ (a Aa)
c d a Ac
But in this case the columns are proportional, so the linear map associated to the

matrix is not invertible, and so the matrix itself is not invertible either.

(2) When ad — be # 0, let us look for an inversion formula of the following type:

abil_ 1 % %
c d ad —be \x *

We must therefore solve the following equations:

a b\ (* *x\ [ad—bc 0
c d)\x %) 0 ad — bc

The obvious solution here is as follows:

a b d —b\ (ad—bc 0
c d) \—=c a ) 0 ad — be

Thus, we are led to the formula in the statement. U
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In order to deal now with the inversion problem in general, for the arbitrary matrices
A € My(R), we will use the same method as the one above, at N = 2. Let us write
indeed our matrix as follows, with vy, ..., vy € RY being its column vectors:

A=vq,...,upN]

We know from the general results from chapter 1 that, in order for A to be invertible,
the vectors vy, ..., vy must be linearly independent. Thus, following the observations (1)
from the above proof of Theorem 2.3, we are led into the question of understanding when
a family of vectors vy,...,vy € RY are linearly independent.

In order to deal with this latter question, let us introduce the following notion:

DEFINITION 2.4. Associated to any vectors vy, ...,vy € RN is the volume
dett(vy...vn) =vol < vy,...,un >
of the parallelepiped made by these vectors.

Here the volume is taken in the standard N-dimensional sense. At N = 1 this volume
is a length, at N = 2 this volume is an area, at N = 3 this is the usual 3D volume, and so
on. In general, the volume of a body X C RY is by definition the number vol(X) € [0, o]
of copies of the unit cube C' C RY which are needed for filling X, when allowing this unit
cube to be divided into smaller cubes, for the needs of the filling operation.

In order to compute this volume we can use various geometric techniques, and we
will see soon that, in what regards the case that we are interested in, namely that of the
parallelepipeds P C RY, we can basically compute here everything, just by using very
basic geometric techniques, essentially based on the Thales theorem.

In relation with our inversion problem, we have the following statement:

THEOREM 2.5. The quantity det™ that we constructed, regarded as a function of the
corresponding square matrices, formed by column vectors,

det* : My(R) — R,
has the property that a matriz A € My (R) is invertible precisely when det™(A) > 0.

Proor. This follows from Theorem 2.2, and from the general results from chapter 1,
which tell us that a matrix A € My(R) is invertible precisely when its column vectors
v1,...,vx € RY are linearly independent. But this latter condition is equivalent to the
fact that we must have the following strict inequality:

vol < wvy,...,uy >>0

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



36 2. THE DETERMINANT

Summarizing, all this leads us into the explicit computation of det™. As a first obser-
vation, in 1 dimension we obtain the absolute value of the real numbers:

det*(a) = |al

In 2 dimensions now, the computation is non-trivial, and we have the following result,
making the link with our main result so far, namely Theorem 2.3:

THEOREM 2.6. In 2 dimensions we have the following formula,

det™ (Z cbz) = |ad — b

with det™ : My(R) — R being the function constructed above.

Proor. We must show that the area of the parallelogram formed by (‘2), (2) equals

lad — be|. We can assume a, b, ¢, d > 0 for simplifying, the proof in general being similar.

Moreover, by switching if needed the vectors (‘z), (Z), we can assume that we have:

a_b
c d

According to these conventions, the picture of our parallelogram is as follows:

c+d °

d ./
Ny

b a a-+b

Now let us slide the upper side downwards left, until we reach the Oy axis. Our
parallelogram, which has not changed its area in this process, becomes:

c+d .0
ct+a o«
d
T °
c o

a a+b
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We can further modify this parallelogram, once again by not altering its area, by
sliding the right side downwards, until we reach the Oz axis:

c+x .0
x . .

|

C .. 0

, |

o - [ J

b a a+b

Let us compute now the area. Since our two sliding operations have not changed the
area of the original parallelogram, this area is given by:

A=ax

In order to compute the quantity =, observe that in the context of the first move, we
have two similar triangles, according to the following picture:

c+d

b a a+b

Thus, we are led to the following equation for the number x:

d—x ¢
b a
By solving this equation, we obtain the following value for x:
b
r=d— 2
a

Thus the area of our parallelogram, or rather of the final rectangle obtained from it,
which has the same area as the original parallelogram, is given by:

A=ax=ad— bc

Thus, we are led to the conclusion in the statement. U
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2b. The determinant

All the above is very nice, we obviously have a beginning of theory here. However,
when looking carefully, we can see that our theory has a weakness, because:

(1) In 1 dimension the number a, which is the simplest function of a itself, is certainly
a better quantity than the number |a.

(2) In 2 dimensions the number ad — be, which is linear in a,b,c,d, is certainly a
better quantity than the number |ad — bc|.

So, let us upgrade now our theory, by constructing a better function, which does the
same job, namely checking if the vectors are proportional, of the following type:

det : My(R) - R , det = £det™

That is, we would like to have a clever, signed version of det™, satisfying:

det(a) =a , det (CCL Z) =ad — be

In order to do this, we must come up with a way of splitting the systems of vectors
v1,...,vx € RY into two classes, call them positive and negative. And here, the answer
is quite clear, because a bit of thinking leads to the following definition:

DEFINITION 2.7. A system of vectors vy, ...,vy € RN is called:

(1) Oriented, if one can continuously pass from the standard basis to it.
(2) Unoriented, otherwise.

The associated sign is + in the oriented case, and — in the unoriented case.

As a first example, in 1 dimension the basis consists of the single vector e = 1, which
can be continuously deformed into any vector a > 0. Thus, the sign is the usual one:

+ ifa>0
9U) =3 <o

Thus, in connection with our original question, we are definitely on the good track,
because when multiplying |a| by this sign we obtain a itself, as desired:

a = sgn(a)lal
In 2 dimensions now, the explicit formula of the sign is as follows:

PROPOSITION 2.8. We have the following formula, valid for any 2 vectors in R2,

o [() ()] i

with the sign function on the right being the usual one, in 1 dimension.
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PROOF. According to our conventions, the sign of (‘Z), (Z) is as follows:

(1) The sign is + when these vectors come in this order with respect to the counter-
clockwise rotation in the plane, around 0.

(2) The sign is — otherwise, meaning when these vectors come in this order with
respect to the clockwise rotation in the plane, around 0.

If we assume now a, b, c,d > 0 for simplifying, we are left with comparing the angles
having the numbers ¢/a and d/b as tangents, and we obtain in this way:

a\ (b + ife<d
sgn =
"1\e) \d — ife>d
But this gives the formula in the statement. The proof in general is similar. O

Once again, in connection with our original question, we are on the good track, because
when multiplying |ad — be| by this sign we obtain ad — bc itself, as desired:

ad — bc = sgn(ad — be)|ad — be|

Let us look as well into the case N = 3. Things here are more complicated, and we
will discuss this later on. However, we have the following basic result:

PROPOSITION 2.9. Consider the standard basis of R®, namely:

1 0 0
er =10 ) ea= |1 ) es= 10
0 0 1

We have then the following sign computations:
(1) sgn(ey,ea,e3) = +.
(2) sgn(es,es, ez)
3) sgn(eq,e1,e3)
4) sgn(ey, e3,e1)
5) sgn(es, €1, es)
(6) sgn(es,es, e1) = —.

+.
+

NN N

PROOF. In each case the problem is whether one can continuously pass from (e, es, e3)
to the basis in statement, and the computations can be done as follows:

(1) In three of the cases under investigation, namely (2,3,6), one of the vectors is
unchanged, and the other two are switched. Thus, we are more or less in 2 dimensions,
and since the switch here clearly corresponds to —, the sign in these cases is —.

(2) As for the remaining three cases, namely (1,4,5), here the sign can only be +, since
things must be 50-50 between + and —, say by symmetry reasons. And this is indeed the
case, because what we have here are rotations of the standard basis. U
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As already mentioned, we will be back to this later, with a general formula for the
sign in 3 dimensions. This formula is quite complicated, the idea being that of making
out of the 3 x 3 = 9 entries of our vectors a certain quantity, somewhat in the spirit of
the one in Proposition 2.8, and then taking the sign of this quantity.

At the level of the general results now, we have:

PROPOSITION 2.10. The orientation of a system of vectors changes as follows:

(1) If we switch the sign of a vector, the associated sign switches.
(2) If we permute two vectors, the associated sign switches as well.

PROOF. Both these assertions are clear from the definition of the sign, because the
two operations in question change the orientation of the system of vectors. U

With the above notion in hand, we can now formulate:
DEFINITION 2.11. The determinant of vq,...,vx € RY is the signed volume
det(vy ... vy) = tvol < wy,...,uNy >
of the parallelepiped made by these vectors.

In other words, we are upgrading here Definition 2.4, by adding a sign to the quantity
det™ constructed there, as to potentially reach to good additivity properties:

det(vy...vn) = £det™ (vy ... vy)

In relation with our original inversion problem for the square matrices, this upgrade
does not change what we have so far, and we have the following statement:

THEOREM 2.12. The quantity det that we constructed, regarded as a function of the
corresponding square matrices, formed by column vectors,

det : MN(R) — R
has the property that a matriz A € My(R) is invertible precisely when det(A) # 0.

PrROOF. We know from Theorem 2.5 that a matrix A € Mx(R) is invertible precisely

when det*(A) = | det A| is strictly positive, and this gives the result. O
In the matrix context, we will often use the symbol |.| instead of det:
|A| = det A

Let us try now to compute the determinant. In 1 dimension we have of course the
formula det(a) = a, because the absolute value fits, and so does the sign:

det(a) = sgn(a) x |a] = a

In 2 dimensions now, we have the following result:
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THEOREM 2.13. In 2 dimensions we have the following formula,

a4 Z’ = ad — bc
with | .| = det being the determinant function constructed above.

PROOF. According to our definition, to the computation in Theorem 2.6, and to sign
formula from Proposition 2.8, the determinant of a 2 x 2 matrix is given by:

(e ) - [ O] ()
- (3 ()]

= sgn(ad — be) x |ad — be|
ad — bc

Thus, we have obtained the formula in the statement. O

2c. Basic properties

In order to discuss now arbitrary dimensions, we will need a number of theoretical
results. Here is a first series of formulae, coming straight from definitions:

THEOREM 2.14. The determinant has the following properties:
(1) When multiplying by scalars, the determinant gets multiplied as well:

det(Avy, ..., Anon) = A1 .. Ay det(vg, ... oy)
(2) When permuting two columns, the determinant changes the sign:
det(...,u,...,v,...) = —det(...,v,...,u,...)
(3) The determinant det(ey, ..., ey) of the standard basis of RY is 1.
PROOF. All this is clear from definitions, as follows:
(1) This follows from definitions, and from Proposition 2.10 (1).
(2) This follows as well from definitions, and from Proposition 2.10 (2).
(3) This is clear from our definition of the determinant. O
As an application of the above result, we have:

THEOREM 2.15. The determinant of a diagonal matriz is given by:
A
=A1...\y
AN

That is, we obtain the product of diagonal entries, or of eigenvalues.



42 2. THE DETERMINANT

PRrROOF. The formula in the statement is clear by using the rules (1) and (3) in The-
orem 2.14, which in matrix terms give:

A1 1
: = )\1 . )\N .
AN 1
= A1...\y
As for the last assertion, this is rather a remark. O

The above result is very useful, and we will see in a moment that, more generally, the
determinant of any diagonalizable matrix is the product of its eigenvalues.

In order to reach now to a more advanced theory, let us adopt the linear map point
of view. In this setting, the definition of the determinant reformulates as follows:

THEOREM 2.16. Given a linear map, written as f(v) = Awv, its “inflation coefficient”,
obtained as the signed volume of the image of the unit cube, is given by:

]f:detA

More generally, Iy is the inflation ratio of any parallelepiped in RN, via the transformation
f- In particular f is invertible precisely when det A # 0.

PROOF. The only non-trivial thing in all this is the fact that the inflation coefficient
It, as defined above, is independent of the choice of the parallelepiped. But this is a
generalization of the Thales theorem, which follows from the Thales theorem itself. [

As a first application of the above linear map viewpoint, we have:
THEOREM 2.17. We have the following formula, valid for any matrices A, B:
det(AB) =det A - det B
In particular, we have det(AB) = det(BA).

PrROOF. The decomposition formula in the statement follows by using the associated
linear maps, which multiply as follows:

fAB = fAfB

Indeed, when computing the determinant, by using the “inflation coefficient” view-
point from Theorem 2.16, we obtain the same thing on both sides. As for the formula
det(AB) = det(BA), this is clear from the first formula, which is symmetric in A, B. O

Getting back now to explicit computations, we have the following key result:
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THEOREM 2.18. The determinant of a diagonalizable matriz
A1
A~
AN

is the product of its eigenvalues, det A = Ay ... \y.

PrROOF. We know that a diagonalizable matrix can be written in the form A =
PDP~! with D = diag(\y, ..., A\y). Now by using Theorem 2.17, we obtain:

det A = det(PDP™)
det(DP'P)
= det D
= A1...\y
Thus, we are led to the formula in the statement. O

Here is another important result, which is very useful for diagonalization:

THEOREM 2.19. The eigenvalues of a matrix A € My(R) are the roots of
P(z) = det(A — zly)
called characteristic polynomial of the matriz.

ProoF. We have the following computation, using the fact that a linear map is bi-
jective precisely when the determinant of the associated matrix is nonzero:

v, Av=>Iv <= Fu,(A-Aly)v=0
< det(A—Aly)=0
Thus, we are led to the conclusion in the statement. [l

Here are now some other computations, once again in arbitrary dimensions:

PROPOSITION 2.20. We have the following results:

(1) The determinant of an orthogonal matriz must be +1.
(2) The determinant of a projection must be 0 or 1.

PROOF. These are elementary results, the idea being as follows:

(1) Here the determinant must be indeed +1, because the orthogonal matrices map
the unit cube to a copy of the unit cube.

(2) Here the determinant is 0, because the projections flatten the unit cube, unless
the projection in question is the identity, where the determinant is 1. U

In general now, at the theoretical level, we have the following key result:
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THEOREM 2.21. The determinant has the additivity property
det(...,u+wv,...)=det(...,u,...)+det(...,v,...)
valid for any choice of the vectors involved.

Proor. This follows by doing some elementary geometry, in the spirit of the compu-
tations in the proof of Theorem 2.6, as follows:

(1) We can either use the Thales theorem, and then compute the volumes of all the
parallelepipeds involved, by using basic algebraic formulae.

(2) Or we can solve the problem in “puzzle” style, the idea being to cut the big
parallelepiped, and then recover the small ones, after some manipulations.

(3) We can do as well something hybrid, consisting in deforming the parallelepipeds
involved, without changing their volumes, and then cutting and gluing. U

As a basic application of the above result, we have:

THEOREM 2.22. We have the following results:

(1) The determinant of a diagonal matriz is the product of diagonal entries.
(2) The same is true for the upper triangular matrices.
(3) The same is true for the lower triangular matrices.

PRroor. All this can be deduced by using our various general formulae, as follows:
(1) This is something that we already know, from Theorem 2.15.
(2) This follows by using Theorem 2.14 and Theorem 2.21, then (1), as follows:

)\1 * )\1 0 *
/\2 )\2
0 AN 0 AN
A1 0
A2
0 AN

(3) This follows as well from Theorem 2.14 and Theorem 2.21, then (1), by proceeding
this time from right to left, from the last column towards the first column. O
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We can see from the above that the rules in Theorem 2.14 and Theorem 2.21 are quite
powerful, taken altogether. For future reference, let us record these rules:

THEOREM 2.23. The determinant has the following properties:
(1) When adding two columns, the determinants get added:

det(...,u+wv,...)=det(...,u,...)+det(...,v,...)
(2) When multiplying columns by scalars, the determinant gets multiplied:
det(Av1, ..., Avun) = A1 .. A det(vy, ..., ow)
(3) When permuting two columns, the determinant changes the sign:
det(...,u,...,v,...)=—det(...,v,...,u,...)
(4) The determinant det(ey, ..., en) of the standard basis of RN is 1.

ProoF. This is something that we already know, which follows by putting together
the various formulae from Theorem 2.14 and Theorem 2.21. U

As an important theoretical result now, which will ultimately lead to an algebraic
reformulation of the whole determinant problematics, we have:

THEOREM 2.24. The determinant of square matrices is the unique map
det : My(R) - R
satisfying the conditions in Theorem 2.23.
PrOOF. This can be done in two steps, as follows:

(1) Our first claim is that any map det’ : My(R) — R satisfying the conditions in
Theorem 2.23 must coincide with det on the upper triangular matrices. But this is clear
from the proof of Theorem 2.22, which only uses the rules in Theorem 2.23.

(2) Our second claim is that we have det’ = det, on all matrices. But this can be proved
by putting the matrix in upper triangular form, by using operations on the columns, in
the spirit of the manipulations from the proof of Theorem 2.22. O

Here is now another important theoretical result:

THEOREM 2.25. The determinant is subject to the row expansion formula

ayy ... QainN a9 ... Q4N 921 a23 ... QAN
= an| : Do a2
anN1 ... AGNN anN2 ... ANN aniy ans ... QNN
az1 ... G2 N-1
+. + (=D ayn :
anNiy ... GNN-1

and this method fully computes it, by recurrence.
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PROOF. This follows from the fact that the formula in the statement produces a
certain function det : My (R) — R, which has the 4 properties in Theorem 2.23. O

We can expand as well over the columns, as follows:

THEOREM 2.26. The determinant is subject to the column expansion formula

a2 ... Q1IN

a1 ... Q1N 92 ... 049N
] ) asy ... 43N

= Q| : ;| T a21

any ... AaNnN a2 ... ANN

anz ... QNN
a12 ce ain
N+1
+o + (=) an
anN-12 ... AN-1N
and this method fully computes it, by recurrence.
Proor. This follows by using the same argument as for the rows. U

We can now complement Theorem 2.23 with a similar result for the rows:

THEOREM 2.27. The determinant has the following properties:
(1) When adding two rows, the determinants get added:

det |u+v | =det|u]| +det | v

(2) When multiplying row by scalars, the determinant gets multiplied:
AU U1
det : = A...\ydet
ANUN UN

(3) When permuting two rows, the determinant changes the sign.

Proor. This follows indeed by using the using various formulae established above,
and is best seen by using the column expansion formula from Theorem 2.26. |

We can see from the above that the determinant is the subject to many interesting
formulae, and that some of these formulae, when taken altogether, uniquely determine
it. In all this, what is the most luminous is certainly the definition of the determinant
as a volume. As for the second most luminous of our statements, this is Theorem 2.24,
which is something a bit abstract, but both beautiful and useful. So, as a final theoretical
statement now, here is an alternative reformulation of Theorem 2.24:
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THEOREM 2.28. The determinant of the systems of vectors
det : RV x ... xRV = R
1s multilinear, alternate and unital, and unique with these properties.

PRroOF. This is a fancy reformulation of Theorem 2.24, with the various properties of
det from the statement being those from Theorem 2.23. U

As a conclusion to all this, we have now a full theory for the determinant, and we can
freely use all the above results, definitions and theorems alike, and even start forgetting
what is actually definition, and what is theorem.

2d. Sarrus and beyond
As a first application of the above methods, we can now prove:

THEOREM 2.29. The determinant of the 3 X 3 matrices is given by

a b c
d e fl=aei+bfg+ cdh —ceg—bdi—afh
g h 1
which can be memorized by using Sarrus’ triangle method,
* * *
det = * + * | + | *
* * *
* * *
— * + | * + *
* * *

“triangles parallel to the diagonal, minus triangles parallel to the antidiagonal”.

PROOF. Here is the computation, using Theorem 2.25:

a b ¢

d e f| = a}c; {—b'g {+c‘zz
g h 1
alei — fh) — b(di — fg) + c(dh — eg)
= aet —afh—0bdi+bfg+ cdh — ceg
aei +bfg+ cdh — ceg — bdi — afh
Thus, we obtain the formula in the statement. U

As a first application, let us go back to the inversion problem for the 3 x 3 matrices,
that we left open in the above. We can now solve this problem, as follows:
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THEOREM 2.30. The inverses of the 3 X 3 matrices are given by
1

a b c\ | [ei—fh ch—bi bf—ce
d e f =—\|fg—di at—cg cd—af
g h 1 D dh —eg bg—ah ae—bd

with D being the determimant. When D = 0, the matriz is not invertible.

ProOOF. We can use here the same method as for the 2 x 2 matrices. To be more
precise, in order for the matrix to be invertible, we must have:

D #0
The trick now is to look for solutions of the following problem:
a b ¢ * ok x D 0 0
d e f x x x| =10 D 0
g h i Xk % 0 0 D

We know from Theorem 2.29 that the determinant is given by:
D =aei+bfg+ cdh — ceg — bdi — afh

But this leads, via some obvious choices, to the following solution:

x k% et — fh ch—bi bf —ce
x % x| = fg—di ai—cg cd—af
X ok % dh —eg bg—ah ae—bd
Thus, by rescaling, we obtain the formula in the statement. O

In fact, we can now fully solve the inversion problem, as follows:
THEOREM 2.31. The inverse of a square matriz, having nonzero determinant,

ay ... QN
A=
aNi ... GNN
is given by the following formula,
det AD  —det ACY  det ABGY
. 1 —det A det AP —det AG?)
T dot A | det A®Y —det A det AB3)

where AW s the matriz A, with the i-th row and j-th column removed.

Proor. This follows indeed by using the row expansion formula from Theorem 2.25,
which in terms of the matrix A~! in the statement reads AA~! = 1. U
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In practice, the above result leads to the following algorithm, which is quite easy to
memorize, for computing the inverse:

(1) Delete rows and columns, and compute the corresponding determinants.
(2) Transpose, and add checkered signs.
(3) Divide by the determinant.

Observe that this generalizes our previous computations at N = 2,3. As an illustra-
tion, consider an arbitrary 2 x 2 matrix, written as follows:

)

By deleting rows and columns we obtain 1 x 1 matrices, and so the matrix formed by
the determinants det(A®)) is as follows:

I

Now by transposing, adding checkered signs and dividing by det A, we obtain:

1 d —b
Al =
ad — bc (—C a )

Similarly, at N = 3 what we obtain is the inversion formula from Theorem 2.30.

As a new application now, let us record the following result, at N = 4:
THEOREM 2.32. The determinant of the 4 x 4 matrices is given by

a1 Qz az a4

by by bz by
C1 Cy C3 (4
di dy d3 dy

= apbycsdy — arbocyds — arbscady + arbscads 4+ arbycods — abycsds

asbicsdy + asbycyds + asbscidy — asbscyd; — asbycids + asbycsdy

+ agbicady + azbicydy — azbacidy + agbacady + azbscidy — azbycad;

— aygbicads 4 agbiczds — agbocids — agbocsdy — agbscids + agbscad

and the formula of the inverse is as follows, involving 16 Sarrus determinants,

det AMD  —det A@Y  det ABYD  — det AUD
1 —det A2 det AP —det ABY  det AU?)
T det A | det AT —det AP det ABY — det AU
—det A det ACY  —det AGY  det AUY

where A% is the matriz A, with the i-th row and j-th column removed.

-1
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ProOOF. The formula for the determinant follows by developing over the first row,
then by using the Sarrus formula, for each of the 4 smaller determinants which appear:

a; Qag a3 Qg

b by by by by by by by by by
L ¢y 3 Cy = ap|C2 C3 C4 —a2|C1 C3 (4
A dy ds d, dy ds dy dy ds dy
by by by by by b3
+ ag|c1 C2 C4| —ag|C1 C2 C3
dl d2 d4 dl d2 dd
As for the formula of the inverse, this is something that we already know. O

Let us discuss now the general formula of the determinant, at arbitrary values N € N
of the matrix size, generalizing those that we have at N = 2,3,4. We will need:

DEFINITION 2.33. A permutation of {1,..., N} is a bijection, as follows:
o:{1,...,N} —={1,...,N}
The set of such permutations is denoted Sy .

There are many possible notations for the permutations, the basic one consisting in
writing the numbers 1, ..., N, and below them, their permuted versions:

(12345
9=\2 14 5 3

Another method, which is faster, is by using diagrams, acting from top to bottom:

- KON

Here are some basic properties of the permutations:

THEOREM 2.34. The permutations have the following properties:

(1) There are N! of them.
(2) They are stable by composition, and inversion.

PROOF. In order to construct a permutation o € Sy, we have:

— N choices for the value of o(V).
— (N — 1) choices for the value of o(N — 1).
— (N — 2) choices for the value of o(N — 2).

— and so on, up to 1 choice for the value of o(1).
Thus, we have N! choices, as claimed. As for the second assertion, this is clear. U
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We will need the following key result:

THEOREM 2.35. The permutations have a signature function
E: SN — {:l:l}
which can be defined in the following equivalent ways:

(1) As (—1)¢, where c¢ is the number of inversions.

(2) As (—1)t, where t is the number of transpositions.

(3) As (—1)°, where o is the number of odd cycles.

(4) As (—1)*, where x is the number of crossings.

(5) As the sign of the corresponding permuted basis of RY.

PRrooOF. This is something important, and quite subtle, to be systematically used in
what follows. As a first observation, we can see right away a relation with the determinant,
coming from (5). Thus, we already have some knowledge here, for instance coming from
Proposition 2.9, which computes the signature of the permutations o € Ss.

In practice now, we have explain what the numbers ¢, ¢, 0, z appearing in (1-4) above
exactly are, then why they are well-defined modulo 2, then why they are equal to each
other, and finally why the constructions (1-4) yield the same sign as (5).

Let us begin with the first two steps, namely precise definition of ¢, t,0,x, and fact
that these numbers are well-defined modulo 2:

(1) The idea here is that given any two numbers ¢ < j among 1, ..., N, the permutation
can either keep them in the same order, (i) < o(j), or invert them:
a(j) > o(i)
Now by making ¢ < j vary over all pairs of numbers in 1,..., N, we can count the

number of inversions, and call it ¢. This is an integer, ¢ € N, which is well-defined.

(2) Here the idea, which is something quite intuitive, is that any permutation appears
as a product of switches, also called transpositions:

147
The decomposition as a product of transpositions is not unique, but the number ¢ of

the needed transpositions is unique, when considered modulo 2. This follows for instance
from the equivalence of (2) with (1,3,4,5), explained below.

(3) Here the point is that any permutation decomposes, in a unique way, as a product
of cycles, which are by definition permutations of the following type:

11—l — 13— ...... =

Some of these cycles have even length, and some others have odd length. By counting
those having odd length, we obtain a well-defined number o € N.
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(4) Here the method is that of drawing the permutation, as we usually do, and by
avoiding triple crossings, and then counting the number of crossings. This number z
depends on the way we draw the permutations, but modulo 2, we always get the same
number. Indeed, this follows from the fact that we can continuously pass from a drawing
to each other, and that when doing so, the number of crossings can only jump by +£2.

Summarizing, we have 4 different definitions for the signature of the permutations,
which all make sense, constructed according to (1-4) above. Regarding now the fact that
we always obtain the same number, this can be established as follows:

(1)=(2) This is clear, because any transposition inverts once, modulo 2.

(1)=(3) This is clear as well, because the odd cycles invert once, modulo 2.
(1)=(4) This comes from the fact that the crossings correspond to inversions.
(2)=(3) This follows by decomposing the cycles into transpositions.

(2)=(4) This comes from the fact that the crossings correspond to transpositions.
(3)=(4) This follows by drawing a product of cycles, and counting the crossings.

Finally, in what regards the equivalence of all these constructions with (5), here sim-
plest is to use (2). Indeed, we already know that the sign of a system of vectors switches
when interchanging two vectors, and so the equivalence between (2,5) is clear. U

We can now formulate a key result, as follows:

THEOREM 2.36. We have the following formula for the determinant,
det A=Y £(0)Asoqr) - - Anow)
geSN

with the signature function being the one introduced above.
Proor. This follows by recurrence over N € N, as follows:

(1) When developing the determinant over the first column, we obtain a signed sum of
N determinants of size (N —1) x (N —1). But each of these determinants can be computed
by developing over the first column too, and so on, and we are led to the conclusion that
we have a formula as in the statement, with (o) € {—1, 1} being certain coefficients.

(2) But these latter coefficients (o) € {—1,1} can only be the signatures of the
corresponding permutations o € Sy, with this being something that can be viewed again
by recurrence, with either of the definitions (1-5) in Theorem 2.35 for the signature. O

The above result is something quite tricky, and in order to get familiar with it, there is
nothing better than doing some computations. As a first, basic example, in 2 dimensions
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we recover the usual formula of the determinant, the details being as follows:

a b

© g = eD-ad+e(0

= l-ad+(—-1)-cb
ad — bc

In 3 dimensions now, we recover the Sarrus formula:

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

Observe that the triangles in the Sarrus formula correspond to the permutations of
{1,2,3}, and their signs correspond to the signatures of these permutations:

* * *
det = * + * | + | *

Also, in 4 dimensions, we recover the formula that we already know, as follows:

THEOREM 2.37. The determinant of the 4 X 4 matrices is given by

ap Qz az a4

by by bz by
Ci Cy C3 (4
dy dy ds d,

= aibacady — arbacads — arbscady + arbzcads + arbacods — arbacsds
a2b1c3d4 + agblc4d3 + a2b301d4 — a2b304d1 — a2b401d3 + a2b4c3d1
+ agbicady + agbicady — agbacidy + asbocady + azbscids — asbycad;
— (I4b102d3 + CL4b1C3d2 — a4b201d3 — a4b263d1 — a4b301d2 + G4bgCQd1
with the generic term being of the following form, with o € Sy,
Fa0(1)bo(2)Co3)do(a)
and with the sign being (o), computable by using Theorem 2.35.
PROOF. We can indeed recover this formula as well as a particular case of Theorem
2.36. To be more precise, the permutations in the statement are listed according to the

lexicographic order, and the computation of the corresponding signatures is something
elementary, by using the various rules from Theorem 2.35. U
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As another application, we have the following key result:

THEOREM 2.38. We have the formula

valid for any square matrix A.

det A = det A?

ProoOF. This follows from the formula in Theorem 2.36. Indeed, we have:

det At = Z 8(0) (At)lg(l) e (At)NU(N)

ocESN

= Z S(U)Ag(l)l .. ‘AO'(N)N
oESN

= Z S(U)Algfl(l) R ANo'*l(N)
oESN

= Z 8(0_1)A1071(1) - ANUA(N)
oESN

= Z 8(0‘)/110(1) . ANJ(N)
oESN

= detA

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

Good news, this is the end of the general theory that we wanted to develop. We have
now in our bag all the needed techniques for computing the determinant.

Here is however a nice and important example of a determinant, whose computation
uses some interesting new techniques, going beyond what has been said above:

THEOREM 2.39. We have the Vandermonde determinant formula

valid for any x4, ..

1 1
T T2
af a3
i -1 Ty -1
Ly €R.

| R 1
r3 ... TN
2
$3 ...... xN
S H(mz ;)
. i>]
-1 N-1
Ty o TN

PROOF. Let us first do some checks. At N = 2 the formula holds indeed:

11
a b

‘:b—a
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At N = 3 now, the Vandermonde formula holds too, as shown by:

1 1 1
a b c| = b+ab®+ad*c—a’b—bc—ac?
az b2 A2

= (bc® — ac®) + (ab® — a®b) + (a’c — b%c)
= (b—a)(c® +ab—ac— bc)
(b—a)(c—a)(c—0)

In general, by expanding over the columns, we can see that the determinant in ques-
tion, say D), is a polynomial in the variables xy,...,xy, having degree N — 1 in each
variable. Now observe that when setting z; = z;, for some indices ¢ # 7, our matrix will
have two identical columns, and so its determinant D will vanish:

Ty =T; — D=0

But this gives us the key to the computation of D. Indeed, D must be divisible by
x; — x; for any i # j, and so we must have a formula of the following type:

D=c I_I(xZ )
i>j
Moreover, since the product on the right is, exactly as D itself, a polynomial in the
variables x1, ..., xy, having degree N — 1 in each variable, we conclude that the quantity
¢ must be a constant, not depending on any of the variables x1,...,zy:

ceR

In order to finish the computation, it remains to find the value of this constant c. But
this can be done for instance by recurrence, and we obtain ¢ = 1, as desired. Il

Summarizing, we are now experts in the computation of the determinant, and moving
on, we should investigate the next problem, namely the diagonalization one.

But here, as a key input, we know from Theorem 2.19 that the eigenvalues of a matrix
A € My(R) appear as roots of the characteristic polynomial:

P(z) = det(A — zly)

Thus, with the determinant theory developed above, we can in principle compute these
eigenvalues, and solve the diagonalization problem afterwards.

The problem, however, is that certain real matrices can have characteristic polynomials
of type P(x) = x? + 1, and this suggests that these matrices might be not diagonalizable
over R, but be diagonalizable over C instead. And so, before getting into diagonalization
problems, we must upgrade our theory, and talk about complex matrices. We will do this
in the next chapter, and afterwards, we will go back to the diagonalization problem.
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2e. Exercises

There has been a lot of exciting theory in this chapter, with some details sometimes
missing, and our exercises will be mainly about this. First, we have:

EXERCISE 2.40. Fill in all the geometric details in the basic theory of the determinant,
by using the same type of arqguments as those in the proof of

det (Z Z) — ad — be

which was fully proved in the above, namely geometric manipulations, and Thales.

To be more precise here, passed some issues with the sign and orientation, which are
all elementary, the above 2 x 2 determinant formula was subject of Theorem 2.6, coming
with a full and honest proof. The problem is that of using the same arguments, namely
basic geometry, as to have a full proof of Theorem 2.16 and Theorem 2.21 as well.

EXERCISE 2.41. Prove with full details, based on the above, that the determinant of
the systems of vectors
det : RV x ... x RY - R

15 multilinear, alternate and unital, and unique with these properties. Then try to prove
as well this directly, without any reference to geometry.

To be more precise, in what regards the first question, this is something that we
already discussed in the above, with only a few details missing, and the problem is that
of recovering these details. As for the second question, this is something more tricky, and
there are several possible approaches here, all being interesting and enjoyable.

EXERCISE 2.42. Work out, with full details, the theory of the signature map
e: Sy — {£1}
as outlined in Theorem 2.35 and its proof.
As before, these are things that we already discussed, with a few details missing.
EXERCISE 2.43. Prove that for a matric H € My(£1), we have
|det H| < NN/2
and then find the mazimizers of | det H|, at small values of N.

Here the first question is theoretical, and its proof should not be difficult. As for the
second question, which is quite tricky, the higher the N € N you get to, the better.



CHAPTER 3

Complex matrices

3a. Complex numbers

We have seen that the study of the real matrices A € My (R) suggests the use of the
complex numbers. Indeed, even simple matrices like the 2 x 2 ones can, at least in a
formal sense, have complex eigenvalues. In what follows we discuss the complex matrices
A € My(C). We will see that the theory here is much more complete than in the real
case. As an application, we will solve in this way problems left open in the real case.

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

DEFINITION 3.1. The complex numbers are variables of the form
r=a+1b
which add in the obvious way, and multiply according to the rule i> = —1.

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

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

= ac+tad + 1bc — bd
= (ac—bd)+ i(ad + bec)
Thus, the complex numbers as introduced above are well-defined. The multiplica-

tion formula is of course quite tricky, and hard to memorize, but we will see later some
alternative ways, which are more conceptual, for performing the multiplication.

57
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The advantage of using the complex numbers comes from the fact that the equation
22 = 1 has now a solution, x = i. In fact, this equation has two solutions, namely:

T =41
This is of course very good news. More generally, we have the following result:

THEOREM 3.2. The complex solutions of ax? 4+ bx + ¢ = 0 with a,b,c € R are
—b+ Vb? — 4ac

2a
with the square oot of negative real numbers being defined as /—m = +iy/m.

Ti2 =

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

b
ar’+br+c=0 <— x2+—x+E:O
a a

( b>2 » e
— r+—) ———+-=0

2a 4a?2  a
n b\? b — dac
<:> €T —_— =
2a 4a?
b b? — 4dac
= — =4
T 2a 2a
Thus, we are led to the conclusion in the statement. Il

We will be back later to this, with generalizations. Getting back now to Definition 3.1
as it is, we can represent the complex numbers in the plane, as follows:

PROPOSITION 3.3. The complex numbers, written as usual
r=a-+1ib

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

()

With this convention, the sum of complex numbers is the usual sum of vectors.
PRroOOF. Consider indeed two arbitrary complex numbers:
r=a+1ib , y=c+id
Their sum is then by definition the following complex number:

r4+y=(a+c)+i(b+d)



3A. COMPLEX NUMBERS 59

Now let us represent x,y in the plane, as in the statement:

=) ()

In this picture, their sum is given by the following formula:
a+c
Y= (b + d)
But this is indeed the vector corresponding to x + y, so we are done. U

Observe that in the above picture, the real numbers correspond to the numbers on
the Ox axis. As for the purely imaginary numbers, these lie on the Oy axis, with:

-0

All this is very nice, but in order to understand now the multiplication, we must do
something more complicated, namely using polar coordinates. Let us start with:

DEFINITION 3.4. The complex numbers x = a+1b can be written in polar coordinates,
x =r(cost + isint)
with the connecting formulae being
a=rcost , b=rsint
and in the other sense being
r=va2+0 | tant=b/a
and with r,t being called modulus, and argument.

There is a clear relation here with the vector notation from Proposition 3.3, because
r is the length of the vector, and ¢ is the angle made by the vector with the Oz axis. As
a basic example here, the number ¢ takes the following form:

= (5) vion )
7= COS | — 7811 | —
2 2

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

THEOREM 3.5. Two complex numbers written in polar coordinates,
r=r(coss+isins) , y=p(cost+isint)
multiply according to the following formula:
xy = rp(cos(s +t) +isin(s + 1))

In other words, the modult multiply, and the arguments sum up.
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PRroOOF. This can be proved by doing some trigonometry, as follows:

(1) Recall first the definition of sin, cos, as being the sides of a right triangle having
angle t. Our first claim is that we have the Pythagoras’ theorem, namely:

sin?t + cos’t =1
But this comes from the following well-known, remarkable picture, with the edges of
the outer and inner square being respectively sint + cost and 1:

O—O  ——O0O
O

O\ / sint
O——O0—O0

cost

Indeed, when computing the area of the outer square, in two ways, we obtain:

sintcost
(sint + cost)® = 1+4 x mT

Now when expanding we obtain sint + cos?t = 1, as claimed.

(2) Next in line, our claim is that we have the following formulae:

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

cos(s +t) = cosscost — sin ssint

To be more precise, let us first establish this formula. In order to do so, consider the
following picture, consisting of a length 1 line segment, with angles s,¢ drawn on each
side, and with everything being completed, and lengths computed, as indicated:

o

1/coss
sin s/ cos s

O—8M8M8M O
1

sint/ cost

1/ cost

O

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

1 sin s sint
-1

. -1+
coss cost

-sin(s +t) =

CcOS S cost
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But this gives the formula for sin(s+¢) claimed above. Now by using this formula for
sin(s 4+ t) we can deduce as well the formula for cos(s + t), as follows:

(T
cos(s+t) = 51n<§—s—t)

T
— an|(T_ _t }
sin [(2 s) + (=)
= sin (g — s) cos(—t) + cos (g — s) sin(—t)
= cosscost —sinssint

(3) Now back to complex numbers, we want to prove that x = r(coss + isins) and
y = p(cost + isint) multiply according to the following formula:

zy = rp(cos(s +t) +isin(s + 1))

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

ry = (coss+isins)(cost+ isint)
= (cosscost —sinssint) + i(cos ssint + sin s cost)
= cos(s+t)+isin(s+1t)
Thus, we are led to the conclusion in the statement. Il

The above result, which was based on some non-trivial trigonometry, is quite powerful.
As a basic application of it, we can now compute powers, as follows:

THEOREM 3.6. The powers of a complex number, written in polar form,
x =r(cost + isint)
are given by the following formula, valid for any exponent k € N:
2% = r¥(cos kt 4 i sin kt)
Moreover, this formula holds in fact for any k € Z, and even for any k € Q.

PrRoOOF. Given a complex number z, written in polar form as above, and an exponent
k € N, we have indeed the following computation, with k£ terms everywhere:
=z .z
= r(cost+isint)...r(cost + isint)
= r...r(cos(t+...+t) +isin(t+...+1))
= r*(coskt + isin kt)
Thus, we are done with the case k£ € N. Regarding now the generalization to the case
k € 7Z, it is enough here to do the verification for £ = —1, where the formula is:

27t = r7!(cos(—t) + isin(—t))
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1

But this number 7" is indeed the inverse of =, because:

xr~l = r(cost +isint) - T_l(cos(—t) + isin(—t))

= cos(t —t)+isin(t — 1)
= cos0+1¢sin0
1

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

t t
/= 1/ [cos <—) + 4 sin (—)}
n n

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

(/M = (e [cos (n~%)+isin (n%)}

r(cost +isint)
=z
Thus, we have indeed a n-th root of x, and our proof is now complete. U
We should mention that there is a bit of ambiguity in the above, in the case of the

exponents k € Q, due to the fact that the square roots, and the higher roots as well, can
take multiple values, in the complex number setting. We will be back to this.

3b. Euler formula

We would like to discuss now the final and most convenient writing of the complex
numbers, which is a well-known variation on the polar writing, as follows:

r =Te

In what follows we will not really need the true power of this formula, which is of
analytic nature, due to occurrence of the number e. However, we would like to use the
notation z = re®, as everyone does, among others because it simplifies the writing. The
point indeed with the above formula comes from the following deep result:

THEOREM 3.7. We have the following formula, valid for any t € R,

e = cost +isint

where e = 2.7182 . .. is the usual constant from analysis.
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Proor. This is something quite tricky, the idea being as follows:

(1) As a first question, what is e? In answer, there are two equivalent definitions of
it, one as a limit, and the other one as the sum of a series, as follows:

_ 1\" 1
o= tim (1+1) ¥

Next, what is the exponential function? Again, we have two equivalent definitions
here, which can be deduced from the above two formulae, as follows:

0 k
. T\ o=t
¢ _7}520<1+H> _;k!

(2) Next, can we really apply this exponential function to complex numbers? And the
answer here is yes, due to the following estimate, based on the series approach:

®© & ®© |k 0 k
|€x‘:§ —SE —ZE =l < o

| | |

k=0 k! k=0 k k=0 k!

Now with this done, what can we say about e*? And as a basic fact here, we have:

oY — i (z ‘;{‘:!y)k
k=0
B o Z (k) . Isyk_s
=0 s=0 \° k!
B iz’f: poyk=s
pr sl(k —s)!
= e

(3) Our next claim is that e” is continuous. Indeed, at = 0 this comes from:

tl_ootk<ootk_oo|t|k_|t\1
=1 =D s <X =2 =
k=1 = k=1

As for the continuity of x — e® in general, this can be deduced as follows:

lime®™ = lime%e’ = e®limel = €% - 1 = €*
t—0 t—0 t—0

4) Getting now towards what we want to do, our first claim is that for t € R we have
T, unit circle. In order to prove this, observe that we have, for any x € C:

|
e e

> k

T :e_

e =

=
[
NE

x
k!

e
I
o
el
I

0
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Also, we have as well the following computation, again for any = € C:
eTe T = T = 60 =1 — (ex)—l —e®

But with these two formulae in hand, we can prove our claim. Indeed, the above two
formulae, applied with = it, with ¢ € R, give the following equalities:

e—it _ E 7 (eit)—l _ e—it

1

Thus the number z = e has the property 27! = z, and so z € T, as claimed.

(5) Time now for the proof of € = cost + isint. We know that the operation ¢t — ¢
is continuous, and maps sums in R to products in T. But in view of this, skipping some
details, that we will leave as an exercise, we can conclude that this operation must appear
by “wrapping”. That is, we must have a formula as follows, for a certain o € R:

e = cos(at) + isin(at)

In order now to find the parameter o € R, let us look at what happens around ¢ = 0.
And here, we have the following elementary estimate, obtained by truncating exp:

et ~ 14 it
On the other hand, according to some basic trigonometry for sin, cos, done in the old
way, on the unit circle, we have as well the following estimate, again around ¢ = 0:
cos(at) +isin(at) ~ 1 +iat
Thus, we must have o = 1, which gives the Euler formula, as desired.

(6) As an alternative proof for the Euler formula, which is certainly quicker, but
unfortunately hides what is going on, geometrically, we can kill the problem with calculus.
Indeed, we have the following formulae, with the first one being clear, and the other two
being obtained from the usual formulae of sin(x + ¢) and cos(x + t), with ¢ ~ 0:

(") =€ , (sinz) =cosx , (cosz) = —sinx

In order to prove the Euler formula, consider the following function f: R — C:

ft) =
By using standard calculus rules, the derivative of this function is given by:
f'(t) = (e "(cost+isint))
= —ie "(cost +isint) +e " (—sint +icost)
= e "(—icost+sint) + e " (—sint +icost)
0

cost +isint
cit

Thus f is constant, equalling f(0) = 1, and we have proved the Euler formula.
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(7) Finally, no discussion about the Euler formula would be complete without per-
forming the following computation, based on the definition of the exponential:

a e (i)
=2 el

k=0
it)k 1)k
_ Z( ) i (it)
k! k!
k=2l k=2l+1
o0 t2 2f2l+1
_ l
- ZX; ZZ 21+1

Indeed, we obtain in this way, via Euler, the following formulae for cos and sin:

e . t2l . > l t2l+1
cost = Z(—]_) (2[)' s sint = Z(—l) m
=0 =0

Which is nice, these being the Taylor series of cos and sin, coming from the formulae
sin” = cos and cos’ = —sin, discussed in (6). However, and here comes the point, the
fact that we have equalities = as above, instead of just ~, and with these equalities being
valid at any t € R, is something well beyond the theory of real Taylor series, coming from
the Euler formula, proved as in (5), or as in (6). And, good to know, all this. O

As a first interesting consequence of the Euler formula, we have:
THEOREM 3.8. We have the following formula,
em=—1
and we have E = mc® as well.
PRrROOF. We have two assertions here, the idea being as follows:

(1) The first formula, e™ = —1, which is actually the main formula in mathematics,
comes from Theorem 3.7, by setting ¢ = 7. Indeed, we obtain:

s

e = cosm+isinm
= —14+1%-0
= -1

(2) As for E = mc?, which is the main formula in physics, this is something deep
as well. Although we will not really need it here, we recommend learning it too, for
symmetry reasons between math and physics, say from Feynman [37], [38], [39]. O

Now back to our z = re® objectives, with the above theory in hand we can indeed use
from now on this notation, the complete statement being as follows:
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THEOREM 3.9. The complex numbers x = a + ib can be written in polar coordinates,
r =ret
with the connecting formulae being
a=rcost , b=rsint
and in the other sense being
r=va2+0* | tant=0b/a

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

PROOF. This is just a reformulation of Definition 3.4, by using the formula e =
cost +isint from Theorem 3.7, and multiplying everything by r. U

We can now go back to the basics, and we have the following result:

THEOREM 3.10. In polar coordinates, the complex numbers multiply as
Teis . peit =rp ei(s-‘rt)
with the arguments s,t being taken modulo 2.

PRrOOF. This is something that know from Theorem 3.5, reformulated by using the
notations from Theorem 3.9. Observe that this follows as well from e*™¥ = eeV. U

We can now investigate more complicated operations, as follows:

THEOREM 3.11. We have the following operations on the complex numbers:
(1) Inversion: (re®*)=t = r=te=it,
(2) Square roots: Vreit = £./reit/?,

(3) Powers: (re')* = ree'e,

ProoF. This is something that we already know, from Theorem 3.6, but we can now
discuss all this, from a more conceptual viewpoint, the idea being as follows:

(1) We have indeed the following computation, using Theorem 3.10:
(Teit)(T_le_it) _ 7“7"_1 . ei(t—t) -1
(2) Once again by using Theorem 3.10, we have:
(:l:\/;eit/2)2 — (\/;>2ei(t/2+t/2) — 7ﬁeit
(3) Given an arbitrary number a € R, we can define, as stated:
(T,eit)a — Taeita
And, due to Theorem 3.10, this operation x — x? is indeed the correct one. Il

We can now go back to the degree 2 equations, and we have:
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THEOREM 3.12. The complex solutions of ax? 4+ bx + ¢ = 0 with a,b,c € C are

b= Vb? — 4dac
B 2a

with the square root of complex numbers being defined as above.

T1,.2

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

n b\> b — 4dac
T+ —| = ———
2a 4a?

Now since we know from Theorem 3.11 (2) that any complex number has a square
root, we are led to the conclusion in the statement. Il

More generally now, we have the following key result, in arbitrary degree:
THEOREM 3.13. Any polynomial P € C[X]| decomposes as
P=cX —ay)...(X —ay)
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+1t) ~ P(2) + ct

Now let us write ¢t = rw, with 7 > 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(z +rw)| ~ |P(2)+ erfuwk|
k
|P(2)|(1 = |e|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 4+ rw)| < |P(2)]
But this contradicts our definition of z € C, as a point where |P| attains its minimum.
Thus P has a root, and by recurrence it has /N roots, as stated. U
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All this is very nice, and we will see applications in a moment. As a last topic now
regarding the complex numbers, we have the roots of unity:

THEOREM 3.14. The equation ¥ =1 has N complex solutions, namely
{wk’k:(),l,...,]\f—l} . w = e/
which are called roots of unity of order N.

PROOF. This follows from Theorem 3.10. Indeed, with z = re® our equation reads:

rNeth -1

Thus 7 = 1, and t € [0, 27) must be a multiple of 27 /N, as stated. d

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

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

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

N = 3. Here we have 1, then w = €*™/3, and then w? = w = *™/3.

N = 4. Here the roots of unity, read as usual counterclockwise, are 1,7, —1, —i.
N = 5. Here, with w = €2™/%, the roots of unity are 1, w,w?, w?, w.
N = 6. Here a useful alternative writing is {1, +w, +w?}, with w = e2™/3,

The roots of unity are very useful variables, and have many interesting properties. As
a first application, we can now solve the ambiguity questions related to the extraction of
N-th roots, from Theorem 3.6 and Theorem 3.11, the statement being as follows:

THEOREM 3.15. Any nonzero x = re has exactly N roots of order N, namely

y = /N it/N

multiplied by the N roots of unity of order N.
PRrOOF. We must solve the equation z" = z, over the complex numbers. Since the
number y in the statement clearly satisfies y¥ = z, our equation reformulates as:

N
z
N=g = N=¢y") = <—> =1
Y
Thus, we are led to the conclusion in the statement. U

The roots of unity appear in connection with many other questions, and there are
many useful formulae relating them, which are good to know, as for instance:
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THEOREM 3.16. The roots of unity, {w*} with w = e*™/N | have the property

N—-1

> (wh)* = Né,

k=0
for any exponent s € N, where on the right we have a Kronecker symbol.

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

N-1
1 ks
— w"® = (O

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

C's = 5N|s

Thus, we obtain the formula in the statement. O

3c. Complex matrices

Back now to linear algebra, our first task will be that of extending the results that we
know, from the real case, to the complex case. We first have:

THEOREM 3.17. The linear maps f : CN — CM are the maps of the form
f(x) = Av
with A being a rectangular matriz, A € My« n(C).

PROOF. This follows as in the real case. Indeed, f : CN¥ — CM must send a vector
x € CN to a certain vector f(x) € CM| all whose components are linear combinations of
the components of x. Thus, we can write, for certain complex numbers a;; € C:

T anry+ ... +aNTN

N apiry+ ... +aynxTyn
But the parameters a;; € C can be regarded as being the entries of a matrix:
A = (aij) € Marxn(C)

Now with the usual convention for the rectangular matrix multiplication, exactly as
in the real case, the above formula is precisely the one in the statement. U
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We have as well the following result, again inspired from the real case:

THEOREM 3.18. A linear map f : CN — CM, written as
f(v) = Av
is invertible precisely when A is invertible, and in this case we have f~1(v) = A~ .

PROOF. As in the real case, with the convention f4(v) = Av, we have the following
multiplication formula for such linear maps:

fafe(v) = fag(v)
But this shows that f4fg = 1 is equivalent to AB = 1, as desired. O

With respect to the real case, some subtleties appear at the level of the scalar products,
isometries and projections. The basic theory here is as follows:
THEOREM 3.19. Consider the usual scalar product < z,y >=>_. x;y; on CV.
(1) We have the following formula, with (A*);; = Aj; being the adjoint matriz:
< Azxyy >=<ux, A%y >
(2) A linear map f : CN — CV, written as f(x) = Uz with U € My(C), is an
1sometry precisely when U is unitary, in the sense that:
ur=u-!
(3) A linear map f : CN — CV, written as f(x) = Px with P € My(C), is a
porojection precisely when P is projection, in the sense that:
P?P=P*=P

o (423

(4) Also, the formula for the rank 1 projections is P, =

PRroOF. This follows as in the real case, with modifications where needed:
(1) By using the standard basis of CV, we want to prove that for any 7, we have:
< Aej,e; >=<e;, Ae; >
The scalar product being now antisymmetric, this is the same as proving that:
< Aej,e; >= <Ti,ej>
On the other hand, for any matrix M we have the following formula:
M;; =< Mej, e; >
Thus, the formula to be proved simply reads A;; = (A—*)ji, as desired.

(2) Let first recall that we can pass from scalar products to distances, as follows:

l|z]| = V< =z, >
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Conversely, we can compute the scalar products in terms of distances, by using the
complex polarization identity, which is as follows:

2+ Il — llo — g2 + il + il 2 — illa — iy
= el + [lyll* = Nl* = [yl + ill2]]* + illy[]* — il |2]]* = illy]]*
+2Re(< z,y >) + 2Re(< z,y >) + 2iIm(< x,y >) + 2ilm(< x,y >)
= 4d<z,y>
Now given a matrix U € My(C), we have the following equivalences, with the first
one coming from the above identities, and with the other ones being clear:
Uz|| = ||z|| <= < Uz, Uy>=<ux,y>
— <z, UUy>=<uz,y>
— U'Uy=y
— U'U=1
— U=U"
(3) As in the real case, P is an abstract projection, not necessarily orthogonal, when
P? = P. The point now is that this projection is orthogonal when:
<Pr—PyPr—z>=0 < <z—y, P"Pr—Puz>=0
< P'Pr—P2x=0
<~ P'P—-P'=0
Thus we must have P* = P*P. Now observe that by conjugating, we obtain:
P=(P*P)"=P*(P") =P'P
Now by comparing with the original relation, P* = P*P, we conclude that P = P*.
Thus, we have shown that any orthogonal projection must satisfy, as claimed:
PP=P*=P
Conversely, if this condition is satisfied, P> = P shows that P is a projection, and
P = P* shows via the above computation that P is indeed orthogonal.

(4) Once again in analogy with the real case, we have the following formula:

<Y, T > 1
Py = T = <y, r >
Ve s el Y
With this in hand, we can now compute the entries of P,, as follows:
1 T;T;
P, =< Piei,e; >= —— < e;,x >< T,e; >= —L"
(Fehiy =< Baty € 2= < € SFE
Thus, we are led to the formula in the statement. [l

We can talk as well about eigenvalues and eigenvectors, as in the real case:
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DEFINITION 3.20. Let A € My(C) be a square matriz. When Av = A we say that:

(1) v is an eigenvector of A.
(2) X is an eigenvalue of A.

We say that A is diagonalizable when CN has a basis of eigenvectors of A.
When A is diagonalizable, in that basis of eigenvectors we can write:
A1
A=
AN
In general, this means that we have a formula as follows, with D diagonal:
A=PDP!
Indeed, we can take P to be the matrix formed by the eigenvectors:
P =v;...vyN]
As a first interesting result now, regarding the real matrices, we have:
THEOREM 3.21. The eigenvalues of a real matrizc A € My(R) are the roots of
P(z) = det(A — zly)
and in particular, any such matric A € My(R) has at least 1 complez eigenvalue.
PROOF. The first assertion is something that we already know, coming from:
v, Av=X v <= Fu,(A-AN)v=0
<— det(A—Aly)=0

As for the second assertion, this follows from the first assertion, and from Theorem
3.13, which shows in particular that P has at least 1 complex root.

It is possible to further build on these results, but this is quite long, and we will rather
do this in the next chapter. For the moment, let us just keep in mind the conclusion that
a real matrix A € My(R) has substantially more chances of being diagonalizable over the
complex numbers, than over the real numbers. As an illustration for this principle, and
as a first concrete result, which is of true complex nature, we have:

THEOREM 3.22. The rotation of angle t € R in the real plane, namely
cost —sint
= (sint cost )

can be diagonalized over the complex numbers, as follows:

L/1 1\ [e® 0\ /1 —i
Rt:ﬁ(z —i)(O e”)(l z)

Over the real numbers this is impossible, unless t = 0, .
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PROOF. The last assertion is something clear, that we already know, coming from the
fact that at ¢ # 0, 7 our rotation is a “true” rotation, having no eigenvectors in the plane.
Regarding the first assertion, the point is that we have the following computation:

R I\  [cost —sint 1
t\; ~ \sint cost i
B cost —isint
N 1cost + sint
(1
()
1
We have as well a second eigenvector, as follows:
1 cost —sint 1
Ry <—2) o (sint cost ) <—@>
B cost +isint
N —icost +sint
(1
()
—3

Thus our matrix R; is diagonalizable over C, with the diagonal form being:

e 0
Rt ~ ( 0 6it>

As for the passage matrix, obtained by putting together the eigenvectors, this is:

In order to invert now P, we can use the standard inversion formula for the 2 x 2
complex matrices, which is similar to the one in the real case, and gives:

1 — —1 1 /1 —
-1 _ _ =
e (G0

Our diagonalization formula is therefore as follows:

L1 1Y) [e® 0) (1 —i
Rt_i(@' —i)(o eit)<1 z)

Thus, we are led to the conclusion in the statement. U
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3d. The determinant

Regarding now the determinant, for the complex matrices it is more convenient to use
an abstract approach, and this due to our lack of geometric intuition with the space C¥,
at N > 2, and with the “complex volumes” of the bodies there. So, let us formulate:

DEFINITION 3.23. The determinant of a complex matriz A € My(C) is given by
det A = Z 6(0')1410(1) C ANU’(N)

geSN

with € = £1 being the signature of the permutations.

Generally speaking, the theory of the determinant from the real case extends well. To
be more precise, we first have the following result, summarizing the basics:

THEOREM 3.24. The determinant has the following properties:
(1) When adding two columns, the determinants get added:
det(...,u+wv,...)=det(...,u,...)+det(...,v,...)

(2) When multiplying columns by scalars, the determinant gets multiplied:
det(Avy, ..., Ayun) = A1 .. A det(vy, ... op)

(3) When permuting two columns, the determinant changes the sign:
det(...,v,...,w,...)=—det(...,w,...,v,...)

(4) Also, the determinant of the identity matriz is 1.

Proor. This follows indeed by doing some elementary algebraic computations with
permutations, which are similar to those that we did before in the real case, but done
now backwards, based on the formula of the determinant from Definition 3.23. O

We have as well a similar result for the rows, which is equally useful, as follows:

THEOREM 3.25. The determinant has the following properties:
(1) When adding two rows, the determinants get added:

det lutv ]| =det|u| +det|v

(2) When multiplying rows by scalars, the determinant gets multiplied:
AU U1
det : = A ... \ydet
ANUN UN

(3) When permuting two rows, the determinant changes the sign.
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Proor. This follows once again by doing some algebraic computations with permu-
tations, based on the formula of the determinant from Definition 3.23.

O
Next in line, we have the following result, which is very useful in practice:

THEOREM 3.26. The determinant is subject to the row expansion formula
a1 ... QIN

ao92 ... Q49N
= an
any ... QNN anz ... QNN
21 Q23 AN
— Q12
ani1 QN3 aNnN
21 ... QG2 N—-1

)

+ (=D ay

ani ... GN,N-1
and this method fully computes it, by recurrence.

Proor. This follows indeed by doing some elementary algebraic computations

We can expand as well over the columns, as follows:

THEOREM 3.27. The determinant is subject to the column expansion formula

ay; ... Q1N agy ... QAN
an

ant ... QNN anNg ... QNN

a2 ... QA1N

asa ... dA3N
— a2

a2 ... AGNN

a2 ain

+ (—1)N+1(IN1

aN-12 ... AN-1,N
and this method fully computes it, by recurrence.
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PROOF. Once again, this follows by doing some algebraic computations. O
Still in analogy with the real case, we have the following result:
THEOREM 3.28. The determinant of the systems of vectors
det :CVN x...xCV = C
15 multilinear, alternate and unital, and unique with these properties.

ProOF. This is something that we know in the real case, and the proof in the complex
case is similar, with the conditions in the statement corresponding to those in Theorem
3.24. Tt is possible to prove this result as well directly, by doing some abstract algebra. [J

Finally, once again at the general level, let us record the following result:
THEOREM 3.29. We have the following formulae,
det A=detA , detA'=detA , detA*=detA
valid for any square matric A € My(C).

PRrROOF. The first formula is clear from Definition 3.23, because when conjugating the
entries of A, the determinant will get conjugated:

det A = Z e(0) A1) - - - Ano()

geSN

The second formula follows as in the real case, as follows:

det A" = > e(0)(A)1001) - - (A)No(w)

oESN

= Z E(O’)Ag(l)l e AO’(N)N

cESN

= Z 5(0)141071(1) R ANgfl(N)

ocESN

= Z 5(0’71)1410—1(1) R ANU—I(N)

ocESN

= Z 5(0')1410(1) R ANO’(N)

ocESN

= det A
As for the third formula, this follows from the first two formulae, by using:
det A* = det A*

Thus, we are led to the conclusions in the statement. U
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Summarizing, the theory from the real case extends well, and we have complex ana-
logues of all results. As in the real case, as a main application of all this, we have:

THEOREM 3.30. The inverse of a square matriz, having nonzero determinant,

a; ... Q1N
A=
ant ... AQNN

is given by the following formula,

det A0V —det ARV det ABGD
_1 1 —det A12)  det A(22) —det AG2)
" det A | det A3 det A det AB3)

where A% s the matriz A, with the i-th row and j-th column removed.

Proor. This follows indeed by using the row expansion formula from Theorem 3.26,
which in terms of the matrix A~! in the statement reads AA=! = 1. U

As a final topic now, regarding the complex matrices, let us discuss some interesting
examples of such matrices, which definitely do not exist in the real setting, and which are
very useful, even in connection with real matrix questions. Let us start with:

DEFINITION 3.31. The Fourier matrix is as follows,
Fy = (w");

2mi/N - and with the convention that the indices are

i,je{0,1,...,N—1}

with w = e

and are taken modulo N.

Here the conventions regarding the indices are standard, and are there for various
reasons, as for instance for having the first row and column consisting of 1 entries. Indeed,
in standard matrix form, and with the above conventions for the indices, we have:

1 1 1 . 1

1 w w? oowNl
Fy = 1 w? wt CowVED

1 wj\}_l w2(1‘v—1) w(N—1)2

Thus, what we have here is a Vandermonde matrix, in the sense of chapter 2, of very
special type. Let us record as well the first few values of these matrices:
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PROPOSITION 3.32. The second Fourier matriz is as follows,

11
A1)

the third Fourier matriz is as follows, with w = e*™/3,
1 1 1
FF=[1 w w?
1 w? w
and the fourth Fourier matriz is as follows, with i = —1 as usual,
1 1 1 1
1 7« =1 —
FBe=11 21 1 4
1 —i =1 i

with the above convention for the indices, i,j € {0,1,..., N — 1}.

PROOF. All these formulae are clear from definitions, with our usual convention for
the indices of the Fourier matrices, from Definition 3.31. U

Our claim now is that the Fourier matrix can be used in order to solve a variety of
linear algebra questions, a bit in a same way as the Fourier transform can be used in order
to solve analysis questions. Before discussing all this, however, let us analyze the Fourier
matrix Fly, from a linear algebra perspective. We have the following result:

THEOREM 3.33. The Fourier matrixz Fx has the following properties:
(1) 1t is symmetric, Fi = Fy.
(2) The matriz Fx/v/'N is unitary.
(3) Its inverse is the matriz F3;/N.

Proor. This is a collection of elementary results, the idea being as follows:
(1) This is indeed clear from definitions.

(2) The row vectors Ry, ..., Ry_1 of the rescaled matrix FN/\/N have all length 1,
and by using the barycenter formula in Theorem 3.16, we have, for any i # j:

1 ik k1 ik
<RZ,R]>_N;U) w™? N?(U} J) =0

Thus, Ry, ..., Ry_1 are pairwise orthogonal, and so Fy /v N is unitary, as claimed.

(3) This follows from (1) and (2), because for a symmetric matrix, the adjoint is the
conjugate, and in the unitary case, this is the inverse. U
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Now back to our motivations, we were saying before that the Fourier matrix is to
linear algebra what the Fourier transform is to analysis, namely advanced technology. In
order to discuss now an illustrating application of the theory developed above, let us go
back to our favorite example of a N x N matrix, namely the flat matrix:

1 ... 1
HN = : :
1 ... 1
This is a real matrix, and we know that we have Iy = NPy, with Py being the

projection on the all-1 vector ¢ = (1); € RY. Thus, Iy diagonalizes over R:
N

In ~

0

The problem, however, is that when looking for 0-eigenvectors, in order to have an
explicit diagonalization formula, we must solve the following equation:

And this is not an easy task, if our objective is that of finding a nice, explicit basis
for the space of solutions. To be more precise, if we want linearly independent vectors
v1,...,uvny—1 € RY, each with components summing up to 0, and which are given by
simple formulae, of type (v;); = explicit function of i, j, we are in trouble.

Fortunately, the complex numbers come to the rescue, and we have:

THEOREM 3.34. The flat matrixz of size N, namely

1 ...1
Iy = : :
1 ... 1
has the following explicit diagonalization, over the complexr numbers,
1 *
Iy = NFNQFN

with Fy = (w'); being the Fourier matriz, and with Q = diag(N,0,...,0).

PROOF. Indeed, the 0-eigenvector problem discussed above can be solved explicitly
over the complex numbers, by using the formula in Theorem 3.16, with the solution
(v;); = wY, with w = >N Thus, we are led to the conclusion in the statement. O

There are many other uses of the Fourier matrix Fl, along the same lines. We will
be back to all this in chapter 7 below, with a complete discussion of the Fourier matrices,
and of their natural generalizations, called complex Hadamard matrices.



80 3. COMPLEX MATRICES

3e. Exercises
As a first exercise, in relation with the complex numbers, we have:

EXERCISE 3.35. Try to use a complex number type idea in order to multiply the vectors
of R3, and then R*, and report on what you found.

This is something quite tricky, and a piece of hint, do not worry if you find nothing
interesting at N = 3. However, the N = 4 case is definitely worth some study.

EXERCISE 3.36. Can you use compler numbers in order to explicitly find the roots of
arbitrary degree 3 polynomials, a bit in the same way as in degree 27

This is actually something quite tricky, and if stuck, look up on the internet, or in a
good calculus book of your choice, “Cardano formula”, which is the keyword for this.

EXERCISE 3.37. Write down a complete proof for the Euler formula
e = cost +isint
using any method of your choice.

This is something that we discussed in the above, but with our proofs however still
missing a few details, regarding the basic properties of the function e*. Thus, you can
either try to recover these details, or go with some other idea, of your choice.

EXERCISE 3.38. Find a geometric interpretation of the formula
cost —sint) _ 1 /1 1Y (e 0) (1 —i
sint cost ) 2\i —i 0 et \1 i
which diagonalizes the rotation of angle t € R in the real plane.

This is something quite tricky, and of course, enjoy.

EXERCISE 3.39. Develop a complete theory of diagonalization for the 2 X 2 matrices,
notably by deciding when exactly such a matrix is diagonalizable.

This is quite non-trivial, but all the needed ingredients are in the above.

EXERCISE 3.40. Work out all the details of the diagonalization formula
1 *
Iy = NFNQFN

with Q = diag(N,0,...,0), and then try formulating a generalization of this.

Here the first question is standard, amounting in completing the proof that was given
in the above. As for the second question, this is something more tricky.



CHAPTER 4

Diagonalization

4a. Diagonalization

In this chapter we discuss the diagonalization question, with a number of advanced
results, for the complex matrices A € My (C). Our techniques will apply of course to the
real case too, A € My(R), and we will obtain in this way a number of non-trivial results
regarding the diagonalization of such matrices, over the complex numbers.

Let us begin with a reminder of the basic diagonalization theory, that we already
know. The basic theory that we have so far can be summarized as follows:

THEOREM 4.1. Assuming that a matric A € My(C) is diagonalizable, in the sense
that CN has a basis formed by eigenvectors of A, we have

A=prDppP!
where P = [vy...vN]| is the square matriz formed by the eigenvectors of A, and D =
diag(A1, ..., A\n) is the diagonal matriz formed by the corresponding eigenvalues.

Proor. This is something that we already know, coming by changing the basis. We
can prove this by direct computation as well, because we have Pe; = v;, and so the
matrices A and PDP~1! follow to act in the same way on the basis vectors v;:

PDP v, = PDe;
= Ple;
= M\Pe;
= A

Thus, the matrices A and PDP~! coincide, as stated. O

In general, in order to study the diagonalization problem, the idea is that the eigen-
vectors can be grouped into linear spaces, called eigenspaces:

DEFINITION 4.2. Given A € My(C), for any eigenvalue A € C we let
Ey\ = {U € CN‘AU = /\v}

be the vector space formed by the corresponding eigenvectors.

81
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As an illustration for this, consider a diagonalizable matrix A € My(C), with the
diagonalization chosen as for the eigenvalues to appear grouped, as follows:

At
A1

Ak

Ak

The corresponding eigenspaces are then as follows, in an obvious direct sum position,
with dy, ..., d; being the multiplicities of the eigenvalues A\q, ..., A\x:

( 1 A ( 0 )
T, 0
0 0
E)\IZ ,xiE(C E)\k: ,I’Z’EC
0 0
0 il
\ 0 \ Ly, Y,

In general, we have the following result, which is valid for any matrix:

THEOREM 4.3. The eigenspaces of an arbitrary matriz A € My (C), given by
b\ = {v € CN‘AU = )\v}

are in a direct sum position, in the sense that given vectors vi € E\,,..., vy € Ej,
corresponding to different eigenvalues A1, ..., \,, we have:

Zcivizo — Ci:O
In particular, we have the following dimension inequality, with the sum being over all the
eigenvalues A € C of our matriz A,

> dim(E,) < N

and our matriz is diagonalizable precisely when we have equality.
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PRrROOF. We prove the first assertion by recurrence on £ € N. Assume by contradiction
that we have a formula as follows, with the scalars ¢y, ..., c; being not all zero:

v +...+cu, =0
By dividing by one of these scalars, we can assume that our formula is:
Vi = C1U1 + ...+ Cp_1Vk—1
Now let us apply A to this vector. On the left we obtain:
Avp = Apeivg + .o+ NGl 1Uk—1
On the right we obtain something different, as follows:
Alcivr + ..o+ porvp1) = cAvr+ .o+ 1 Avgy
= AU+ .. o1 A 1Vk—1
We conclude from this that the following equality must hold:
ALCIUL + oo ARCr_1Vp—1 = CIAN VL + oo + Ch1 A 1Vk—1

On the other hand, we know by recurrence that the vectors wvq,...,vx_1 must be
linearly independent. Thus, the coefficients must be equal, at right and at left:

A€l = C1\

AiCl—1 = Cl—1A\k—1

Now since at least one ¢; must be nonzero, from the corresponding equality Apc; = ¢; \;
we obtain Ay = \;, which is a contradiction. Thus our proof by recurrence of the first
assertion is complete. As for the second assertion, this follows from the first one. O

The above result is something quite intuitive, and in the case of a diagonalizable
matrix, this comes from the discussion before the statement. As a second illustration, let
us see as well what happens for the simplest non-diagonalizable matrix, namely:

0 1
7 (0o
As observed in chapter 1, this matrix has A = 0 as unique eigenvalue, with:
x
By = {(O)x c c}
Thus, the diagonalization condition in Theorem 4.3 is not satisfied indeed.

In order to reach now to more advanced results, we can use the characteristic polyno-
mial. Here is a result summarizing and improving our knowledge of the subject:
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THEOREM 4.4. Given a matriz A € My(C), consider its characteristic polynomial:
P(z) = det(A — zly)
The eigenvalues of A are then the roots of P. Also, we have the inequality
dim(Ey) < my
where my s the multiplicity of A, as root of P.

PROOF. The first assertion follows from the following computation, using the fact that
a linear map is bijective when the determinant of the associated matrix is nonzero:

v, Av =X v <= Fu,(A—=Alpy)v=0
< det(A—Aly)=0

Regarding now the second assertion, given an eigenvalue A of our matrix A, consider
the dimension of the corresponding eigenspace:

d)\ = dlm(E)\)

By changing the basis of CV, as for the eigenspace E) to be spanned by the first d,
basis elements, our matrix becomes as follows, with B being a certain smaller matrix:

()
We conclude that the characteristic polynomial of A is of the following form:
Py = Py, Pg=(\—12)"Pp
Thus we have my > d,, which leads to the conclusion in the statement. O

We can put together Theorem 4.3 and Theorem 4.4, and by using as well the fact that
any complex polynomial of degree N has exactly N complex roots, when counted with
multiplicities, that we know from chapter 3, we obtain the following result:

THEOREM 4.5. Given a matriv A € My(C), consider its characteristic polynomial
P(X) =det(A— X1y)
then factorize this polynomial, by computing the complex roots, with multiplicities,
P(X) = (=DN(X = A)™ . (X = )™
and finally compute the corresponding eigenspaces, for each eigenvalue found:
E;, = {v € CN‘AU = )\iv}
The dimensions of these eigenspaces satisfy then the following inequalities,
dim(E;) < n;

and A is diagonalizable precisely when we have equality for any i.
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Proor. This follows by combining the above results. Indeed, by summing the in-
equalities dim(FE)) < m, from Theorem 4.4, we obtain an inequality as follows:

A A

On the other hand, we know from Theorem 4.3 that our matrix is diagonalizable when
we have global equality. Thus, we are led to the conclusion in the statement. O

This was for the main result of linear algebra. There are countless applications of this,
and generally speaking, advanced linear algebra consists in further building on Theorem
4.5. Let us record as well a useful algorithmic version of the above result:

THEOREM 4.6. The square matrices A € My(C) can be diagonalized as follows:

(1) Compute the characteristic polynomial.

(2) Factorize the characteristic polynomial.

(3) Compute the eigenvectors, for each eigenvalue found.
(4) If there are no N eigenvectors, A is not diagonalizable.
(5) Otherwise, A is diagonalizable, A= PDP™".

Proor. This is an informal reformulation of Theorem 4.5, with (4) referring to the
total number of linearly independent eigenvectors found in (3), and with A = PDP~! in
(5) being the usual diagonalization formula, with P, D being as before. O

As a remark here, in step (3) it is always better to start with the eigenvalues having
big multiplicity. Indeed, a multiplicity 1 eigenvalue, for instance, can never lead to the
end of the computation, via (4), simply because the eigenvectors always exist.

As a key consequence of Theorem 4.5, which is very useful in practice, we have:

THEOREM 4.7. If a matric A € My(C) has distinct eigenvalues, then it is diagonal-
izable. Moreover, this is indeed the case, for the generic matrices.

PROOF. The first assertion is clear from Theorem 4.3, because the criterion there for
diagonalization is trivially satisfied when the eigenvalues are different, as follows:

Y dim(E,) =) 1=N

As for the second assertion, this is something quite intuitive, coming from the fact
that N numbers A{,..., Ay € C picked at random must be distinct. Of course, this does
not stand as a formal proof, but we will come back to this in a moment, with a proof. [J

Getting back now to Theorem 4.5, or rather to Theorem 4.6, the main problem raised
by the diagonalization procedure is the computation of the roots of characteristic poly-
nomials. As a first observation here, in degree 2 we have the following trick:
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PROPOSITION 4.8. The roots of a degree 2 polynomial of the form
P=X’"—aX+b
are precisely the numbers r, s satisfying r + s = a, rs = b.
PRroOOF. This is indeed something trivial, coming from P = (X — r)(X — s). 0
In the matrix setting now, the result coming from this is as follows:

THEOREM 4.9. Consider an arbitrary 2 X 2 matriz, written as follows:

a b
= (: )
(1) The eigenvalues are the numbers r, s satisfying r + s = a+d, rs = ad — be.

(2) When (a+ d)? # 4(ad — be) we have r # s, and A is diagonalizable.

(3) Otherwise, v = s, and A is diagonalizable precisely when A = (6 S)

Proor. This is something straightforward, coming from Proposition 4.8:
(1) We have indeed the following computation, which gives the result:
a—X b
d—X
(2) Here the first assertion comes from A = (a + d)* — 4(ad — be) for the degree 2
polynomial found above, and the second assertion comes from Theorem 4.7.

det(A — X1,) = =X?—(a+d)X + (ad — be)

(3) Assuming A = 0 we have indeed r = s, and then, according to Theorem 4.5, the

diagonalization condition reads E, = C2, so Az = rz for any z, and so A = (6 2) O

In higher dimensions things certainly get more complicated, but we have:

THEOREM 4.10. The complez eigenvalues of a matriz A € Mn(C), counted with mul-
tiplicities, have the following properties:

(1) Their sum is the trace.
(2) Their product is the determinant.

PROOF. Consider indeed the characteristic polynomial P of the matrix:
P(X) = det(A— X1y)
= (—D)"XY 4 (DN (A XN 4 4 det(A)
We can factorize this polynomial, by using its N complex roots, and we obtain:

PX) = (—D)MX =X)...(X = n)

= (—D)NXYN 4 ()N (Z )\i) XN+ T

Thus, we are led to the conclusion in the statement. U
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Regarding now the intermediate terms, we have here the following result:

THEOREM 4.11. Assume that A € Mn(C) has eigenvalues Ay, ..., Axy € C, counted
with multiplicities. The basic symmetric functions of these eigenvalues, namely

C = Z )‘11/\%

11 <...<ip

are then given by the fact that the characteristic polynomial of the matriz is:
N

P(X) = (=) > (-1)fe X"
k=0
Moreover, all symmetric functions of the eigenvalues, such as the sums of powers

ds =M +...+ Ay
appear as polynomials in these characteristic polynomial coefficients cy.
PROOF. These results can be proved by doing some algebra, as follows:

(1) Consider indeed the characteristic polynomial P of the matrix, factorized by using
its N complex roots, taken with multiplicities. By expanding, we obtain:

P(X) = (=DM(X =x)... (X = )y)

= (—D)NXN 4 (—)N (Z A,-) e | Y

= (=D)NXN 4 (=D)V e XN (1) %y
(—1)N (XN — ClXN_l + ...+ (—1)NCN>
With the convention ¢y = 1, we are led to the conclusion in the statement.

(2) This is something standard, coming by doing some abstract algebra. Working out
the formulae for the sums of powers ds = >, A7, at small values of the exponent s € N, is
an excellent exercise, which shows how to proceed in general, by recurrence. U

Finally, getting back to the general factorization question for polynomials, we have
the following result, which can be useful as well, in the linear algebra context:

THEOREM 4.12. Assume that we have a polynomial as follows, with integer coefficients,
and with the leading term being 1:

P=XN4any X" '+ . +a.X +ag
The integer roots of P must then divide the last coefficient ayg.
Proor. This is clear, because any integer root ¢ € Z of our polynomial must satisfy:
cN—i—aN_lcN_l +...4+ac+ay=0

But modulo ¢, this equation simply reads ay = 0, as desired. U
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4b. Density tricks

Let us go back now to Theorem 4.7, and more specifically, to the last assertion there,
which was quite a strong statement. In order to discuss this, we first have:

THEOREM 4.13. For a matriz A € My(C) the following conditions are equivalent,
(1) The eigenvalues are different, \; # \;,
(2) The characteristic polynomial P has simple roots,
(3) The characteristic polynomial satisfies (P, P') =1,

and in this case, the matriz is diagonalizable.

PROOF. The equivalences in the statement are clear, the idea being as follows:

(1) <= (2) This follows indeed from Theorem 4.5.

(2) <= (3) This is standard, the double roots of P being roots of P’.

As for the last assertion, this is something that we know, from Theorem 4.7. U

As an important comment, the assumptions of Theorem 4.13 can be effectively verified
in practice, without the need for factorizing polynomials, the idea here being that of using
the condition (3) there. In order to discuss this, let us start with:

THEOREM 4.14. Given two polynomials P,Q € C[X], written as follows,
P=c¢X—-a)..(X—ap) , Q=d(X —=0b)...(X—10)
the following quantity, which is called resultant of P, (@),

R(P,Q) = cldkH(ai — b))

s a polynomial in the coefficients of P, (), with integer coefficients, and we have
R(P,Q)=0
precisely when P, Q) have a common root.

Proor. This is something quite tricky, the idea being as follows:

(1) Given two polynomials P, € C[X], we can certainly construct the quantity
R(P,Q) in the statement, with the role of the normalization factor c!d* to become clear
later on, and then we have R(P, Q) = 0 precisely when P, () have a common root:

R(P,Q) =0 «<— Hi,j,(li = bj

(2) As bad news, however, this quantity R(P, (), defined in this way, is a priori not
very useful in practice, because it depends on the roots a;,b; of our polynomials P, Q,
that we cannot compute in general. However, and here comes our point, as we will prove
below, it turns out that R(P, Q) is in fact a polynomial in the coefficients of P, Q, with
integer coefficients, and this is where the power of R(P, Q) comes from.
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(3) You might perhaps say, nice, but why not doing things the other way around,
that is, formulating our theorem with the explicit formula of R(P, @), in terms of the
coefficients of P, ), and then proving that we have R(P, Q) = 0, via roots and everything.
Good point, but this is not exactly obvious, the formula of R(P, ) in terms of the
coefficients of P, () being something quite complicated. In short, trust me, let us prove
our theorem as stated, and for alternative formulae of R(P, (), we will see later.

(4) Getting started now, let us expand the formula of R(P, @), by making all the mul-
tiplications there, abstractly, in our head. Everything being symmetric in aq, ..., ax, we
obtain in this way certain symmetric functions in these variables, which will be therefore
certain polynomials in the coefficients of P. Moreover, due to our normalization factor ¢,
these polynomials in the coefficients of P will have integer coefficients.

(5) With this done, let us look now what happens with respect to the remaining
variables by, ..., b;, which are the roots of (). Once again what we have here are certain
symmetric functions in these variables by, ..., b;, and these symmetric functions must be
certain polynomials in the coefficients of (). Moreover, due to our normalization factor
d*, these polynomials in the coefficients of @ will have integer coefficients.

(6) Thus, we are led to the conclusion in the statement, that R(P, Q) is a polynomial
in the coefficients of P,(Q, with integer coefficients, and with the remark that the c/d*
factor is there for these latter coefficients to be indeed integers, instead of rationals. [J

All this might seem a bit complicated, so as an illustration, let us work out an example.
Consider the case of a polynomial of degree 2, and a polynomial of degree 1:

P=ar’+br+c , Q=dr+e
In order to compute the resultant, let us factorize our polynomials:
P=a(z—p)lz—q) , Q=dx—r)
The resultant can be then computed as follows, by using the method above:
R(P,Q) = ad*(p—r1)(g—r)

= ad’(pg— (p+q)r +77)

= cd® 4+ bd’r + ad*r?

= cd® — bde + ae?
Finally, observe that R(P,Q) = 0 corresponds indeed to the fact that P,@Q have a

common root. Indeed, the root of @ is r = —e/d, and we have:
ae*  be R(P,Q)
P(T):?_E—FC:—CP

Thus we have P(r) = 0 precisely when R(P, Q) = 0, as predicted by Theorem 4.14.
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Regarding now the explicit formula of the resultant R(P, @), this is something quite
complicated, and there are several methods for dealing with this problem. There is a
slight similarity between Theorem 4.14 and the Vandermonde determinants discussed in
chapter 2, and we have in fact the following formula for R(P, Q):

THEOREM 4.15. The resultant of two polynomials, written as
P=pX' 4+ .. +pX+p ., Q=aX'+... +0X+q
appears as the determinant of an associated matriz, as follows,
Pk a

R(P, Q) = |Po Pr Qo q

Po do
with the matrix having size k + 1, and having 0 coefficients at the blank spaces.
ProoF. This is something quite clever, due to Sylvester, as follows:

(1) Consider the vector space Ci[X] formed by the polynomials of degree < k:
C[X] = {P € C[X]) deg P < k:}
k-1

This is a vector space of dimension k, having as basis the monomials 1, X, ... X
Now given polynomials P, () as in the statement, consider the following linear map:

(2) Our first claim is that with respect to the standard bases for all the vector spaces
involved, namely those consisting of the monomials 1, X, X?, ..., the matrix of ® is the
matrix in the statement. But this is something which is clear from definitions.

(3) Our second claim is that det ® = 0 happens precisely when P, () have a common
root. Indeed, our polynomials P, () having a common root means that we can find A, B
such that AP 4+ BQ = 0, and so that (A, B) € ker ®, which reads det & = 0.

(4) Finally, our claim is that we have det ® = R(P, Q). But this follows from the
uniqueness of the resultant, up to a scalar, and with this uniqueness property being
elementary to establish, along the lines of the proof of Theorem 4.14. O

As an illustration, consider our favorite polynomials, as before:

P=ar’+bx+c , Q=dr+e
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According to the above result, the resultant should be then, as it should:

d 0

R(P,Q) = d| = ae* — bde + cd®
e

o o

e
0
Now back to our diagonalization questions, we want to compute R(P, P’), where P is
the characteristic polynomial. So, we need one more piece of theory, as follows:
THEOREM 4.16. Given a polynomial P € C[X], written as
P(X)=cXY +dx™ 14 ..

its discriminant, defined as being the following quantity,

A(P) = (=) R(P,P')
1s a polynomial in the coefficients of P, with integer coefficients, and
A(P)=0
happens precisely when P has a double root.

PROOF. The fact that the discriminant A(P) is a polynomial in the coefficients of
P, with integer coefficients, comes from Theorem 4.14, coupled with the fact that the
division by the leading coefficient a is indeed possible, under Z, as being shown by:

a Na

R(P,P') = |z a vy Na

< Y
Also, the fact that we have A(P) = 0 precisely when P has a double root is clear from
Theorem 4.14. Finally, let us mention that the sign (—1)(!;) is there for various reasons,

including the compatibility with the formula A(P) = b* — 4ac in degree 2. O

As an illustration, let us see what happens in degree 2. Here we have:
P=aX’+bX+c¢ , P =2aX+b
Thus, the resultant is given by the following formula:
R(P,P") = ab®—b(2a)b+ c(2a)?
= 4a’*c — ab®

= —a(b® — 4ac)
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It follows that the discriminant of our polynomial is, as it should:
A(P) = b* — dac

Alternatively, we can use the formula in Theorem 4.15, and we obtain:

1@ 2a
A(P)=—=1b b 2a|="b"—4ac
a
c b

At the theoretical level now, we have the following result, which is not trivial:

THEOREM 4.17. The discriminant of a polynomial P is given by the formula
A(P) = a2 [ (ri = 73)
i<j
where a s the leading coefficient, and ry,...,ry are the roots.

ProOF. This is something quite tricky, the idea being as follows:

(1) The first thought goes to the formula in Theorem 4.14, so let us see what that
formula teaches us, in the case Q = P’. Let us write P, P" as follows:

P=a(x—mr))...(x —rnN)
P'= Na(z —p1)...(x —pn_1)
According to Theorem 4.14, the resultant of P, P’ is then given by:
R(P,P") =a" Y (Na)¥ H(m —p;)
ij
And bad news, this is not exactly what we wished for, namely the formula in the
statement. That is, we are on the good way, but certainly have to work some more.

(2) Obviously, we must get rid of the roots py, ..., py_1 of the polynomial P’. In order
to do this, let us rewrite the formula that we found in (1) in the following way:

R(P,P) = NNQQN_1H<H(Ti—pj)>

i J
P'(r;)
— NN 2N—-1 7
@ H Na

)

(3) In order to compute now P’, and more specifically the values P’(r;) that we are
interested in, we can use the Leibnitz rule. So, consider our polynomial:

Pz)=alx —r))...(x —ry)
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The Leibnitz rule for derivatives tells us that (fg) = f’'g + f¢’, but then also that
(fgh) = f'gh+ fg'h + fgh', and so on. Thus, for our polynomial, we obtain:

P'(x) :aZ(z—rl)...(x—ri)...(x—rN)
missing

Now when applying this formula to one of the roots r;, we obtain:

P'(riy=a(ri—mr1)...(ri — 1) ... (ri —n)
H"—/
missing
By making now the product over all indices ¢, this gives the following formula:
[P =a" Tt =7y
i i#j

(4) Time now to put everything together. By taking the formula in (2), making the

normalizations in Theorem 4.16, and then using the formula found in (3), we obtain:

APy = ()2 ] P

= ()G 2] (i 7))

i#]
= a*V7? H(n —r;)?
i<j
Thus, we are led to the conclusion in the statement. U

Now back to our linear algebra questions, we can upgrade Theorem 4.13, as follows:

THEOREM 4.18. For a matriz A € My(C) the following conditions are equivalent,

(1) The eigenvalues are different, \; # \;,
(2) The characteristic polynomial P has simple roots,
(3) The discriminant of P is nonzero, A(P) # 0,

and in this case, the matriz is diagonalizable.

PROOF. This is indeed an upgrade of Theorem 4.13, by replacing the condition (3)
there with the condition A(P) # 0, which is something better, computational. O

As mentioned before, in Theorem 4.7, one can prove that the matrices having distinct
eigenvalues are “generic”, so the above result basically captures the whole situation. We
have in fact the following collection of density results, all being very useful:

THEOREM 4.19. The following happen, inside My(C):

(1) The invertible matrices are dense.
(2) The matrices having distinct eigenvalues are dense.
(3) The diagonalizable matrices are dense.
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PROOF. These are quite advanced linear algebra results, which can be proved as fol-
lows, with the technology that we have so far:

(1) This is clear, intuitively speaking, because the invertible matrices are given by the
condition det A # 0. Thus, the set formed by these matrices appears as the complement
of the hypersurface det A = 0, and so must be dense inside My (C), as claimed.

(2) Here we can use a similar argument, this time by saying that the set formed by
the matrices having distinct eigenvalues appears as the complement of the hypersurface
given by A(P4) = 0, and so must be dense inside My (C), as claimed.

(3) This follows from (2), via the fact that the matrices having distinct eigenvalues are
diagonalizable, that we know from Theorem 4.18. There are of course some other proofs
as well, for instance by putting the matrix in Jordan form. U

As an application of the above results, and of our methods in general, we can now
establish a number of useful and interesting linear algebra results, as follows:

THEOREM 4.20. The following happen:

(1) We have Pap = Pga, for any two matrices A, B € My(C).
(2) AB, BA have the same eigenvalues, with the same multiplicities.

(3) If A has eigenvalues Ay, ..., An, then f(A) has eigenvalues f(A\1), ..., f(An).
PROOF. These results can be deduced by using Theorem 4.19, as follows:

(1) It follows from definitions that the characteristic polynomial of a matrix is invariant
under conjugation, in the sense that we have the following formula:

Po = Pyca—
Now observe that, when assuming that A is invertible, we have:
AB = A(BA)A™!

Thus, we have the result when A is invertible. By using now Theorem 4.19 (1), we
conclude that this formula holds for any matrix A, by continuity.

(2) This is a reformulation of (1) above, via the fact that P encodes the eigenvalues,
with multiplicities, which is hard to prove with bare hands.

(3) This is something more informal, the idea being that this is clear for the diagonal
matrices D, then for the diagonalizable matrices PDP~!, and finally for all matrices, by
using Theorem 4.19 (3), provided that f has suitable regularity properties. U

The last assertion in the above theorem remains of course to be clarified, and we will
be back to this in chapter 8 below, with details, when doing spectral theory.
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4c. Spectral theorems
Let us go back now to the diagonalization question. Here is a key result:
THEOREM 4.21. Any matriz A € My(C) which is self-adjoint, A = A*, is diagonaliz-
able, with the diagonalization being of the following type,
A=UDU"
with U € Uy, and with D € My(R) diagonal. The converse holds too.
PROOF. As a first remark, the converse trivially holds, because if we take a matrix of
the form A = UDU*, with U unitary and D diagonal and real, then we have:
A*=(UDU*) =UD'U*=UDU*=A
In the other sense now, assume that A is self-adjoint, A = A*. Our first claim is that
the eigenvalues are real. Indeed, assuming Av = Av, we have:
A<v,v> = < Av,v >
< v, Av >
= <v,A\v>
= A< v,V >
Thus we obtain A € R, as claimed. Our next claim now is that the eigenspaces
corresponding to different eigenvalues are pairwise orthogonal. Assume indeed that:
Av=X v , Aw=pw
We have then the following computation, using A, u € R:
A<v,w> = < Av,w >
= <v,Aw >
= <o, pw >
n<v,w >
Thus A # p implies v L w, as claimed. In order now to finish, it remains to prove

that the eigenspaces span CV. For this purpose, we will use a recurrence method. Let us
pick an eigenvector, Av = Av. Assuming v L w, we have:

<Aw,v> = <w,Av >
= <w,\v>
= A<w,v>
=0
Thus, if v is an eigenvector, then the vector space v— is invariant under A. In order

to do the recurrence, it still remains to prove that the restriction of A to the vector space

vt is self-adjoint. But this comes from a general property of the self-adjoint matrices,

€1
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that we will explain now. Our claim is that an arbitary square matrix A is self-adjoint
precisely when the following happens, for any vector v:

< Av,v >eR
Indeed, the fact that the above scalar product is real is equivalent to:
<(A-A")v,v>=0

But this is equivalent, by developing the scalar product, to A = A*, so our claim is
proved. Now back to our questions, it is clear from our self-adjointness criterion above
that the restriction of A to any invariant subspace, and in particular to the subspace v+

)

is self-adjoint. Thus, we can proceed by recurrence, and we obtain the result. U
Let us record as well the real version of the above result:
THEOREM 4.22. Any matrizc A € My(R) which is symmetric, in the sense that
A=A
is diagonalizable, with the diagonalization being of the following type,
A=UDU"
with U € Oy, and with D € My(R) diagonal. The converse holds too.

PROOF. As before, the converse trivially holds, because if we take a matrix of the
form A = UDU", with U orthogonal and D diagonal and real, then we have A' = A. In
the other sense now, this follows from Theorem 4.21, and its proof. Il

As basic examples of self-adjoint matrices, we have the orthogonal projections. The
diagonalization result regarding them is as follows:

PROPOSITION 4.23. The matrices P € My(C) which are projections, P? = P* = P,
are precisely those which diagonalize as follows,

P=UDU*
with U € Uy, and with D € My(0,1) being diagonal.

ProoF. This is clear, geometrically, with the diagonalization being as follows, with
the 1-eigenspace being the image of P, and the 0-eigenspace being the kernel:

1
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Alternatively, we can get this algebrically, from P? = P* = P. Indeed, P* = P shows
that the eigenvalues are real, and then, assuming Pv = A\v, by using P? = P we get:

A<wv,v> = < Pv,v>
= < PW,v>
= < Pv,Pv >
= < \v, v >
N <>
We therefore have A € {0,1}, and the rest comes from Theorem 4.21. U
In the real case, the result regarding the projections is as follows:
PROPOSITION 4.24. The matrices P € My(R) which are projections,
PiP=pt=pP
are precisely those which diagonalize as follows,
P =UDU!
with U € Oy, and with D € My(0,1) being diagonal.
Proor. This follows indeed from Proposition 4.23, and its proof. U

An important class of self-adjoint matrices, that we will discuss now, which includes
all projections, are the positive matrices. The general theory here is as follows:

THEOREM 4.25. For a matriz A € My (C) the following conditions are equivalent, and
if they are satisfied, we say that A is positive, and write A > 0:

< Ax,x >> 0, for any vector v € CV.
A = A*, and the eigenvalues are positive, \; > 0.

)
) A=CC", for some C € My(C).
)
)

PRrROOF. The idea is that the equivalences in the statement basically follow from some
elementary computations, with only Theorem 4.21 needed, at some point:

(1) = (2) This is clear, because we can take C' = B.

(2) = (3) This comes indeed from the following computation:
<Ar,x >=< CC*'x,x >=< C"z,C"x >>0

(3) = (4) By using the fact that < Az, x > is real, we have:

< Az,x >=<z,A'r >=< A'z,z >
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Thus we have A = A*, and the remaining assertion, regarding the eigenvalues, follows
from the following computation, assuming Az = Ax:

<Ar,xr >=< Ar,x >=A<z,x>>0
(4) = (5) This follows indeed by using Theorem 4.21.
(5) = (1) Assuming A = UDU* as in the statement, we can set B = Uv/DU*.

Then this matrix B is self-adjoint, and its square is given by:
B* = UVDU*-UVDU*
= UDU"
= A
Thus, we are led to the conclusion in the statement. O

Let us record as well the following technical version of the above result:

THEOREM 4.26. For a matriz A € My (C) the following conditions are equivalent, and
if they are satisfied, we say that A is strictly positive, and write A > 0:

< Ax,x >> 0, for any nonzero vector x € C¥.

)

) A=CC*, for some C € My(C) invertible.

)

) A= A*, and the eigenvalues are strictly positive, A; > 0.

Proor. This follows either from Theorem 4.25, by adding the various extra assump-
tions in the statement, or from the proof of Theorem 4.25, by modifying where needed. [J

The positive matrices are quite important, for a number of reasons. On one hand,
these are the matrices A € My(C) having a square root vVA € My(C), as shown by our
positivity condition (1). On the other hand, any matrix A € My (C) produces the positive
matrix A*A € My(C), as shown by our positivity condition (2). We can combine these
two observations, and we are led to the following construction, for any A € My (C):

A— VA*A

Which is something quite interesting, because at N = 1 what we have here is the

construction of the absolute value of complex numbers, |z| = v/zz. This suggests using
the notation |A| = vV A*A, and then looking for a decomposition result of type:
A=U|A|

We will be back to this type of decomposition later, called polar decomposition, at
the end of the present chapter, after developing some more general theory.

Let us discuss now the case of the unitary matrices. We have here:
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THEOREM 4.27. Any matriz U € My(C) which is unitary, U* = U™, is diagonaliz-
able, with the eigenvalues on T. More precisely we have

U=VDV*
with V € Uy, and with D € My(T) diagonal. The converse holds too.

PROOF. As a first remark, the converse trivially holds, because given a matrix of type
U =VDV* with V € Uy, and with D € My(T) being diagonal, we have:
u* = (VDV*)*
= VD'V*
= VDV
— (V*)leflvfl
= (VvDv*)!
= Ut

Let us prove now the first assertion, stating that the eigenvalues of a unitary matrix
U € Uy belong to T. Indeed, assuming Uv = Av, we have:

<v,v> = <UUv,v>
< Uv,Uv >

= < \v,\v>

= DP<v,v>

Thus we obtain A € T, as claimed. Our next claim now is that the eigenspaces
corresponding to different eigenvalues are pairwise orthogonal. Assume indeed that:

Uv=Xv , Uw=pw
We have then the following computation, using U* = U~! and A\, u € T:

A<v,w> = < Av,w >
= <Uv,w>
= <v,Uw >
= <ov,U'w>
= <v,,u_1w>
= u<v,w>

Thus A # p implies v L w, as claimed. In order now to finish, it remains to prove
that the eigenspaces span CV. For this purpose, we will use a recurrence method. Let us
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pick an eigenvector, Uv = Av. Assuming v L w, we have:
<Uw,v> = <w,U'v>
= <w,Uw>
= <w x>
= A<w,v>
= 0
Thus, if v is an eigenvector, then the vector space v+ is invariant under U. Now since

U is an isometry, so is its restriction to this space v*. Thus this restriction is a unitary,
and so we can proceed by recurrence, and we obtain the result. U

Let us record as well the real version of the above result, in a weak form:

THEOREM 4.28. Any matriz U € My(R) which is orthogonal, Ut = U™, is diagonal-
1zable, with the eigenvalues on T. More precisely we have

U=VDV*
with V € Uy, and with D € My(T) being diagonal.
PRroorF. This follows indeed from Theorem 4.27. O

Observe that the above result does not provide us with a complete characterization
of the matrices U € My (R) which are orthogonal. To be more precise, the question left
is that of understanding when the matrices of type U = VDV*, with V € Uy, and with
D € My(T) being diagonal, are real, and this is something non-trivial.

As an illustration, for the simplest unitaries that we know, namely the rotations in
the real plane, we have the following formula, that we know well from chapter 3:

cost —sint) 1 /1 1Y /e 0) (1 —i
sint cost )] 2\i —i 0 e*)\1 i
We will be back to such questions later, when discussing the orthogonal groups.

4d. Normal matrices

Back to generalities, the self-adjoint matrices and the unitary matrices are particular
cases of the general notion of a “normal matrix”, and we have here:

THEOREM 4.29. Any matriz A € My (C) which is normal, AA* = A*A, is diagonal-
izable, with the diagonalization being of the following type,

A=UDU*
with U € Uy, and with D € My(C) diagonal. The converse holds too.
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PROOF. As a first remark, the converse trivially holds, because if we take a matrix of
the form A = UDU*, with U unitary and D diagonal, then we have:

AA* = UDU*-UD*U”
= UDD'U*
= UD*DU*
= UD'U*-UDU*
= A*A
In the other sense now, this is something more technical. Our first claim is that a
matrix A is normal precisely when the following happens, for any vector v:

|| Av[| = [[A™]]
Indeed, the above equality can be written as follows:
< AA*v, v >=< A" Av,v >
But this is equivalent to AA* = A*A, by using the polarization identity. Our claim
now is that A, A* have the same eigenvectors, with conjugate eigenvalues:
Av =\ = Av =)
Indeed, this follows from the following computation, and from the trivial fact that if
A is normal, then so is any matrix of type A — Aly:
1(A" = Aly)ol] = [I[(A = Aly)™|]
[I(A = ALw)v]]
0

Let us prove now, by using this, that the eigenspaces of A are pairwise orthogonal.
Assuming Av = \v and Aw = pw with X # u, we have:

A<v,w> = < Av,w >
= < Av,w >
= <v,A"w >
<, pw >
0w <v,w >
Thus A # p implies v L w, as claimed. In order to finish now the proof, it remains
to prove that the eigenspaces of A span the whole CV¥. This is something that we have
already seen for the self-adjoint matrices, and for the unitaries, and we will use here these

results, in order to deal with the general normal case. As a first observation, given an
arbitrary matrix A, the matrix AA* is self-adjoint:

(AA®) = AA"
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Thus, we can diagonalize this matrix AA*, as follows, with the passage matrix being
a unitary, V' € Uy, and with the diagonal form being real, £ € My(R):

AA* =VEV™

Now observe that, for matrices of type A = UDU*, which are those that we supposed
to deal with, we have V. = U,E = DD. In particular, A and AA* have the same
eigenspaces. So, this will be our idea, proving that the eigenspaces of AA* are eigenspaces
of A. In order to do so, let us pick two eigenvectors v, w of the matrix AA*, corresponding
to different eigenvalues, A\ # p. The eigenvalue equations are then as follows:

AAv =Xdv , AAw = pw

We have the following computation, using the normality condition AA* = A*A, and
the fact that the eigenvalues of AA*, and in particular u, are real:

A< Av,w > = < NAv,w >
= < Al\v,w >
= < AAA™v,w >
= < AA"Av,w >
= < Av, AA™w >
= < Av,pw >
= u<Av,w >

We conclude that we have < Av, w >= 0. But this reformulates as follows:
AN£Ep = A(E)\) LE,

Now since the eigenspaces of AA* are pairwise orthogonal, and span the whole CV,
we deduce from this that these eigenspaces are invariant under A:

A(E)) C E)

But with this result in hand, we can finish. Indeed, we can decompose the problem,
and the matrix A itself, following these eigenspaces of AA*, which in practice amounts in
saying that we can assume that we only have 1 eigenspace. But by rescaling, this is the
same as assuming that we have AA* = 1, and with this done, we are now into the unitary
case, that we know how to solve, as explained in Theorem 4.27. U

Let us discuss now the polar decomposition. We first have the following result:

THEOREM 4.30. Given a matriz A € My(C), we can construct a matriz |A| as follows,
by using the fact that A*A is diagonalizable, with positive eigenvalues:

1A = VA A

This matriz | A| is then positive, and its square is |A|> = A. In the case N = 1, we obtain
in this way the usual absolute value of the complexr numbers.
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PRrROOF. Consider indeed the matrix A*A, which is normal. According to Theorem
4.29, we can diagonalize this matrix as follows, with U € Uy, and with D diagonal:

A=UDU"

Since we have A*A > 0, it follows that we have D > 0, which means that the entries
of D are real, and positive. Thus we can extract the square root v/ D, and then set:

VA*A = UVDU*

Now if we call this latter matrix |A|, we are led to the conclusions in the statement,
namely |A| > 0, and |A]*> = A. Finally, the last assertion is clear from definitions. O

We can now formulate a first polar decomposition result, as follows:
THEOREM 4.31. Any invertible matriz A € My(C) decomposes as
A=U|A|
with U € Uy, and with |A| = VA*A as above.
PROOF. According to our definition of the modulus, |A| = v/A*A, we have:

< |Alz,|Aly > = <z, |APy >
= <z A"Ay >
< Az, Ay >
Thus we can define a unitary matrix U € Uy by the following formula:
U(|Alz) = Az
But this formula shows that we have A = U|A|, as desired. g

Observe that at N = 1 we obtain in this way the usual polar decomposition of the
nonzero complex numbers. More generally now, we have the following result:

THEOREM 4.32. Any square matrizx A € My(C) decomposes as
A=U|A]|
with U being a partial isometry, and with |A| = vV A*A as above.

PROOF. Once again, this follows by comparing the actions of A, |A| on the vectors v €
C¥, and deducing from this the existence of a partial isometry U as above. Alternatively,
we can get this from Theorem 4.31, applied on the complement of the 0-eigenvectors. [J

And with this, good news, done with linear algebra. We have learned many things in
the past 100 pages, and our knowledge of the subject is quite decent, and we will stop
here. In the remainder of this book we will be rather looking into applications.
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4e. Exercises

Things have been quite dense in this chapter, which was our last one on basic linear
algebra, with some details missing. As a first exercise, in relation with abstract vector
calculus, that we somehow assumed to be reasonably known, we have:

EXERCISE 4.33. Clarify the theory of linear spaces V. C CN, notably with:

(1) A standard discussion regarding generating sets, linear independence, bases.
(2) Injectivity, surjectivity and bijectivity of the linear maps f : C¥ — CV.
(3) More generally, dim(ker f) + dim(Imf) = N, for such maps f : CY — CV.

Then, extend this into a theory of linear spaces V , not necessarily subspaces of C.

Here the first question is something quite standard, by using our linear algebra knowl-
edge. As for the second question, things are a bit more tricky here, because once the
abstract linear spaces V' are defined, the only available tool is recurrence.

EXERCISE 4.34. Work out what happens to the main diagonalization theorem for the
matrices A € My(C), in the cases A € My(C), A € My(R), and A € My(R).

As before, this is a rather theoretical exercise, the point being that of carefully re-
viewing all the material above, in the 3 particular cases which are indicated.

EXERCISE 4.35. Clarify which functions can be applied to which matrices, as to have
results stating that the eigenvalues of f(A) are f(A1),..., f(An).

This exercise is actually quite difficult, with various technical assumptions being
needed on both f and A, as for everything to work fine. We will be back to this.

EXERCISE 4.36. Work out specialized spectral theorems for the orthogonal matrices
U € Oy, going beyond what has been said in the above.

To be more precise here, we have proved many spectral theorems in the above, but
the case U € Oy, where our statement here was something quite weak, coming without a
converse, is obviously still in need of discussion. Again, this is something non-trivial.

EXERCISE 4.37. Prove that any matriz can be put in Jordan form,
7 Ao 1

AN s ’]7,:

A1
J A
with the size of each Jordan block J; being the multiplicity of \;.

This is something useful, because it applies to any matrix A € My(C), without
assumptions, and is somewhat the “nuclear option” in linear algebra.
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Matrix analysis



Everything dies, baby, that’s a fact
But maybe everything that dies some day comes back
Put your makeup on, fix your hair up pretty
And meet me tonight in Atlantic City



CHAPTER 5

Basic calculus

5a. Real analysis

We discuss in what follows some applications of the theory that we developed above,
to basic questions in analysis. The idea will be that the functions of several variables
f : RY — RM can be locally approximated by linear maps, in the same way as the
functions f : R — R can be locally approximated by using derivatives:

fl+t)~ flz)+ f@)t , f(z) € Maxn(R)

There are many things that can be said here, and at order 2 too, and we will be quite
brief. Getting started now, let us first discuss the simplest case, f : R — R. Here we have
the following result, which is the starting point for everything in analysis:

THEOREM b5.1. Any function f: R — R is approximately locally affine,
fl@+1t) = f(z)+ f(2)t
with f'(x) € R being the derivative of f at the point x, given by
o f )~ f)

t—0 t

f'(x) =
provided that this latter limit converges indeed.

Proor. This is something trivial, because if the limit in the statement converges, by
multiplying by ¢ we obtain the above estimate for f(z+t). Observe also that, by drawing
the graph of f, we can see that f’(x) compute the slope, at the given point z. Finally, as
a basic counterexample, observe that f(z) = |z| is not differentiable at x = 0. O

As a first illustration, the derivatives of power functions are as follows:
PROPOSITION 5.2. We have the differentiation formula
(a?) = pa?™!
valid for any exponent p € R.
PROOF. In the case p € N we can use the binomial formula, which gives:
(x4t =aP +paP "+ ..+ tP ~aP 4+ paP 't
107
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Next, for p € Q, we can write p = m/n, with m € N and n € Z, and we have:

m/n m/n (x+t)™ —a™
(o) =™ = e
ma™
iy
-, /=l
n
But then, the general case, p € R, follows too, via a continuity argument. Il

There are many other computations that can be done, and we will be back to this
later. Now back to the general level, let us record here the following key result:

THEOREM 5.3. The derivatives are subject to the following rules:
(1) Leibnitz rule: (fg) = f'g+ fg'.
(2) Chain rule: (fog) = f'(9)g-
PROOF. Both formulae follow from the definition of the derivative, as follows:

(1) Regarding products, we have the following computation:

(fo)z+1t) = fle+t)glz+1)
(f(@) + f(@)t)(g(x) + ¢'(x)t)
~ f(z)g(x) + (f'(2)g(x) + f(z)g'(x))t
(2) Regarding compositions, we have the following computation:
(feg)z+t) = [flglz+1))
~ flg(x) +g'(x)t)
~ f(g(x)) + f'(9(x))g'(z)t

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

12

There are many applications of the derivative, summarized as follows:

THEOREM 5.4. Given a differentiable function f : [a,b] — R, we have:
(1) The local minima and mazima of f appear at the points where f'(x) = 0.

(2) Rolle theorem: if f(a) = f(b), we must have f'(c) =0, for some ¢ € (a,b).
(3) Mean value theorem: W = f'(¢), for some c € (a,b).
(4) Main theorem: if f' =0 then f must be constant.
PROOF. Here (1) is clear from f(z +t) ~ f(x) + f/'(x)t, then (1) = (2) is clear
too, and then (3) comes from (2), applied to the following function:
N f(b) = f(a)
As for (4), which is extremely useful in practice, this follows from (3). 0
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At a more advanced level now, we can talk about second derivatives, and we have:

THEOREM 5.5. Any twice differentiable f : R — R is approximately locally quadratic,

flat 1)~ @)+ e+ 0

with f"(x) being the derivative of the function f': R — R at the point x.

t2

Proor. This is something quite intuitive, when thinking geometrically. In practice,
we can use L’Hopital’s rule, stating that the 0/0 type limits can be computed as:

flo) L Fl@)
g(x) — g'(z)
Observe that this formula holds indeed, as an application of Theorem 5.1. Now by
using this, if we denote by ¢(t) ~ P(t) the formula to be proved, we have:

pt) - P1) ') = P'(t)

2 2t
o ¢'(t) = P(t)
a 2
_ [e) = (=)
S T—
= 0
Thus, we are led to the conclusion in the statement. O

The above result substantially improves Theorem 5.1, and there are many applications
of it. We can improve for instance Theorem 5.4 (1), as follows:

THEOREM 5.6. The local extrema of a twice differentiable function f: R — R appear
at the points x € R where f'(x) =0, as follows:

(1) If f"(z) > 0 we have a local minimum.
(2) If f"(z) < 0 we have a local mazimum.
(3) If f"(z) = 0 things are undetermined.

PrROOF. The first assertion is something that we already know. As for the second
assertion, we can use the formula in Theorem 5.5, which in the case f’(z) = 0 reads:

"
T
flx+1t) ~ f(x) + %7@
Indeed, assuming f”(x) # 0, it is clear that the condition f”(z) > 0 will produce a
local minimum, and that the condition f”(z) < 0 will produce a local maximum. O

We can further develop the above method, at order 3, at order 4, and so on, the
ultimate result on the subject, called Taylor formula, being as follows:
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THEOREM b5.7. Assuming that f : R — R is n times differentiable, we have
~ fP(@)
k=0

where f*)(x) are the higher derivatives of f at the point x.

PROOF. We use the same method as in the proof of Theorem 5.5. Indeed, if we denote
by ¢(t) ~ P(t) the approximation to be proved, we have:

p(t) - P) ) - P()

tn ntn—1
L ) = P
— n(n—1)tr2

P(1) = PO
n!

12

= 0
Thus, we are led to the conclusion in the statement. U
As a basic application of derivatives and the Taylor formula, we have:

THEOREM 5.8. We have the following formulae,
o0 t2[+1 o0 . t2l

Sint:Z(_l)lm , COSt:Z(_l) (2[)'

1=0 =0

as well as the following formulae,

el = 3 ~ log(1+1t) = i(—l)k+1ﬁ
k7 k
k=0 k=0

as Taylor series, and in general as well, with |t| < 1 needed for log.

PROOF. There are several statements here, the proofs being as follows:
(1) Regarding sin and cos, we can use here the following well-known formulae:
sin(x +t) = sinz cost + coszsint

cos(x +t) = cosxcost — sinxsint
With these formulae in hand we can appproximate both sin and cos, and we get:

(sinz) =cosx , (cosz) = —sinz

Thus, we can differentiate sin and cos as many times as we want to, and so we can
compute the corresponding Taylor series, and we obtain the formulae in the statement.
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(2) Regarding exp and log, here the needed formulae, which lead to the formulae in
the statement for the corresponding Taylor series, are as follows:

(€)' =e" , (ogz) =2~ , (2F) =pa"

(3) Finally, the fact that the Taylor formulae in the statement are exact, and extend
beyond the small ¢ setting, is something standard too. Indeed, for exp this is clear, for
sin, cos this is something that we know from chapter 3, coming from the Euler formula,
and for log this is something which follows from some standard computations. U

As another basic application of derivatives and the Taylor formula, we have:
THEOREM 5.9. We have the generalized binomial formula

(141 = i (i)t’“

k=0
with the generalized binomial coefficients being given by
p\_prlp=1)...(p=k+1)
k k!
for any p € R, and any |t| < 1. With p € N, we recover the usual binomial formula.

PROOF. As before with the various functions in Theorem 5.8, the Taylor series as-
sertion is clear. Regarding now the fact that the formula is indeed exact, and extends
beyond the small ¢ setting, if f is the series in the statement, we have:

(L +)f'(t) = pf(2)

Now by using this formula, we have the following computation:

(L+6)7f(1) = =p(L+ )P f (1) + L+ )P f (1) =0
Thus we have f(t) = ¢(1 4 t)P, with ¢ = f(0) = 1, as desired. O
As a main application of the above formula, we can now extract square roots:

THEOREM 5.10. We have the following formula,

[e'e) —t k
Vitt= 1—2;@_1 <Z)

with Cy = (2:) being the Catalan numbers. Also, we have

k+1
1 > —t\"*
= D, [ —
=2 (T)

with Dy, = (Qkk) being the central binomial coefficients.
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PROOF. At p = 1/2, the generalized binomial coefficients are:
/2y 1/2(-1/2)...(3/2 - k)
(V) ;
1-3-5...(2k—3
— (_1>k—1 Qkk(! )
(2k — 2)!
2k=1(k — 1)12kE!

1\ *
- () o

= (-1

At p = —1/2, the generalized binomial coefficients are:
—1/2 B —1/2(=3/2)...(1/2 — k)
k N k!
1-3:-5...(2k—1)
_ k
= (=1 ok k!
— (_ )k (2k>'
N 2k 12k
—1\*
= — ] D
(3) o
Thus, we obtain the formulae in the statement. O

Let us discuss as well the basics of integration theory. We first have:

DEFINITION 5.11. We have the Riemann integration formula,

b Y b—a b—a
f(:z:)da::]\}l_r&; ~ ><f<a+T~k)

which can serve as a formal definition for the integral.

a

To be more precise, given a continuous function f : [a,b] — R, we can try to compute

the signed area below its graph, called integral and denoted f: f(z)dz, and by approxi-
mating with rectangles, in the obvious way, we are led to the Riemann formula.

As an illustration for this, with some arithmetic know-how, for the computation of
sums of type 17 + 2P + ... + NP we have the following formula, for p € N:

1 1P 42P 4+ . 4+ NP 1
2Pdr = lim =
0 N—o00 Npt+l p+1

However, such things remain a bit amateurish. At the more advanced level, the point
is that the derivatives and integrals are related in several subtle ways, as follows:
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THEOREM 5.12. We have the following formulae, called fundamental theorem of cal-
culus, integration by parts formula, and change of variable formula,

/a () [FT’

/ o+ £y = [1a]

a

e 1(b)
/ f(2)de = / F(o(t) (1)t

v~ 1(a)
with the convention [F|° = — F(a), for the first two formulae.

Proor. To start with, given a continuous function f : [a,b] — R, by integrating
min f < f < max f we obtain the following formula, called mean value property:

dec € [a, b] /f Ydz = (b—a)f(c)
Next, this mean value property shows that we have the following implication:
:/mf(s)ds = I'=f
Now given F' : R — R as in the astatement, by using this with f = F’, we obtain
I' = F'. Since I(a) = 0, this reads F(x) = I(z) + F(a), and with z = b we get:
Fb) = / Py + Fla)
Thus, first formula proved, and the saecond and third formulae follow as well. Il

5b. Several variables
Let us discuss now what happens in several variables. At order 1, we haves:
THEOREM 5.13. A function f : RY — RM s continuously differentiable,
fle+t) = flz) + fl(2)t
with f'(x) linear, and x — f'(x) continuous, precisely when it has partial derivatives,

df; (2) = lim filz +te;) — fi(x)

dx; t—0 t

which depend continuously on x. In this case the derivative is

i) = (o @)M & Maps(R)

dl’j

acting on the vectors t € RN by usual multiplication.
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PROOF. The formula in the statement makes sense indeed, as follows:

d d

T+ 1 dlel(x) e %(:p) 131

f : ~f: ]+ : : :
d d

TN+ 1IN TN JTI‘f(:zz) . d’;—”;(x) tn

Getting now to the proof of this formula, this goes as follows:

(1) First of all, at N = M = 1 what we have is a usual 1-variable function f : R — R,
and the formula in the statement is something that we know well, namely:

fle+1) = f(z) + fl(a)t
(2) Let us discuss now the case N = 2, M = 1. Here what we have is a function
f:R* - R, and by using twice the basic approximation result from (1), we obtain:

T+t T+t df
f(xg + t2> o f( ) ) dl’g( )t2
- € df df
~ f< ) dl()t1+d_2( )ty

- () (&0 £@) ()

(3) More generally, we can deal in this way with the general case M = 1, with the
formula here, obtained via a straightforward recurrence, being as follows:

r1+ 1 x1
d d
12 SRR [RPUI [ VAL A7 PR e
dx I dIN
.Z'N+tN N
T tl
=il |+ (E@ . W)
TN 2fN

(4) But this gives the result in the case where both N, M € N are arbitrary too.
Indeed, consider a function f:RY — RM and let us write it as follows:

fi
f=1:
S
We can apply (3) to each of the components f; : RY — R, and we get:
T+ 1 X1 i1
o =al (R W)

Q3N+tN TN tN
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(5) But this collection of M formulae tells us precisely that the following happens, as
an equality, or rather approximation, of vectors in RM:

r1+h 21 (%11(75) e %(z) 131
/ : ~fl ]+ : : :
TN +tn TN ‘fl%f(x) ZJ;—”;(:U) in
Thus, we are led to the conclusion in the statement. U

Generally speaking, Theorem 5.13 is what we need to know for upgrading from calculus
to multivariable calculus. As a standard result here, we have:

THEOREM 5.14. We have the chain derivative formula
(fog)(z) = f(9(x)) g (x)
as an equality of matrices.
ProoF. Consider indeed a composition of functions, as follows:
fRYNSRM | ¢g:RESRY | fog:RE S RM

According to Theorem 5.13, the derivatives of these functions are certain linear maps,
corresponding to certain rectangular matrices, as follows:

fg(z)) € Myxn(R) , ¢'(z) € Myxx(R) (fog)(x) € Myxk(R)
Thus, our formula makes sense indeed. As for proof, this comes from:
(feg)lz+1t) = flglz+1))
~ flg(z) +g'(2)t)
~ f(g(@)) + f'(g(x))g (x)t

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

Next, we can talk about higher derivatives, in the obvious way, simply by performing
the operation of taking derivatives recursively. To be more precise, we have:

THEOREM 5.15. Given f : RN — R, we can talk about its higher derivatives

dr d d
! )

dz;, ...dz;, - dz;, o dz;,
provided that these derivatives exist indeed. Moreover, due to the Clairaut formula,
d*f B d*f
dvdr;  dxjdx;

the order in which these higher derivatives are computed s irrelevant.
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PROOF. There are several things going on here, the idea being as follows:

(1) First of all, we can talk about the quantities in the statement, with the remark of
course that at each step of our recursion, the corresponding partial derivative can exist of
not. We will say in what follows that our function is n times differentiable if the quantities
in the statement exist at any k£ < n, and smooth, if this works with n = oo.

(2) Regarding the second assertion, this is self-explanatory, based on the Clairaut
formula, which is something elementary, coming from the mean value theorem.

(3) In practice now, we can permute the order of our partial derivative computations,
and a standard way of doing this is by differentiating first with respect to x;, as many
times as needed, then with respect to xs, and so on. Thus, the collection of partial
derivatives can be written, in a more convenient form, as follows:

dkf dkl de
ke a a )
(4) To be more precise, here k € N is as usual the global order of our derivatives,

the exponents kiq,...,ky € N are subject to the condition &k + ... + ky = k, and the
operations on the right are the familiar one-variable higher derivative operations. U

Regarding now the Taylor formula, in several variables, at order 2, we have:

THEOREM 5.16. Given a function f : RN — R, construct its Hessian, as being:

) = (1ot (‘”))U

We have then the following order 2 approzimation of f around a given x € RV,

flo 1) = fa) + flaoy+ D2

relating the positivity properties of " to the local minima and maxima of f.

Proor. This is something very standard, the idea being as follows:

(1) At N =1 the Hessian matrix is the 1 x 1 matrix having as entry the usual f”(z),
and the formula in the statement is something that we know well, namely:

Jla+t) = f(z)+ f'(x)t + %ﬂf)tz

(2) In general, our claim is that the formula in the statement follows from the one-
variable formula above, applied to the restriction of f to the following segment in RV:

I =lz,z+1
To be more precise, let y € RY, and consider the following function, with r € R:

g(r) = f(z +ry)
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We know from (1) that the Taylor formula for g, at the point r = 0, reads:

o) 2 9(0) + g/ (O)r + LU

And our claim is that, with ¢ = ry, this is precisely the formula in the statement.

(3) So, let us see if our claim is correct. By using the chain rule, we have:
gr)=fz+ry) -y

By using again the chain rule, we can compute the second derivative as well:

g"(r) = (filz+ry)-y)

= < f(z+ry)y,y>

(4) Time now to conclude. We know that we have ¢g(r) = f(z + ry), and according to
our various computations above, we have the following formulae:

9(0) = f(z) . 40)=[f(x) , ¢"0)=<[f"(z)y,y>
Buit with this data in hand, the usual Taylor formula for our one variable function g,
at order 2, at the point r = 0, takes the following form, with ¢ = ry:

< f"(@)y.y >r?

fle+ry) =~ fl@)+ f(@)ry+

2
< f"(x)t, t >
= J) ¢ Py SR
Thus, we have obtained the formula in the statement. Finally, the last assertion,
regarding the local extrema, is something standard, as in the one-variable case. U

As a complement to Theorem 5.16, very useful in practice, let us record:

THEOREM 5.17. Given a twice differentiable function f : RN — R, assume that
f'(x) =0, and let Ay, ..., A\n be the eigenvalues of f"(x). Then:

1) X\i > 0 is needed for x to be a local minimum.
2) \; > 0 guarantees that x is a local minimum.
3) A\ <0 is needed for x to be a local maximum.
4) \; < 0 guarantees that x is a local mazimum.

(
(
(
(
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PROOF. This comes from Theorem 5.16 and from linear algebra, as follows:

(1) We know from chapter 4 that the Hessian matrix f”(x), which is symmetric, is
diagonalized by a certain matrix U € Oy. But with this in hand, we can change the basis
of RY, with the help of this matrix U € Oy, and the Taylor formula becomes:

N
flx+1t) ~ f(x)+ Z)‘it?
i=1

And this latter formula, obviously, gives all the assertions in the statement.

(2) This was for the theory, but in practice, there are some other things that can be
useful. Consider for instance a function f : R? — R, whose Hessian looks as follows:

w, ~n_ [a b
f(z) = (c d)
The eigenvalues are then given by the following trace and determinant equations:
)\1~|—)\2:a+d s )\1>\2:ad—bc

Thus, without even computing the eigenvalues, we can say right away, depending on
the signs of a + d, ad — bc, if we are in one of the situations (1,2,3,4) in the statement.

(3) In more dimensions things are more complicated, but there are still tricks, that
can help, and the more you learn and know here, the better your analysis will be. O

5c. Multiple integrals

Getting now to integration matters, in several variables, we certainly have an analogue
of Definition 5.11, and we can usually compute the multiple integrals by iterating one-
variable integrals. At the theoretical level, as a key result here, we have:

THEOREM 5.18. Given a transformation ¢ = (p1,...,pN), we have

Jee= [ oo

with the J, quantity, called Jacobian, being given by

J,(t) = det [(Zf] (t))ij]

and with this generalizing the 1-variable formula that we know well.

PRroOF. This is something quite tricky, the idea being as follows:

(1) Observe first that this generalizes indeed the change of variable formula in 1 dimen-
sion, from Theorem 5.12, the point here being that the absolute value on the derivative
appears as to compensate for the lack of explicit bounds for the integral.
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(2) In general now, we can first argue that, the formula in the statement being linear
in f, we can assume f = 1. Thus we want to prove vol(F) = fw 1E) |J,(t)|dt, and with

D = ¢~ (E), this amounts in proving vol(p = [ |J,(0)|dt.

(3) NOW smce this latter formula is additive with respect to D, it is enough to prove
that vol(p = [}, J,(t)dt, for small cubes D, and assuming J, > 0. But for ¢ linear
this follows by using the deﬁnltlon of the determlnant as a volume as in chapter 2.

(4) In order to prove now the theorem, as stated, let us rather focus on the transfor-
mations used ¢, instead of the functions to be integrated f. Our first claim is that the
validity of the theorem is stable under taking compositions of such transformations ¢.

(5) In order to prove this claim, consider a composition, as follows:
p:F—>F |, v:D—FE |, poty:D—F

Assuming that the theorem holds for ¢, 1), we have the following computation:

/F f@)ds = / (o)) a(s)ds

= [ Foo vlDl L] - st
= [ Foo vl sttt

Thus, our theorem holds as well for ¢ o 1), and we have proved our claim.

(6) Next, as a key ingredient, let us examine the case where we are in N = 2 dimen-
sions, and our transformation ¢ has one of the following special forms:

p(r,y) = (W(z,y),y) , @,y = (v,9(,y))

By symmetry, it is enough to deal with the first case. Here the Jacobian is di/dx, and
by replacing if needed 1) — —1), we can assume that this Jacobian is positive, diy)/dzx > 0.
Now by assuming as before that D = ¢~ !(FE) is a rectangle, D = [a,b] X [c,d], we can
prove our formula by using the change of variables in 1 dimension, as follows:

/E foyds = [ flay)dedy

»(D)

= / / f(z,y)dzdy
¥(ay)

- / / P ), 0) % dndy
- /D Pl (B)dt
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(7) But with this, we can now prove the theorem, in N = 2 dimensions. Indeed, given
a transformation ¢ = (1, p2), consider the following two transformations:

qb(x,y) = (901(x7y)7y) ) @/J(ZE,y) = (x7902 © gb_l(xvy))

We have then ¢ = 1) o ¢, and by using (6) for ¢, ¢, which are of the special form there,
and then (5) for composing, we conclude that the theorem holds for ¢, as desired.

(8) Thus, theorem proved in N = 2 dimensions, at least in the generic situation, and
we will leave the remaining details as an exercise. And the extension of the above proof
to arbitrary N dimensions is straightforward, that we will leave as an exercise too. U

We can discuss now some more advanced questions, related to the computation of
volumes of the spheres, and to the integration over spheres. Let us start with:

THEOREM 5.19. We have polar coordinates in 2 dimensions,
T = rcost
y = rsint
the corresponding Jacobian being J = r.

Proor. This is something elementary, the Jacobian being given by:

cost —rsint
J = |.
sint rcost
= rcos’t+rsin®t
= r
Thus, we have indeed the formula in the statement. U

We can now compute the Gauss integral, which is the best calculus formula ever:

THEOREM 5.20. We have the following formula,
/ e dy = N3
R

PRroOF. This is something truly magic, the idea being as follows:

called Gauss integral formula.

(1) To start with, we can certainly integrate e by using the formula of the expo-

nential series, and the primitive which is worth 0 at x = 0 is given by:

2k+1
/ Z 2k (2k + 1)k!

However, this series is not computable, in terms of the known, familiar series.
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(2) Next, we can still ask for the computation of fR e~ dz, who knows. And here,
another surprise awaits us, this is undoable, with bare hands. However, and here comes
the magic, the Gauss integral can be computed by using two dimensions, as follows:

2
(/ edex) = //e"”Qdea:dy
R R JR
2 00 )
= / / e " rdrdt
o Jo
00 2\’
= 27 / _ dr
0 2
= 2m|0— | — L

= 7

(3) Amazing, all this. We will heavily use the Gauss integral, in what follows. O
Getting now to 3 dimensions, we have here the following result:

THEOREM 5.21. We have spherical coordinates in 3 dimensions,

= 7COSS
Yy = rsinscost
z = rsinssint

2

the corresponding Jacobian being J(r,s,t) = r*sins.

PRrROOF. The fact that we have indeed spherical coordinates is clear. Regarding now
the Jacobian, this is given by the following formula:

COS S —rsin s 0
J(r,s,t) = |sinscost rcosscost —rsinssint
sinssint rcosssint rsinscost

COS S —rsin s
sin scost rcosscost

COS S —rsin s
sinssint rcosssint

2

= r°sinssint + rsinscost

coss —rsins
sins 7rcoss

coss —rsins

) + rsinscos®t
sins rcoss

— rsinssin’®t

Coss —rsins

= rsins(sin®t + cos®t) | .
sins  rcoss

= rsinsx1xr
= r’sins

Thus, we have indeed the formula in the statement. U
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Let us work out now the spherical coordinate formula in N dimensions. The result
here, which generalizes those at N = 2,3, is as follows:

THEOREM 5.22. We have spherical coordinates in N dimensions,

T = rcost;

Ty = rsint; costy

Tn_1 = rsint;sinty...sinty_scosty_1
(Tn = rsiniysinty...sinty_2sinty_q

N-3 tz

the Jacobian being J(r,t) = rN"1sinV "2 ¢, sin osin?ty_gsinty_o.

PROOF. As before, the fact that we have spherical coordinates is clear. Regarding
now the Jacobian, also as before, by developing over the last column, we have:
Jy = rsinty...sinty_gsinty_; X sinty_1Jn_1
4+ rsint;...sinty_ocosty_1 X costy_1Jn_1
= rsint;...sinty_o(sin®ty_; + cos®ty_1)Jy_1
= rsint;...sinty_o2Jn_1
Thus, we obtain the formula in the statement, by recurrence. O

As an application, let us compute now the volumes of spheres. For this purpose, we
must understand how the products of coordinates integrate over spheres. Let us start with
the case N = 2. Here the sphere is the unit circle T, and with z = ¢ the coordinates are
cost,sint. We can first integrate arbitrary powers of these coordinates, as follows:

PROPOSITION 5.23. We have the following formulae,

/2 w/2 e(p) I
/ cosptdt:/ sin?tdt = <E> popE
0 0 2 (p+ D!

where €(p) =1 if p is even, and (p) = 0 if p is odd, and where
mll=(m—1)(m—3)(m—2>5)...
with the product ending at 2 if m s odd, and ending at 1 if m is even.
PROOF. Let us first compute the integral on the left I,. We have:
(cosPtsint) = pcosP ' t(—sint)sint + cos’ t cost
= pcosP™t —pcosP Lt + cosPTL e
= (p+1)cos®™t —pcosP 't
By integrating between 0 and 7/2, we obtain the following formula:

(p + 1)[p+1 =plp1
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Thus we can compute I, by recurrence, and we obtain:

I =

p

p—1

oy

p—1 p—3

p p—2""
p—1 p—3 p—>

p p—2 p—4

p!!
(p+ 1) hiep

Iy

—6

123

Thus, we obtain the result, by recurrence. As for the second formula, regarding sin t,

this follows from the first formula, with the change of variables t =

We can now compute the volumes of the spheres, as follows:

THEOREM 5.24. The volume of the unit sphere in RY is given by

v <Z>UV/2]

with the convention

PROOF. If we denote by BT the positive part of the unit sphere, we have:

vVt =

-G

)[N/Q]

NIl'=(N—-1)(N—=3)(N—-5)...
with the product ending at 2 if N is odd, and ending at 1 if N is even.

2N

2 (N+ 1)1

V2 (N =2 (N =31l 2l 11
) x : |
(N— DIl (N —2)Il"""31 21
)[N/m 1
X
(N -1l
1
(N + 1)l

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

As main particular cases of the above formula, we have:

/2
. / rN=lginVN—2 ty...sinty_odrdty...dtn_1

w/2 w/2
.. / sin tN,thN,Q / 1dtN,1
0 0

0
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PROPOSITION 5.25. The volumes of the low-dimensional spheres are as follows:
(1) At N =1, the length of the unit interval is V = 2.

(2) At N =2, the area of the unit disk is V = 7.

(3) At N = 3, the volume of the unit sphere is V = 4F

(4) At N =4, the volume of the corresponding unit sphere is V = %2

PROOF. These are all particular cases of the formula in Theorem 5.24.

5d. Stirling estimates

The formula in Theorem 5.24 is certainly nice, but in practice, we would like to have
estimates for that sphere volumes too. For this purpose, we will need:

THEOREM 5.26. We have the Stirling formula

NI~ (E)N\/QW_N

e
valid in the N — oo limit.
Proor. This is something quite tricky, the idea being as follows:
(1) Let us first see what we can get with Riemann sums. We have:
N N
log(N!) =) "logh = / logzde = NlogN — N +1
k=1 1

By exponentiating, this gives the following estimate, which is not bad:

Dk

(2) We can improve our estimate by replacing the rectangles from the Riemann sum
approach to the integrals by trapezoids. In practice, this gives the following estimate:

N
log 1+ log N log N
log(N!)z/ logxdx—i—%:]vlog]\f—]v—i—l—l— o8
1

N!

Q

By exponentiating, this gives the following estimate, which gets us closer:

(ﬂ)N.e.\/ﬁ

Q

N!
e
(3) In order to conclude, we must take some kind of mathematical magnifier, and

carefully estimate the error made in (2). Fortunately, this mathematical magnifier exists,
called Euler-Maclaurin formula, and after some computations, this leads to:

NI~ (E>N¢W

e
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(4) However, all this remains a bit complicated, so we would like to present now
an alternative approach to (3), which also misses some details, but better does the job,
explaining where the v/27 factor comes from. First, by partial integration we have:

N!:/ 2Ne  dx
0

Since the integrand is sharply peaked at x = N, as you can see by computing the
derivative of log(z"e™%), this suggests writing z = N + y, and we obtain:

log(zNe™) = Nlogz —x
= Nlog(N +y)— (N +vy)
— NlogN + Nlog (1+ %) — (N +y)

2

Y )
NlogN+N(N 2N2) (N +v)

y2
— NlgN—-N-2L
8 IN

By exponentiating, we obtain from this the following estimate:

N
Ve ™ ~ (ﬂ) e V' /2N

12

(&

(5) Now by integrating, and using the Gauss formula, we obtain from this:

N! = / Ne "dx
0

N N
-N (&
N N
() oo
€ R

_ (E)N@W—N

e

12

12

Thus, we have proved the Stirling formula, as formulated in the statement. Il
We can now estimate the volumes of the spheres, as follows:

THEOREM 5.27. The volume of the unit sphere in RN is given by

Ve~ <27re>N/2 1
N VTN

m the N — oo limit.
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PRrROOF. This is very standard, using the formula in Theorem 5.24, as follows:

(1) The double factorials can be estimated by using the Stirling formula. Indeed, in
the case where N = 2K is even, we have the following computation:

(N+ 1 = 2FK!

(2 v

e

()

(2) As for the case where N = 2K — 1 is odd, here the estimate goes as follows:

12

(2K)!
KK

(N + 1)1

N/2 N1 N/2 N1 /s
N e

N/2
_ ( ) VaN

e

(3) Now back to the spheres, when N is even, the estimate goes as follows:
Vo= (Z)N/ z_ 2%

2 (N + D!

(W)N/Q oN ( e >N/2 1
2 N/  \/zN

B <27re>N/2 1
N VTN

12
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(4) As for the case where N is odd, here the estimate goes as follows:

Vo <7T>(N—1)/2 N

2 EES
(E)(N—l)/22N(£>N/2L
2 N V2N
B \/5 ore\V? 1

Vi (F) w

B <27T€>N/2 1
N VTN

Thus, we are led to the uniform formula in the statement. Il

12

Good to have the above estimates, and in what regards their practical use, more later.
By the way, no discussion here would be complete without a word on the gamma function,
and we will certainly have an exercise about this, at the end of this chapter.

Getting back now to our main result so far, Theorem 5.24, we can compute in the
same way the area of the sphere, the result being as follows:

THEOREM 5.28. The area of the unit sphere in RY is given by
- <z)[N/2} 2N
2 (N —1)!!
with the our usual convention for double factorials, namely:
NIl'=(N—-1)(N-=3)(N-5)...
In particular, at N = 2, 3,4 we obtain respectively A = 27, 4w, 272,

PrROOF. Regarding the first assertion, we can use here the standard fact, which is
elementary, that the area and volume of the sphere in RY are related by the following
formula, which together with Theorem 5.24 gives the result:

A=N-V

Alternatively, we can of course redo the computations in the proof of Theorem 5.24,
and we obtain the result. As for the last assertion, this can be either worked out directly,
or deduced from the results for volumes that we have so far, by multiplying by N. O

So long for high dimensional spheres and their volumes. All this is very useful when
dealing with Fourier analysis, harmonic functions are related equations, such as the wave
and heat ones, and exercise of course for you, to learn more about all this.
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5e. Exercises

There has been a lot of material in this chapter. In what regards the functions of one
variable, and more specifically the second derivative, the standard exercise here is:

EXERCISE 5.29. Given a convex function f : R — R, prove that we have the following
Jensen inequality, for any x1,...,xxy € R, and any A1, ..., Any > 0 summing up to 1,
f(/\lxl + ...+ /\NZL’N) S )\1f<I1) + ...+ )\NI‘N

with equality when x1 = ... = xy. In particular, by taking the weights \; to be all equal,
we obtain the following Jensen inequality, valid for any x1,...,xNn € R,

N N

and once again with equality when x1 = ... = xyn. Prove also that a similar statement
holds for the concave functions, with all the inequalities being reversed.

This is something very classical, enjoy. For a bonus point, try the functions of several
variables as well, and comment on the condition f” > 0 in this case.

EXERCISE 5.30. Prove that for p € (1,00) we have the following inequality,
T+ ... +2xN p< |z1|P + ...+ |zN]|P
N - N
and that for p € (0,1) we have the following reverse inequality
r1+ ...ty p> |z [P+ ...+ |z NP
N - N

with in both cases equality precisely when |z, = ... = |xy].

As a bonus exercise here, try as well, directly, the case p = 2.

EXERCISE 5.31. Develop the theory of the gamma function, defined as

['(s) = / ¥ e " dr
0
notably by establishing the following formula, for any N € N,
['(N) = (N —1)!
and then comment on the formulae for the volumes and areas of spheres.

To be more precise, the first question is that of establishing the well-known formula
I'(s +1) = sI'(s). The next step is that of computing I'(s) for s € N/2, with the above
formula in the case s € N. And then, the problem is that of deciding if all this can be
useful in connection with the formulae for the volumes and areas of spheres.



CHAPTER 6

Normal laws

6a. Random variables

In this chapter we discuss the basics of probability theory, as an application of the
methods developed in chapter 5. With the idea in mind of doing things a bit abstractly,
remember after all that we are algebraists, in this book, as a starting point, we have:

DEFINITION 6.1. Let X be a probability space, that is, a space with a probability mea-
sure, and with the corresponding integration denoted E, and called expectation.

(1) The random variables are the real functions f € L>(X).
(2) The moments of such a variable are the numbers My (f) = E(f*).
(3) The law of such a variable is the measure giwen by My(f) = [ a"dpuys(x).

Also, we call mean and variance of f the numbers E = My and V = My — M}.

All this is self-explanatory, save for the existence of the law iy, which is not exactly
trivial. But we can do this by looking at formulae of the following type:

E(o(f)) = / (@) djiy ()

Indeed, having this for monomials ¢(x) = 2™, as above, is the same as having it
for polynomials ¢ € R[X], which in turn is the same as having it for the characteristic
functions ¢ = x; of measurable sets I C R. Thus, in the end, what we need is:

P(fel)=pI)

But this latter formula can serve as a definition for py, and we are done. Next,
regarding the key notion of independence, we can formulate here:

DEFINITION 6.2. Two variables f,g € L>(X) are called independent when
E(f*g') = E(f*) E(g")
happens, for any k,l € N.

Again, this definition, which was quick, hides some non-trivial things. The idea is a
bit as before, namely that of looking at formulae of the following type:

Ele(f)v(9)] = Elp(H] El¥(9)]

129
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To be more precise, passing as before from monomials to polynomials, then to char-

acteristic functions, we are led to the usual definition of independence, namely:
P(fel,geJ)=P(fel)P(geJ)
As a first result now, in order to deal with independence, we have:

THEOREM 6.3. Assuming that f,g € L>(X) are independent, we have

Hftg = Ky * Hg

where x is the convolution of real probability measures.

ProoOF. We have the following computation, using the independence of f, g:

/kaduf+g(:c) =E((f+9)") = Z (f) M, (f)My—r(9)

r

On the other hand, we have as well the following computation:

/R (g * p1g)(z) = / () @) )

S (k) M) My (9)

T

Thus py44 and py * pg have the same moments, so they coincide, as claimed.

As a second result on independence, which is more advanced, we have:

THEOREM 6.4. Assuming that f,g € L>(X) are independent, we have
Frig =TI} F,
where Fy(z) = E(e™)) is the Fourier transform.

Proor. This is something very standard, based on Theorem 6.3, as follows:
Frafa) = [ e=dns ()

= [ e gl 0
RxR

= /}Reixzduf(z)/Reixtdﬂg(t)
= Fi(x)Fy(x)

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

g

All the above is very nice, we have some interesting theory going on. Let us discuss

now some illustrations. We will first talk about discrete probability. First, we have:
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DEFINITION 6.5. The Bernoulli law of parameter x € [0, 1] is the law
Pz = (1 — ZB)50 + 51751
appearing when flipping a biased coin, P(heads) = x, P(tails) = 1 — x.

To be more precise, when flipping a biased coin as above, and betting heads, your
winning law is p,. Next, let us flip the biased coin several times in a row. This leads to:

THEOREM 6.6. When flipping a x-biased coin n times in a row, the law is

Pan = i (Z) " (1 — )"

k=0
called binomial law of parameters x € [0,1] and n € N.
Proor. This is something very standard, the idea being as follows:
(1) Observe first that at n = 1 we have indeed the Bernoulli law p,.

(2) In general, we can argue that when flipping the coin n times in a row, and betting
heads, the probability of winning k times, among our n attempts, is given by:

P(k wins) = (Z) P(heads)* P(tails)" % = (Z) (1 — z)n*

Thus, we are led to the formula of p,, in the statement.

(3) Alternatively, and being a bit more formal, since our n coin tosses are independent,
and independence corresponds to convolution, at the level of laws, we have:

Pen = Py
- [(1_33)50”51}*"

- Z (:) (1 — x)"F ik 5 gk

k=0
- 3 ()ra-ort
k
k=0
(4) Thus, one way or another, we are led to the formula in the statement. U

Getting now to the study of the binomial laws, we have here:

THEOREM 6.7. The binomial law p., has the following properties:

(1) The mean is E = nx.
(2) The variance is V = nz(l — x).
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PRrROOF. In what regards the mean, the computation is as follows:

E

’é k (Z) 21 — )"k

- n! k n—k
; =i )
2\ (n—2)! k—2 n—k
n(n— 1)z ; = 20— k)!x (1—x)
n(n —1)z? i (n ; 2) (1 — )"t
nn — Da*(x +1—x)"?
n(n — 1)z?

We conclude that the second moment is given by the following formula:

My =n(n —1)2° + nz = nz((n — 1)z + 1)

As for the variance V = M, — MZ, this is given by the following formula:
V =nz((n—1)x+1) - (nr)*> = nz(l — )

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

Many other things can be said about the binomial laws, and we will be back to this.
Moving on, the central objects in discrete probability theory are the Poisson laws:



6A. RANDOM VARIABLES 133

DEFINITION 6.8. The Poisson law of parameter 1 is the measure

1 O

pt:g E

keN

and more generally, the Poisson law of parameter t > 0 is the measure

with the letter “p” standing for Poisson.

Observe that p; has indeed mass 1, with this coming from e’ = >, t*/k!. Regarding
the mean and variance, these are as follows, and more on this in a moment:

E=V=t

Many interesting things can be said about the Poisson laws. Going now directly for
the kill, Fourier transform computation, we have here the following result:

THEOREM 6.9. The Fourier transform of p; is given by:
Fy(y) = exp ((e” — 1)t)
In particular we have ps * py = psit, called convolution semigroup property.

ProoOF. We have indeed the following computation, for the Fourier transform:

~ tk
Fpt(y) = ¢! E
k

—t tk iky
T
— K
" (eiyt)k
= € Z k!
k

= exp ((e" — 1)t)
As for the second assertion, this follows from the fact that log F), is linear in ¢, via
the linearization property for the convolution from Theorem 6.4. U

F(Sk (y)

We can now establish the Poisson Limit Theorem, as follows:

THEOREM 6.10 (PLT). We have the following convergence, in moments,

" " *n
((1——) 50+—51) — Dt
n n

for any t > 0.



134 6. NORMAL LAWS

ProOOF. If we denote by v, the measure under the convolution sign, we have the
following computation, for the Fourier transform of the limit:

Fa) =" = Fu)=(1-5)+ e
n n

— A= ((1-1)+ %)

— Ry = <1+w>n

n
= F(y) =exp ((e¥ — 1)t)
Thus, we obtain indeed the Fourier transform of p;, as desired. O
At the level of the moments now, the result is quite interesting, as follows:
THEOREM 6.11. The moments of p1 are the Bell numbers,
Mi(p1) = |P(F)]
where P(k) is the set of partitions of {1,...,k}. More generally, we have

M. (p:) = Z o

neP(k)
for any t > 0, where |.| is the number of blocks. In particular, E =V =t.
Proor. We know that the moments of p; are given by the following formula:
1 rk
M= 22

We therefore have the following recurrence formula for these moments:
1 1\"
My = Ezﬁ <1+;)
1 rk E\ _,
i)
k
= ;)
s

S

But the Bell numbers By, = |P(k)| satisfy the same recurrence, trivially, so we have
M, = By, as claimed. As for the proof of the formula at ¢ > 0 arbitrary, this is similar.
Finally, regarding the mean and variance, E =t is clear, and V = (> +t) —t* =¢. [

All the above was of course quite quick, but we will be back to this, in chapter 11.
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6b. Central limits

Getting now to the continuous case, as a key application of the Gauss integral formula,
established in chapter 5, we can introduce the normal laws, as follows:

DEFINITION 6.12. The normal law of parameter 1 is the following measure:

e 2y

1
g1 = e
More generally, the normal law of parameter t > 0 is the following measure:

1
g = _e—x2/2tdx

V2t

These are also called Gaussian distributions, with “q” standing for Gauss.

Observe that the above laws have indeed mass 1, as they should. This follows indeed
from the Gauss formula, which gives, with x = /2t y:

/€x2/2tdl' — 6*92\/2_tdy
R R
_ / e dy
R

= 2mt

Generally speaking, the normal laws appear as bit everywhere, in real life. The reasons
behind this phenomenon come from the Central Limit Theorem (CLT), that we will
explain in a moment, after developing some general theory. As a first result, we have:

PROPOSITION 6.13. We have the variance formula
Vig) =t
valid for any t > 0.

PROOF. The first moment is 0, because our normal law ¢, is centered. As for the
second moment, this can be computed as follows:

1 2
My, = x2e " 2 dy
2 \ 27t /R

1 2 !
= tx (—e’x /2t> dzx
\ 27t /]R( )
1 2
= te v Pdx
\ 27t /R

= 1

We conclude from this that the variance is V' = My = t. ]
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Here is another result, which is the key one for the study of the normal laws:
THEOREM 6.14. We have the following formula, valid for any t > 0:
Fy,(z) = et/
In particular, the normal laws satisfy gs * g = gs1¢, for any s,t > 0.

PRrRoOOF. The Fourier transform formula can be established as follows:

1 —y? i
F(z) = \/ﬁ/Re y?/2t+ Ydy
_ L / o~V i)t 2 g
V27t Jr

1 _ 27t 2/2
= e T/ 2tdz
V27t /]R

1 —t 2/2/ _ .2
= —e e 7 dz
VT R
1
— ﬁe_txZ/Q . ﬁ

eftx2/2

As for the last assertion, this follows from the fact that log Fj, is linear in ¢, via the
linearization property for the convolution from Theorem 6.4. U

We are now ready to state and prove the CLT, as follows:

THEOREM 6.15 (CLT). Given random wvariables fi, fo, f3,... € L¥(X) which are
i.9.d., centered, and with variance t > 0, we have, with n — oo, in moments,

1 n
= Z Ji~ gt
vn i=1
where g; is the Gaussian law of parameter t, having as density ﬁe‘lﬂ/ztdy.
PROOF. In terms of moments, the Fourier transform is given by:

re - 5 (2 4)

- z':a:kEfk
_ Z< )k!( )

k=0
i ik]\/][:'(f) o

k=0
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We conclude that the Fourier transform of the variable in the statement is:

- . n
F = |Fy | —
@ = [7(5)]

[ ta? "

= |1-—+0(n"?
g o)
Y

= |1- 5]
i 2n

~ eftx2/2

But this latter function being the Fourier transform of ¢;, we obtain the result. O

Let us discuss now some further properties of the normal law. We first have:

PROPOSITION 6.16. The even moments of the normal law are the numbers

Mi(g) = tF/2 x kIl
where k!l = (k — 1)(k — 3)(k —5) ..., and the odd moments vanish.
ProOOF. We have the following computation, valid for any integer k € N:
1 2
M, = / kemv/2tq
k ot Ry Y
1 2 /
_ 1 (_e—y /Qt) d
o /R (ty™) y
1 2
= t(k — 1)y 2e v /?d
oo /R (k =1y Y
1 2
= t(k—1) x / h2emv /2y
(k=1)x - v Y
= t(k - 1)Mk,2

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

We have the following alternative formulation of the above result:

PROPOSITION 6.17. The moments of the normal law are the numbers

My (g:) = t*?| Po(k)]
where Py(k) is the set of pairings of {1,... k}.

PROOF. Let us count the pairings of {1,...,k}. In order to have such a pairing, we
must pair 1 with one of the numbers 2,... k, and then use a pairing of the remaining
k — 2 numbers. Thus, we have the following recurrence formula:

|P2(k)| = (k = 1)|Py(k —2)|
As for the initial data, this is P, = 0, P, = 1. Thus, we are led to the result. U
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We are not done yet, and here is one more improvement of the above:

THEOREM 6.18. The moments of the normal law are the numbers

Mi(g9:) = Z i

WEPQ(k)
where Py(k) is the set of pairings of {1,...,k}, and |.| is the number of blocks.

ProoOF. This follows indeed from Proposition 6.17, because the number of blocks of
a pairing of {1,...,k} is trivially £/2, independently of the pairing. O

Observe the similarity with Theorem 6.11, regarding the moments of the Poisson
laws. We will see later that many other interesting probability distributions are subject
to similar formulae regarding their moments, involving partitions, and a lot of exciting
combinatorics. Discussing this will be in fact a main theme of the present book.

6¢c. Spherical integrals

Let us discuss now the computation of the arbitrary integrals over the sphere, and
their asymptotics, which will lead us into some key examples of normal variables. We will
need a technical result extending the trigonometric formulae from chapter 5, namely:

THEOREM 6.19. We have the following formula,

/2 e(p)e(a) Nl
/ cosP tsin?tdt = <Z> B
0 2 (p+q+ 1)

where e(p) = 1 if p is even, and £(p) = 0 if p is odd, and where
m!l=(m—1)(m—3)(m—2>5)...
with the product ending at 2 if m is odd, and ending at 1 if m is even.

PRrROOF. Let I,, be the integral in the statement. In order to do the partial integration,
a bit as we previously did at p = 0 or ¢ = 0, in chapter 5, observe that we have:

(cosPtsin?t) = pcosP ' t(—sint)sin?t
+ cosPt-gsin?tcost

= —pcosP Htsin?t 4+ gcosPT tsin? !t
By integrating between 0 and /2, we obtain, for p,q > 0:

pIpfl,qul = q[erl,qfl
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Thus, we can compute I, by recurrence. When ¢ is even we have:

qg—1
Ly, = mlpm,m
q—1 q—3

Ny S
p+1 p+3 Pt
g—1 ¢—3 q—5
p+1 p+3 p+5 6,46

Cpligl!
_'(p+qﬂV%“

But the last term comes from the formulae in chapter 5, and we obtain the result:

~ pllg!!
e = g e
_ pllg!! (7T>€(P+Q) (p+ !
(gt \2 (p+q+1)!
<7T>5(P)€(Q) pllg!!
\2 (p+q+ 1)

Observe that this gives the result for p even as well, by symmetry. Indeed, we have

I, = I, by using the following change of variables:

i T
=—-—5
2

In the remaining case now, where both p, ¢ are odd, we can use once again the formula

plp—14+1 = qlpt1,4-1 established above, and the recurrence goes as follows:

a-1,

pq p—i—l p+2,g—2

a=1 q¢=3,

p+1 pt3 Prhat
¢—1 ¢=3 ¢=5,
p+1 p+3 p+5 p+6,4-6

pllig! I
S (prg-ptTH
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In order to compute the last term, observe that we have:

w/2
I, = / cosP tsintdt
0

1 w/2
= —— (cosP™ ¢)" dt
p+1J,
B 1
 op+1
Thus, we can finish our computation in the case p, ¢ odd, as follows:
B pllg!!
Iy = CEY R Ipig-11
pllig 1
 (p+a-D! p+g
pllg!!
 (pHg+ D
Thus, we obtain the formula in the statement, the exponent of 7/2 appearing there
being £(p)e(q) = 0-0 = 0 in the present case, and this finishes the proof. O

We can now integrate over the spheres, as follows:

THEOREM 6.20. The polynomial integrals over the unit sphere S]fgf_l c RY, with
respect to the normalized, mass 1 measure, are given by the following formula,

N — D)kl k!
k1 kNd :( 1 N
/ng“’l N T TN sk — D

valid when all exponents k; are even. If an exponent is odd, the integral vanishes.

PROOF. Assume first that one of the exponents k; is odd. We can make then the
following change of variables, which shows that the integral in the statement vanishes:

T, — —T;

Assume now that all the exponents k; are even. As a first observation, the result holds
indeed at N = 2, due to the formula from Theorem 6.19, which reads:

/2 e(p)e(q) gl
/ cosPtsin?tdt = (Z> _Par
0 2 (p+q+ 1

pllig!
(p+q+ 1)
Indeed, this formula computes the integral in the statement over the first quadrant.

But since the exponents p,q € N are assumed to be even, the integrals over the other
quadrants are given by the same formula, so when averaging we obtain the result.
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In the general case now, where the dimension N € N is arbitrary, the integral in the
statement can be written in spherical coordinates, as follows:

oN /2 /2
I:—/ / Ilfl...ZE?VN(]dtl...dtN_l
A 0 0

Here A is the area of the sphere, J is the Jacobian, and the 2V factor comes from the
restriction to the 1/2" part of the sphere where all the coordinates are positive. According
to our formulae in chapter 5, the normalization constant in front of the integral is:

oN 7o\ [N/
()

™

As for the unnormalized integral, by using the various formulae from chapter 5, for
the spherical coordinates and their Jacobian, this is given by:

w/2 /2
I' = / / (cost;)™ (sint; costy)*?
0 0

(sintysinty...sinty_gcosty_q)™-1
(sinty sinty...sinty_osin tN_l)kN
sin™ 2 t1 sin?V =3 to...sin’ty_ssinty_o

dtl . dtN_l

By rearranging the terms, we obtain the following formula:

w/2
I' = / coskt ty ginfe T thNEN=2¢ qp
0

[e=]

/ cosk? ty sinf3 TN EN=3 ¢,

w/2
w/2
/ cosFN=2 ¢ o sinfN-ItEN Ly dEy
0
/2

/ COSkN*1 tN—l Sil’lkN tN—l dtN_l
0
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Now by using the above-mentioned formula at N = 2, this gives:

o EiWW(ke + ...+ ky + N —2)I! (E)E(N_Q)
(ki +...+knv+N -1l \2

koWW(ks + ...+ ky + N = 3)!! <z>e(N3>
(ko +...+kn+N=2)I \2

kn_oW(ky—1 + ky + 1! (z)s(l)
(kn—o + kno1 + Iy +2)I1\2
k:N_lllk:N!! 7\ €(0)

(kn_1 + kn + 1) (‘)

2

Now let F' be the part involving the double factorials, and P be the part involving the
powers of /2, so that I’ = F' - P. Regarding F', by cancelling terms we have:

k. k!
Sk + N -
As in what regards P, by summing the exponents, we obtain P = (g)[N/2]' We can
now put everything together, and we obtain:
2N
I = —xFxP
T x F x
(N/2]
2 k! k! [N/2]
= |- (N — 1! x ! N X (E>
0 (3k; + N —1)!! 2
(N — DR R
(3Xk; + N — 1!
Thus, we are led to the conclusion in the statement. Il

We have the following useful generalization of the above formula:

THEOREM 6.21. We have the following integration formula over the sphere Sg’l C
RY, with respect to the normalized measure, valid for any exponents k; € N,

Y(k1yen,k
/ 2k kN de = 2 (R BN (N D)y 11 ey
gN-1 1 N T (N“‘Zk’z—l)”

R

with ¥ = [odds /2] if N is odd and ¥ = [(odds +1)/2] if N is even, where “odds” denotes
the number of odd numbers in the sequence ki, ..., ky.
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PROOF. As before, the formula holds at N = 2, due to Theorem 6.19. In general, the
integral in the statement can be written in spherical coordinates, as follows:

N w/2 w/2
I:—/ / :Elfl...x]f\,NJdtl...dtN_l
A 0 0

Here A is the area of the sphere, J is the Jacobian, and the 2V factor comes from
the restriction to the 1/2V part of the sphere where all the coordinates are positive. The
normalization constant in front of the integral is, as before:

N /2]
27 _ <3> (N — 1)1

™

As for the unnormalized integral, this can be written as before, as follows:

w/2
I = / coskt ty ginfe T RN EN=2¢ qp
0

w/2
/ cosk? to sinfs T HENEN=3 ¢ qp,
0

w/2
/ cosfN=2 ¢ o sinfv-1tEN Ly O dEy
0

w/2
/ cosFN=1 ¢y 1 sinfN tn  dty_ g
0

Now by using the formula at N = 2, we get:

o T kMRt kN =2 (g)5<’ﬂ»’f2+~~+kw+N2>
2 (bi+...+hky+N-DI \x
7 kll(ks+ ... +ky + N —3)lI (2)5<k2»k3+~~~+’fN+N3>
2 (kyt...+hy+N-21 \x
7k oWhyoy A+ ky A+ DI 22Nt
2 (ky_o+ kyn_1 + ky +2)! (%)
m kn_i eyl 9\ SN —1.kn)
2 (ky_1 +ky + D! (%)

In order to compute this quantity, let us denote by F' the part involving the double
factorials, and by P the part involving the powers of 7/2, so that we have:

I'=F-P
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Regarding F', there are many cancellations there, and we end up with:
k!
(3Xk; + N — 1!

As in what regards P, the § exponents on the right sum up to the following number:

N-1
Ak, k) =Y 0(ki ki + ...+ ky + N —i—1)
i=1

In other words, with this notation, the above formula reads:
v <§>N—1 e kol k! <3>A(’“~-“’W>
2 (ky+...+kv+N -\ 7
2\ Ak =N f Vol k!
B (_) (ki + ...+ ky+ N =1l
2 Pt AN/ kol k!
(_) (ki + ...+ ky+N -1l
To be more precise, the formula relating A to > follows from a number of simple
observations, the first of which being the fact that, due to obvious parity reasons, the

sequence of ¢ numbers appearing in the definition of A cannot contain two consecutive
zeroes. Now together with I = (2% /V)I', this gives the formula in the statement. O

T

T

Summarizing, we have complete results for the integration over the spheres, with the
answers involving various multinomial type coefficients, defined in terms of factorials, or
of double factorials. All these formulae are of course very useful, in practice.

As a basic application of all this, we have the following result:

THEOREM 6.22. The moments of the hyperspherical variables are
— 1NN
/ iy — (N — D!k
gy -1 (N +k—1D
and the normalized hyperspherical variables
T

yi:\/N

become normal and independent with N — oo.

PrROOF. We have two things to be proved, the idea being as follows:

(1) The formula in the statement follows from the general integration formula over
the sphere, from Theorem 6.20. Indeed, that formula gives:

N — D)l
kd :(—
/sg—lx’ TR
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Now observe that with N — oo we have the following estimate:

& (v .
/SN_lxid:r = NrkE-Dn X k!
R

~ NF2g
N*2 My (g1)
Thus, the variables y; = f—ﬁ become normal with N — oo.

(2) As for the asymptotic independence result, this is standard as well, once again by
using Theorem 6.20, for computing mixed moments, and taking the N — oo limit. U

As a comment here, all this might seem quite specialized. However, we will see later
on that all this is related to linear algebra, and more specifically to the fine study of the
group Oy formed by the orthogonal matrices. But more on this later.

6d. Complex spheres

Let us discuss now the complex analogues of all the above. We must first introduce
the complex analogues of the normal laws, and this can be done as follows:

DEFINITION 6.23. The complex Gaussian law of parameter t > 0 is

G, = law <%(a + z‘b))

where a,b are independent, each following the law g;.

The combinatorics of these laws is a bit more complicated than in the real case, and
we will be back to this in a moment. But to start with, we have:

THEOREM 6.24. The complex Gaussian laws have the property
Gox Gy = Gyyy
for any s,t > 0, and so they form a convolution semigroup.

ProoF. This follows indeed from the real result, for the usual Gaussian laws, estab-
lished in above, by taking real and imaginary parts. U

We have as well the following complex analogue of the CLT:

THEOREM 6.25 (CCLT). Given complex random variables fi, fo, f3,... € L>®(X),
which are i.i.d., centered, and with variance t > 0, we have, with n — 0o, in moments,

1 n
%§fiNGt

where Gy 1s the complex Gaussian law of parameter t.
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PRrOOF. This follows indeed from the real CLT, established above, simply by taking
the real and imaginary parts of all the variables involved. O

Regarding now the moments, things are a bit more complicated than before, because
our variables are now complex instead of real. In order to deal with this issue, we will use
“colored moments”, which are the expectations of the “colored powers”, with these latter
powers being defined by the following formulae, and multiplicativity:

=1, =5, =7
With these conventions made, the result is as follows, with a pairing of a colored
integer £k = o e e o ... being called matching when it pairs o symbols with e symbols:

THEOREM 6.26. The moments of the complex normal law are the numbers
My (Gy) = Z 17l
w€P2(k)

where Py(k) are the matching pairings of {1,...,k}, and |.| is the number of blocks.

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

(1) We recall from the above that the moments of the real Gaussian law gy, with
respect to integer exponents k € N, are the following numbers:

my = | Py(F)]

(2) We will show here that in what concerns the complex Gaussian law Gy, a similar
result holds. Numerically, we will prove that we have the following formula, where a
colored integer k = o @@ o ... is called uniform when it contains the same number of o
and e, and where |k| € N is the length of such a colored integer:

M. — (|k]/2)! (K uniform)
"7 o (k not uniform)

Now since the matching partitions m € Py(k) are counted by exactly the same numbers,
and this for trivial reasons, we will obtain the formula in the statement, namely:

My = |Ps(k)|
(3) This was for the plan. In practice now, we must compute the moments, with
respect to colored integer exponents k = o e @ o ... of the variable in Definition 6.23:
1
c=—(a+1b)

V2

As a first observation, in the case where such an exponent £ = oeeo. .. is not uniform
in o, e, a rotation argument shows that the corresponding moment of ¢ vanishes. To be
more precise, the variable ¢ = wc can be shown to be complex Gaussian too, for any
w € C, and from Mj(c) = My(c') we obtain M (c) = 0, in this case.
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(4) In the uniform case now, where k = oeeo. .. consists of p copies of o and p copies
of e, the corresponding moment can be computed as follows:

My — / (cc)?

_ 1 2 2\p

— i (p)/a2s/b2p—2s
2p — \s

_ 2lp S (p)(Qs)!!(Qp—Zs)!!

S

1 p! (2s)!  (2p — 2s)!
w = sl(p—s)! 2% 2075(p — s)!

7! Z 2s\ (2p — 2s
4 —\s p—Ss
(5) In order to finish now the computation, let us recall that we have the following
formula, coming from the generalized binomial formula, or from the Taylor formula:

= (E)
I+t = \k/)\4
By taking the square of this series, we obtain the following formula:
1 3 2k\ (2s) [—t\""*
L+t 4=\k/\s/\ 4
—t\” 25\ [2p — 2s
-2(7) 2 ()0)

P S

Now by looking at the coefficient of ¥ on both sides, we conclude that the sum on the
right equals 4. Thus, we can finish the moment computation in (4), as follows:

p!
Mpzﬁxélp:p!

(6) As a conclusion, if we denote by |k| the length of a colored integer k =ceeo. ..,
the moments of the variable ¢ in the statement are given by:

M. — (|k]/2)! (K uniform)
"o (k not uniform)
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On the other hand, the numbers |P2(k)| in the statement are given by exactly the same
formula. Indeed, in order to have matching pairings of k, our exponent k = ceeo ...
must be uniform, consisting of p copies of o and p copies of e, with:

_ [k
2

But then the matching pairings of k correspond to the permutations of the e symbols,
as to be matched with o symbols, and so we have p! such matching pairings. Thus, we
have exactly the same formula as for the moments of ¢, and this finishes the proof.  [J

There are of course many other possible proofs for the above result, which are all
instructive, and some further theory as well, that can be developed for the complex
normal variables, which is very interesting too. We refer here to Feller [35], or Durrett
[32]. We will be back to this, on several occasions, in what follows.

In practice, we also need to know how to compute joint moments of independent
normal variables. We have here the following result, to be used later on:

THEOREM 6.27 (Wick formula). Given independent variables f;, each following the
complex normal law Gy, with t > 0 being a fized parameter, we have the formula

E (5 ) =24 {r € Pak) | < keri |
where k =ky ... ks and i =11 ...14, for the joint moments of these variables.

Proo¥r. This is something well-known, and the basis for all possible computations
with complex normal variables, which can be proved in two steps, as follows:

(1) Let us first discuss the case where we have a single variable f, which amounts in
taking f; = f for any ¢ in the formula in the statement. What we have to compute here
are the moments of f, with respect to colored integer exponents k =oeeo ... and the
formula in the statement tells us that these moments must be:

E(f*) = "2 Py (k)|
But this is the formula in Theorem 6.26, so we are done with this case.

(2) In general now, when expanding the product fi’? e fi'zs and rearranging the terms,
we are left with doing a number of computations as in (1), and then making the product
of the expectations that we found. But this amounts in counting the partitions in the
statement, with the condition 7 < ker ¢ there standing for the fact that we are doing the
various type (1) computations independently, and then making the product. O

The above statement is one of the possible formulations of the Wick formula, and
there are in fact many more formulations, which are all useful. Here is an alternative such
formulation, which is quite popular, and that we will also use in what follows:
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THEOREM 6.28 (Wick formula 2). Given independent variables f;, each following the
complex normal law Gy, with t > 0 being a fived parameter, we have the formula

E(fi o fufl . f) = 54 {w € Siline = jr,Vr}

for the non-vanishing joint moments of these variables.

PRroOOF. This follows from the usual Wick formula, from Theorem 6.27. With some
changes in the indices and notations, the formula there reads:

B i) =24 {o e Po(K) o <ker T}

Now observe that we have Py(K) = (), unless the colored integer K = K; ... K
is uniform, in the sense that it contains the same number of o and e symbols. Up to
permutations, the non-trivial case, where the moment is non-vanishing, is the case where
the colored integer K = K ... Ky is of the following special form:

K=0o0...000...0
—— ——
k k

So, let us focus on this case, which is the non-trivial one. Here we have s = 2k, and
we can write the multi-index I = I ... I, in the following way:

T =iy ip 1.k
With these changes made, the above usual Wick formula reads:
E (i Sl 03) = 4 {0 € PolE)|o < en(i) }

The point now is that the matching pairings o € Py(K), with K =o...ce...e of
length 2k, as above, correspond to the permutations 7= € Sy, in the obvious way. With
this identification made, the above modified usual Wick formula becomes:

E(fo- fufl f) = 54 {w € Siling) = jT,Vr}

Thus, we have reached to the formula in the statement, and we are done. O

Finally, here is one more formulation of the Wick formula, which is useful as well:

THEOREM 6.29 (Wick formula 3). Given independent variables f;, each following the
complex normal law Gy, with t > 0 being a fived parameter, we have the formula

E(fufl . fufl) = t'4 {7r € Siling) = jr,Vr}

for the non-vanishing joint moments of these variables.
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Proor. This follows from our second Wick formula, from Theorem 6.28, simply by
permuting the terms, as to have an alternating sequence of plain and conjugate variables.
Alternatively, we can start with Theorem 6.27, and then perform the same manipulations
as in the proof of Theorem 6.28, but with the exponent being this time as follows:

K=o0eo0e. .. .. .. ce
2%
Thus, we are led to the conclusion in the statement. U

In relation now with the spheres, we first have the following variation of the integration
formula in Theorem 6.20, dealing this time with integrals over the complex sphere:

THEOREM 6.30. We have the following integration formula over the complex sphere
S(JCV_I C RY, with respect to the normalized measure,

2N — D! 1!
2N+ 1 —1)!

/ 2?0 |an | Y dz = 42k
s&t

valid for any exponents l; € N. As for the other polynomial integrals in z1,...,zy and
their conjugates zy, ..., zZn, these all vanish.

Proor. Consider an arbitrary polynomial integral over S(]CV ~1 written as follows:

I = Ziy 21'2 c. Zizl—lgizl dz
gN-1
C

(1) By using transformations of type p — Ap with |A\| = 1, we see that I vanishes,
unless each z, appears as many times as z, does, and this gives the last assertion.

(2) Assume now that we are in the non-vanishing case. Then the [, copies of z, and
the 1, copies of 2z, produce by multiplication a factor |z,|?, so we have:

1:/ 212 | 2 dz
SN—I

C

Now by using the standard identification S(ZCV e~ S]?RN ~! we obtain:

D= [ @R i) day)
SD2¥N71

ll lN 201 —2r1 . 2r 2lN—2rN, 2rN
— Z (7”1) (TN) /sé”‘l T Yyi .. Ty Yn d(lﬁay)

r1..TN
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(3) By using the formula in Theorem 6.20, we obtain:

I
B L I\ (2N — DIErO)N . 220 — 2r)! . (2 — 2ry)!]
,;%(ﬁ)m(m> (2N +23 1, — 1)

. ll lN (2N—1)'<27“1)|(27’]\[)'(2[1—27’1)'(QZN—QTN)'
N Z (7’1) (’I“N) (2N+le—1)"f’1'7"]\['([1—7"1)'(lN—’I“N)'

r1..TN

(4) We can rewrite the sum on the right in the following way:

1
Z lll . lN'<2N — 1)'(27’1)' Ce (27"]\[)'(2[1 — 27"1)! . (211\/ — 27“]\[)!
- (2N + le — 1)'(T1' .. -TN!UI — 7’1)! e (lN — TN)!)2

. Z 27"1 2[1—27“1 Z 27’]\/ 2[]\7—27"]\7 (2N—1)'l1'l1\7|
g . 701 ll—q"l . TN lN—T’N (2N+le—1)'
2N — D! Iy

2N +> 1 —1)!

Thus, we obtain the formula in the statement. O

= 4 x . x4V x

Regarding now the hyperspherical variables, investigated in the above in the real case,
we have similar results for the complex spheres, as follows:

THEOREM 6.31. The rescaled coordinates on the complex sphere Sg_l,
Zi
VN

become complex Gaussian and independent with N — oo.

w; =

PrROOF. We have two assertions to be proved, the idea being as follows:

(1) The assertion about the laws follows exactly as in the real case, by using this time
Theorem 6.30 as a main technical ingredient.

(2) As for the independence result, this follows as well as in the real case, by using
this time the Wick formula as a main technical ingredient. U

As a conclusion to all this, we have now a good level in linear algebra, and also in
probability. And this can only open up a whole new set of perspectives, on what further
books can be read, in relation with geometry, analysis, and physics.

As for algebra and probability, stay with us. The story is far from being over with
what we learned, and dozens of further interesting things to follow. We still have 250
more pages, and there will be algebra and probability in them, that is promised.
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6e. Exercises

We have learned many interesting things in this chapter, and there are many possible
exercises about this. First, in connection with the CLT, we have:

EXERCISE 6.32. Work out the precise convergence conclusions in the CLT,

1 n
=D fi~a
Vi
going beyond the convergence in moments, which was established in the above.

This is a bit vague, but at this stage, learning more theory would be a good thing. Of
course, in case all this looks a bit complicated, don’t hesitate to look it up. As already
mentioned, some good references for probability are Durrett [32] and Feller [35].

EXERCISE 6.33. Find an alternative proof for the moment formula
My(Gy) = Z ¢
weP2(k)
using a method of your choice.
Again, this is a bit vague, and many things that you can try. As before, in case you
lack a new idea here, don’t hesitate to look it up, and report on what you learned.
EXERCISE 6.34. Find a probability measure v whose moments are given by
My(v) = [NCa(k)|
then find as well a probability measure n whose moments are given by
My(n) = INC(k)|
where NC' stands for “noncrossing”. Then try as well the parametric case.
These latter exercises are actually quite difficult, but still doable, with some patience,
and you will learn many interesting things in this way, notably in relation with the moment
problem, which is a key topic in advanced probability. By the way, for a bonus point, try

to solve as well the question left, regarding the noncrossing matching pairings. With this
latter question being also quite difficult, but definitely worth studying.

EXERCISE 6.35. Compute the density of the hyperspherical law at N = 4, that is, the
law of one of the coordinates over the unit sphere S3 C R*,

This might look a bit specialized, but trust me, it is a must-do exercise, and if you
find something quite interesting, as an answer here, do not be surprised. After all, S3 is
the sphere of space-time, having its own magic. We will be back to this.



CHAPTER 7

Special matrices

7a. Fourier matrices

In this chapter we go back to basic linear algebra questions. We will be interested in
various classes of “special matrices”, and in the tools for dealing with them. As a first
and central example here, which is obviously special, we have the flat matrix:

DEFINITION 7.1. The flat matrix Iy is the all-one N x N matriz:

1 ... 1
In=1: :
1 ... 1
Equivalently, T /N is the orthogonal projection on the all-one vector € € CV.
Observe that Iy has a lot of interesting properties, such as being circulant, and bis-

tochastic. The idea will be that many techniques that can be applied to Iy, with quite
trivial results, apply to such special classes of matrices, with non-trivial consequences.

A first interesting question regarding I concerns its diagonalization. Since Iy is a
multiple of a rank 1 projection, we have right away the following result:
PROPOSITION 7.2. The flat matriz diagonalizes as follows,
N

Iy =P ' p

0

where P € My(C) can be any matriz formed by the all one-vector &, followed by N — 1
linearly independent solutions x € CV of the equation 1 + ... +xy = 0.

ProoF. This follows indeed from our linear algebra knowledge from chapters 1-4, by
using the fact that Iy/N is the orthogonal projection onto C&. U

In practice now, the problem which is left is that of finding an explicit matrix P €
My (C), as above. To be more precise, there are plently of solutions here, some of them
being even real, P € My(R), and the problem is that of finding a “nice” such solution,
say having the property that P;; appears as an explicit function of 4, j.

153
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Long story short, we are led to the question of solving, in a somewhat canonical and
elegant way, the following equation, over the real or the complex numbers:

ZL‘1++$N:O

And this question is more tricky than it seems. To be more precise, there is no hope
of doing this over the real numbers. As in what regards the complex numbers, there is a
ray of light here coming from the roots of unity. So, let us formulate:

DEFINITION 7.3. The Fourier matriz Fy is the following matriz, with w = e>™/N :

1 1 1 e 1

1 w w? coowh Tt
Py = 1 w2 wh w2(N-1)

1 wN-1 wz(z'vq) w(Nfl)Q

That is, Fx = (w"”);;, with indices i,j € {0,1,..., N — 1}, taken modulo N.

Before getting further, observe that this matrix Fiy is “special” too, but in a different
sense, its main properties being the fact that it is a Vandermonde matrix, and also, a
rescaled unitary. We will axiomatize later the matrices of this type.

Getting back now to the diagonalization problem for the flat matrix I, this can be
solved by using the Fourier matrix Fly, in the following elegant way:

THEOREM 7.4. The flat matrix diagonalizes as follows,

N
1 0 )
Iy = 5 Fx |

with Fy = (w'),; being the Fourier matriz.

PROOF. According to Proposition 7.2, and with indices i,j € {0,1,...,N — 1}, we
are left with finding the 0-eigenvectors of I, which amounts in solving;:

J?o—}—...—{—ZL’N_l:O

But for this purpose, we use the root of unity w = e2™/¥, and more specifically, the
following standard formula, that we know from chapter 3:

N-1
E w = N5j0
=0
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Indeed, this formula shows that for j = 1,...,N — 1, the vector v; = (w%); is a
0-eigenvector. Moreover, these vectors are pairwise orthogonal, because we have:
<0,V >= Zwij_ik = N(Sjk
i

Thus, we have our basis {vy,...,vy_1} of 0-eigenvectors, and since the N-eigenvector
is & = vp, the passage matrix P that we are looking is given by:

PI[UO v ... UN—I]

But this is precisely the Fourier matrix, P = Fly. In order to finish now, observe that
the above computation of < v;,v; > shows that Fy/v/'N is unitary, and so:

1
Fyl = — F;
N NN
Thus, we are led to the diagonalization formula in the statement. U

Generally speaking, the above result will be the template for what we will be doing
here. On one hand we will have special matrices to be studied, of Iy type, and on the
other hand we will have special matrices that can be used as tools, of Fy type. Let us
begin with a discussion of the “tools”. Inspired by Fly, let us formulate:

DEFINITION 7.5. A complexr Hadamard matriz is a square matrix
H e My(T)
where T is the unit circle, satisfying the following equivalent conditions:
(1) The rows are pairwise orthogonal.
(2) The columns are pairwise orthogonal.

(3) The rescaled matriz H/\/N is unitary.
(4) The rescaled matriz H*/v/N is unitary.

Here the fact that the above conditions are indeed equivalent comes from basic linear
algebra, and more specifically from the fact that a matrix U € My(C) is a unitary
precisely when the rows, or columns, have norm 1, and are pairwise orthogonal.

We already know, from the proof of Theorem 7.4, that the Fourier matrix Fly is
a complex Hadamard matrix. There are many other examples of complex Hadamard
matrices, and the basic theory of such matrices can be summarized as follows:

PROPOSITION 7.6. The class of N x N complex Hadamard matrices is as follows:

2) It is stable under taking tensor products.

3) It is stable under taking transposes, conjugates and adjoints.

4) It is stable under permuting rows, or permuting columns.

5) It is stable under multiplying rows or columns by numbers in T.
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Proor. All this is elementary, the idea being as follows:
(1) This is something that we already know, from the proof of Theorem 7.4.

(2) Assume that H € My (T) and K € My(T) are Hadamard matrices, and consider
their tensor product, which in double index notation is as follows:

(H® K)igjb = Hij Kap

We have then H @ K € Myn(T), and the rows R;, of this matrix are pairwise
orthogonal, as shown by the following computation:

<Ria7ch> = Z b Hk] cb

:Z%%ZM@
J b
= MN(Sik(Sac

(3) We know that the set formed by the N x N complex Hadamard matrices appears
as follows, with the intersection being taken inside My (C):

Xy = My (T) NV NUy

The set My(T) is stable under the operations in the statement. As for the set vV NUy,
here we can use the well-known fact that if a matrix is unitary, U € U, then so is its
complex conjugate U = (U;;), the inversion formulae being as follows:

Ur=u-t ., ut=0!
Thus the unitary group Uy is stable under the following operations:

u—-uvt , U=U , U—=U*
It follows that the above set Xy is stable as well under these operations, as desired.

(4-5) These assertions are clear from definitions, because permuting rows or columns,
or multiplying them by numbers in T, leaves invariant both My (T) and vV NUy. U

In the above result, the assertions (1,2) are really important, and (3,4,5) are rather
technical remarks. As a consequence, coming from (1,2), let us formulate:

THEOREM 7.7. The following matrices, called generalized Fourier matrices,
FNl,...,Nk :FN1®®FN]€

are Hadamard, for any choice of Ny, ..., Ni. In particular the following matrices,

1 1\%F
=)

having size N = 2*, and called Walsh matrices, are all Hadamard.
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PRrROOF. The first assertion comes from Proposition 7.6. As for the second assertion,

this comes from this, by taking Ny = ... = Ny = 2. Indeed, the matrix that we get is:
®k
1 1
_ ®k _
FZ,...72 - F2 - (1 _1>
Thus, we are led to the conclusion in the statement. Il

As an illustration for the above result, the second Walsh matrix, which is an Hadamard
matrix having real entries, as is the case with all the Walsh matrices, is as follows:

1 1 1 1
1 -1 1 -1
Wa=11 1 1
1 -1 -1 1

In order to work out now some classification results, let us formulate:

DEFINITION 7.8. Two complex Hadamard matrices are called equivalent, and we write
H ~ K, when it is possible to pass from H to K wvia the following operations:

(1) Permuting the rows, or permuting the columns.
(2) Multiplying the rows or columns by numbers in T.

To be more precise, this is based on Proposition 7.6. Also, we have not taken into
account all the results there, because the operations H — H!, H, H* are far more subtle
than those in (1,2) above, and can complicate things, if included in the equivalence. Now
with this notion of equivalence in hand, we first have the following result:

THEOREM 7.9. The Hadamard matrices at N = 2,3,4 are up to equivalence

1 1 1 1
-1 1 -1
qg -1 —q

11 1 1 1
FQ = (1 _1> s F3 = 1 w w2 , Ff =
1 w g -1 ¢

U)2

—_ = =

with w = e2™/3 and with q € T.
Proor. This is something elementary, the idea being as follows:

(1) At N = 2 the result is clear, because up to equivalence we can put our matrix in
the following form, and then the Hadamard condition gives x = —1:

11
(2) At N = 3 now, again up to equivalence, we can assume that our matrix is:

111
H=11 z y
1 2zt
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The orthogonality conditions between the rows of this matrix read:
r+y=-1 , z+t=-1 , xz+yt=-1
In order to process these conditions, consider an equation of the following type:
p+q=-1, pqeT

Now observe that this equation tells us that the triangle having vertices at 1, p, ¢ must
be equilateral, and so, that we must have {p, ¢} = {w,w?}, with w = ¢*™/3. By using
this fact, for the first two equations, we conclude that we must have:

{l‘,y} - {w7w2} ) {th} = {w7w2}

As for the third equation, this gives x # z. Thus, H is either the Fourier matrix Fj,
or the matrix obtained from F3 by permuting the last two columns, and we are done.

(3) As for the proof at N = 4, where what we get are certain deformations of Fj,
covering for instance Wy, this is similar, and we will leave this as an exercise. Il

At N =5 things get more complicated, and following Haagerup [44], we have:

THEOREM 7.10. The only Hadamard matriz at N =5 is the Fourier matrix,

11 1 1 1
1 w w? w w
FF=|1 w v w
1w w w w?
1wt wd w? w
with w = €2™/%, up to the standard equivalence relation for such matrices.

Proor. This is something quite technical, the idea being as follows:

(1) Consider an Hadamard matrix H € M;5(T), chosen dephased, as follows:

=

I
== =
* XL Q=
* ¥ 8 =
K K K =
* K K X =

By using the orthogonality of rows and columns, and doing some computations, we
eventually conclude that the numbers a, b, x, y must satisfy the following equations:

(a—0)(a—zy)(b—zy) =0
(# —y)(z —ab)(y — ab) =0
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(2) Our claim now is that, by doing some combinatorics, we can actually obtain from
this a = b and x = y, up to the equivalence relation for the Hadamard matrices:

11111
1 a x *x x
H~ |1 2 a * *
1 % * % x%
1 % * % x%

Indeed, the above two equations lead to 9 possible cases, the first of which is, as
desired, a = b and x = y. As for the remaining 8 cases, here again things are determined
by 2 parameters, and in practice, we can always permute the first 3 rows and 3 columns,
and then dephase our matrix, as for our matrix to take the above special form.

(3) But with this in hand, the combinatorics of the scalar products between the first
3 rows, and between the first 3 columns as well, becomes something which is quite simple
to investigate. By doing a routine study here, and then completing it with a study of the
lower right 2 x 2 corner as well, we are led to 2 possible cases, as follows:

11111 11111
1 a b ¢ d 1 a b ¢ d
H~ |1 b a d c , H~ 11 b a d c
1 ¢ d a b 1 ¢ d b a
1 d c b a 1 d c a b

(4) Next, a routine study shows that the first case is in fact not possible. Regarding
now the second case, the orthogonality equations there are as follows:

a+b+c+d = -1
2Re(ab) + 2Re(cd) = —1
ac+cb+bd+da = —1
Now observe that the third equation can be written in the following form:
Re[(a+b)(c+d)] = -1
Im[(a—b)e—d)] = 0

By using now a, b, ¢, d € T, we conclude that we can find s,t € R such that:
a+b=is(a—b) , c+d=it(c—d)
By plugging in these values, our system of equations simplifies, as follows:
(a4+b)+ (c+d) = -1
la+b>+lc+d? = 3

(a+b)(c+d) = -1
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(5) Now observe that the last equation implies in particular that we have:
la+b? |c+d? =1
Thus |a + b|?, |c + d|* must be roots of X? —3X + 1 =0, and this gives:

{la+l, ]c+d|}:{\/52+1, \/52_1}

Which is very good news, because, obviously, we are now into 5-th roots of unity.

(6) Next, we have 2 cases to be considered. The first one is as follows, with z € T:

5+1 —1
V5 z , c+d=— V5
2 2

But from a + b+ ¢+ d = —1 we obtain z = —1, and by using this we conclude that
we have b = a, d = ¢. Thus we have the following formulae:

Re(a) = cos(2m/5) , Re(c) = cos(m/5b)

We conclude that we have an equivalence H ~ Fj, as claimed. As for the second case,
with the variables a, b and ¢, d interchanged, this leads to H ~ Fj as well. U

a+b= z

At N = 6 now, things explode, and we have here all sorts of matrices, related or not
to Fg, and not classified yet. As an example here, we have the following matrix of Bjorck
and Froberg, with a € T being one of the roots of a4+ (v/3 — 1)a + 1 = 0:

1 a —a —1 —a 14
20 1 a —a —1i —a
—a 1a 1 @ —a —1
BFg = ) o )
6 —1 —a 14 1 a  —a

—a —t —a wa 1 i«
e —a —1 —a w1
Finally, let us mention that the generalized Fourier matrices, and the Hadamard ma-
trices in general, have many applications, to questions in coding, radio transmissions,
quantum physics, and many more. We refer here for instance to the book of Bengtsson-
Zyczkowski [15], and to the papers of Bjorck [16], Haagerup [44], Idel-Wolf [52], Jones
[56], Sylvester [83]. We will be back to these matrices later, on several occasions.

7b. Circulant matrices

Let us go back now to the general linear algebra considerations from the beginning of
this chapter. We have seen that Fy diagonalizes in an elegant way the flat matrix Iy, and
the idea in what follows will be that of Fly, or other real or complex Hadamard matrices,
can be used in order to deal with other matrices, of Iy type.

A first feature of the flat matrix Iy is that it is circulant, in the following sense:
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DEFINITION 7.11. A real or complex matriz M s called circulant if
Mij =&
for a certain vector &, with the indices taken modulo N.

The circulant matrices are beautiful mathematical objects, which appear of course in
many serious problems as well. As an example, at N = 4, we must have:

b d
M:

QL O

S0 9

a
d
c

ISEES e

d

The point now is that, while certainly gently looking, these matrices can be quite
diabolic, when it comes to diagonalization, and other problems. For instance, when M
is real, the computations with M are usually very complicated over the real numbers.
Fortunately the complex numbers and the Fourier matrices are there, and we have:

THEOREM 7.12. For a matriz M € My(C), the following are equivalent:

(1) M is circulant, M;; = &4, for a certain vector & € CN.
(2) M is Fourier-diagonal, M = FyQFY;, for a certain diagonal matriz Q.

If s0, & = F%q, where g € CV is the column vector formed by the diagonal entries of Q.
Proor. This follows indeed from some basic computations with roots of unity:

(1) = (2) Assuming M;; = £;_;, the matrix ) = F\ M Fy is diagonal, due to:
Qij = waikMklwlj
ki

= Z W=k
kl

= Z wiktr)=ike,
kr

_ Z wE, Z wl—Dk
r k

= N, Z w’E,

(2) = (1) Assuming now @ = diag(q,...,qn), the matrix M = FyQFy is
circulant, as shown by the following computation:

M;; = Z w*Qprw ™I = Z w!=Dkq,
% %
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To be more precise, in this formula the last term depends only on j — i, and so shows
that we have M;; = &;_;, with £ being the following vector:

&= wq = (Fiq)
k

Thus, we are led to the conclusions in the statement. Il
As a basic illustration for the above result, for the circulant matrix M = Iy we recover
in this way the diagonalization result from Theorem 7.4, namely:

N

1 0 )
Iy = 5 Fw | F

0

The above result is something quite powerful, and very useful, and suggests doing
everything in Fourier, when dealing with circulant matrices. And we can use here:

THEOREM 7.13. The various basic sets of N x N circulant matrices are as follows,
with the convention that associated to any q € CN is the matriz Q = diag(qy, ..., qn):

(1) The set of all circulant matrices is:

MN(C)circ _ {FNQF;\([

qGCN}

(2) The set of all circulant unitary matrices is:
- 1
Uy = {—FNQF]:,

']TN
N 1€ }

(3) The set of all circulant orthogonal matrices is:

. 1

In addition, in this picture, the first row vector of FNQFY is given by & = FRq.
Proor. All this follows from Theorem 7.12, as follows:

(1) This assertion, along with the last one, is Theorem 7.12 itself.

(2) This is clear from (1), and from the fact that the rescaled matrix Fy /v N is
unitary, because the eigenvalues of a unitary matrix must be on the unit circle T.

(3) This follows from (2), because the matrix is real when ¢ = ¢, and in Fourier
transform, £ = Fyq, this corresponds to the condition ¢; = q_;. U

As a last topic regarding the circulant matrices, which is somehow one level above the
considerations above, let us discuss the circulant Hadamard matrices. We first have:
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PROPOSITION 7.14. The following are circulant and symmetric Hadamard matrices,

-1 v 1 v
1 w 11 v —1 v 1
’r /r "
F2_<1 z> - B = }Tfij =L L
1 v -1
where w = ™3 vy = ™/* equivalent to the Fourier matrices Fy, Fy, Fy.

PROOF. The orthogonality between rows being clear, we have here complex Hadamard
matrices. The fact that we have an equivalence Iy ~ Fj follows from:

G4~ )~0 )

At N = 3 now, the equivalence F3 ~ F; can be constructed as follows:

1 1 1 1 1 w w 1 1
1 w w|l~|1 w 1] ~1 w 1
1 w? w w 1 1 1 1 w

As for the case N = 4, here the equivalence F, ~ F}' can be constructed as follows,

where we use the logarithmic notation [k], = e*™*/*  with respect to s = 8:
00 0O 0141 4 1 0 1
0 2 46 1 410 14 10
040 4 4 1 01 01 41
0 6 4 2 g 1 01 4 g 1 01 4 <
Thus, the Fourier matrices Fy, F3, Fy can be put indeed in circulant form. U

In order to discuss now the general case, we will use a technical method for dealing
with the circulant matrices, namely Bjorck’s cyclic root formalism [16], as follows:

THEOREM 7.15. Assume that a matriv H € My (T) is circulant, H;j = v;j_;. Then H
is is a complex Hadamard matriz if and only if the vector

= <207 Rly« - 7ZN71)
given by z; = v;/vi—1 satisfies the following equations:
ZQ+21+...+ZN_1 =0

2021+ 2122+ ...+ 2N_120 =

Z()Zl...ZN,Q—I—...+ZN,120...ZN,3 = 0

20”1 .--2AN—-1 — 1

If so is the case, we say that z = (zg,...,2n_1) 1S a cyclic N-root.
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Proor. This follows indeed from a direct computation, the idea being that, with
H;; = v;_; as above, the orthogonality conditions between the rows are best written in
terms of the variables z; = ~;/7;_1, and correspond to the equations in the statement. [

Now back to the Fourier matrices, we have the following result:

THEOREM 7.16. Given N € N, construct the following complexr numbers:

Y = 67rz/N . q= VN—I . ow= 2

We have then a cyclic N-root, given by the following formula,

(¢, qu, qu?, ..., qu"™)

and the corresponding complex Hadamard matriz F), is circulant and symmetric, and
equivalent to the Fourier matrix Fy.

PROOF. Given two numbers ¢,w € T, let us find out when (g, qu, quw?, ..., quw™ 1) i
a cyclic root. We have two conditions to be verified, as follows:

(1) In order for the = 0 equations in Theorem 7.15 to be satisfied, the value of ¢ is
irrelevant, and w must be a primitive N-root of unity.
(2) As for the = 1 equation in Theorem 7.15, this states that we must have:

N N@-b

g w 2z =1

Thus, we must have ¢ = (=1)V~1, so with the values of ¢,w € T in the statement,
we have a cyclic N-root. Now construct H;; = v;_; as in Theorem 7.15. We have:

_ g1 R(e+D)
Ve =V-k < ¢ W 2

s PRt =1
1

k(k—1)
2

—k+1,,

= F=w"

But this latter condition holds indeed, because we have:

P B
We conclude that our circulant matrix H is symmetric as well, as claimed. It remains
to construct an equivalence H ~ Fl. In order to do this, observe that, due to our
conventions ¢ = vV, w = 12, the first row vector of H is given by:
k(k+1)
o= ¢
— (N1 (k+1)  k(k+1)

— o (N+k=1)(k+1)
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Thus, the entries of H are given by the following formula:

H_ij = Hoj
— ) (N+itj=1)(i+j+1)
Vi2+j2+2ij+Ni+Nj+N—1

_ o . 5 . .
I/N 1, L +Ni | 1 +Nj | V2’Lj

We conclude that the matrix H = (H,;) is equivalent to the following matrix:
H' = (H_i;)

Now regarding this latter matrix H’, observe that in the above formula, the factors
pN=1 i +Ni i +NG correspond respectively to a global multiplication by a scalar, and
to row and column multiplications by scalars. Thus H’ is equivalent to the matrix H”
obtained from it by deleting these factors. But this latter matrix, given by HJ; = v*9
wi/N

with v =e , is precisely the Fourier matrix Fl, and we are done. Il

As an illustration, at N = 2,3 we obtain the old matrices Fj, F5. As for the case
N = 4, here we obtain the following matrix, with v = e™/*:

7= VLA |

This matrix is equivalent to the matrix F)’ from Proposition 7.14, with the equivalence
F! ~ F! being obtained by multiplying everything by the number v = e™/4,

There are many other things that can be said about the circulant Hadamard matrices,
and about the Fourier matrices, and we refer here to Bjorck [16] and Haagerup [44].

7c. Bistochastic matrices

Getting back now to the main idea behind what we are doing, namely building on the
relation between [y and Fl, let us study now the class of bistochastic matrices:

DEFINITION 7.17. A square matriz M € My(C) is called bistochastic if each row and
each column sum up to the same number:

My ... My — A
M1 ... Myy — A
\J S
A A

If this happens only for the rows, or only for the columns, the matriz is called row-
stochastic, respectively column-stochastic.
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As a basic example of a bistochastic matrix, we have of course the flat matrix Iy. In
fact, the various above notions of stochasticity are closely related to Iy, or rather to the
all-one vector ¢ that the matrix I /N projects on, in the following way:

PROPOSITION 7.18. Let M € My(C) be a square matriz.

(1) M is row stochastic, with sums X\, when ME& = .
(2) M is column stochastic, with sums \, when M'¢ = \E.
(3) M 1is bistochastic, with sums X\, when M& = M'¢ = XE.

ProoOF. All these assertions are clear from definitions, because when multiplying a
matrix by &, we obtain the vector formed by the row sums. U

As an observation here, we can reformulate if we want the above statement in a purely
matrix-theoretic form, by using the flat matrix Iy, as follows:

PROPOSITION 7.19. Let M € My(C) be a square matriz.

(1) M is row stochastic, with sums A\, when M1y = M.
(2) M is column stochastic, with sums X, when IyM = Ny.
(3) M is bistochastic, with sums X, when My =TyM = M.

Proor. This follows from Proposition 7.18, and from the fact that both the rows and
the columns of the flat matrix Iy are copies of the all-one vector &. O

In what follows we will be mainly interested in the unitary bistochastic matrices, which
are quite interesting objects. As a first result, regarding such matrices, we have:

THEOREM 7.20. For a unitary matriz U € Uy, the following conditions are equivalent:

(1) H is bistochastic, with sums A.
(2) H is row stochastic, with sums X\, and |\| = 1.
(3) H is column stochastic, with sums A, and |\ = 1.

PROOF. By using a symmetry argument we just need to prove (1) <= (2), and
both the implications are elementary, as follows:

(1) = (2) If we denote by Uy,...,Uy € CV the rows of U, we have indeed:

1 = Z<U1,Ui>
= ZUUZUZ‘J'
7 i
= ZUU'S\
J

= AP
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(2) = (1) Consider the all-one vector £ = (1); € CN. The fact that U is row-
stochastic with sums A reads:

Z Uij =\Vi <= Z Uijgj =\, Vi
J J

— U&= X
Also, the fact that U is column-stochastic with sums A reads:
DU =AY = > Uyl =X,V

J

= Ut =X

We must prove that the first condition implies the second one, provided that the row
sum \ satisfies |A| = 1. But this follows from the following computation:

Ut =)\ = U'UE=\U"¢

= (=\U%¢
= (=\U%
= Ut =X
Thus, we have proved both the implications, and we are done. Il

The unitary bistochastic matrices are stable under a number of operations, and in
particular under taking products, and we have the following result:

THEOREM 7.21. The real and complex bistochastic groups, which are the sets
BN - ON s CN C UN
consisting of matrices which are bistochastic, are isomorphic to On_1, Un_1.

PROOF. Let us pick a unitary matrix F' € Uy satisfying the following condition, where
€g, .. .,en—1 is the standard basis of CV, and where ¢ is the all-one vector:

-
VN
Observe that such matrices F' € Uy exist indeed, the basic example being the normal-
ized Fourier matrix Fyy /v N. We have then, by using the above property of F:

F€0:

ué =§¢ <= ulFey= Fey
<~ F*uFey = e
— F*uF =diag(l,w)

Thus we have isomorphisms as in the statement, given by w;; — (F*uF);. U
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We will be back to By, Cy later in this book, when doing group theory. In relation
now with the Hadamard matrices, as a first remark, the first Walsh matrix W5 looks

better in complex bistochastic form, modulo the standard equivalence relation:

1 1 ) i1
1 -1 1 -1 1 4
The second Walsh matrix W, = Wy ® W5 can be put as well in complex bistochastic
form, as follows, and also looks better in bistochastic form:

1 1 1 1 -1 1 1 1
1 -1 1 -1 1 -1 1 1
1 1 -1 =171 1 =1 1
1 -1 -1 1 1 1 1 -1

In fact, by using the above formulae, we are led to the following statement:

PROPOSITION 7.22. All the Walsh matrices, Wy = W™ with N = 2", can be put in
bistochastic form, up to the standard equivalence relation, as follows:
(1) The matrices Wy with N = 4™ admit a real bistochastic form, namely:

-1 1 1 1\
1 -1 1 1
Wy~lp 1 21
1 1 1 -1
(2) The matrices Wy with N = 2 x 4™ admit a complex bistochastic form, namely:
-1 1 1 1\™
1 1 1 -1 1 1
Wy ~ (1 z) Tl 1 -1
1 1 1 -1

ProoOF. This follows indeed from the above discussion. O
Regarding now the question of putting the general Hadamard matrices, real or com-
plex, in complex bistochastic form, things here are tricky. We first have:

THEOREM 7.23. The class of the bistochastic complex Hadamard matrices has the
following properties:
(1) It contains the circulant symmetric forms F) of the Fourier matrices Fy.

(2) It is stable under permuting rows and columns.
(3) It is stable under taking tensor products.
In particular, any generalized Fourier matriz Fn, N, = Fy, ® ... ® Fy, can be put in

bistochastic and symmetric form, up to the equivalence relation.
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PRrROOF. We have several things to be proved, the idea being as follows:

(1) We know from the above that any Fourier matrix Fiy has a circulant and symmetric
form F};. But since circulant implies bistochastic, this gives the result.

(2) The claim regarding permuting rows and columns is clear.

(3) Assuming that H, K are bistochastic, with sums A, p, we have:

Z(H@K)m,jb = ZHinab
= Y HyY K

We have as well the following computation:

Z(H®K)ia,jb = ZHinab
b I
= Y HyY Kau
j b

Thus, the matrix H ® K is bistochastic as well.
(4) As for the last assertion, this follows from (1,2,3). O

In general now, putting an arbitrary complex Hadamard matrix in bistochastic form
can be theoretically done, according to a general theorem of Idel-Wolf [52]. The proof
of this latter theorem is however based on a quite advanced, and non-explicit argument,
coming from symplectic geometry, and there are many interesting open questions here.

7d. Hadamard conjecture

As a final topic for this chapter, let us discuss now the real Hadamard matrices. The
definition here, going back to 19th century work of Sylvester [83], is as follows:

DEFINITION 7.24. A real Hadamard matriz is a square binary matriz,
H e My(£1)
whose Tows are pairwise orthogonal, with respect to the scalar product on RY.

Observe that we do not really need real numbers in order to talk about the Hadamard
matrices, because the orthogonality condition tells us that, when comparing two rows,
the number of matchings should equal the number of mismatchings.

As a first result regarding such matrices, we have:



170 7. SPECIAL MATRICES

PROPOSITION 7.25. For a square matriz H € My(%1), the following are equivalent:

(1) The rows of H are pairwise orthogonal, and so H is Hadamard.
(2) The columns of H are pairwise orthogonal, and so H' is Hadamard.

(3) The rescaled matriz U = H/\/'N is orthogonal, U € Oy.

Proor. This is something that we already know for the complex Hadamard matrices,
with the orthogonal group Oy being replaced by the unitary group Uy. In the real case
the proof is similar, with everything coming from definitions, and linear algebra. U

As an abstract consequence of the above result, let us record:
THEOREM 7.26. The set of the N x N Hadamard matrices is
Yy = My(£1) NV NOy
where Oy is the orthogonal group, the intersection being taken inside My (R).

Proor. This follows from Proposition 7.25, which tells us that an arbitrary matrix
H € My(=1) belongs to Yy if and only if it belongs to vV NOy. O

As a conclusion here, the set Yy that we are interested in appears as a kind of set of
“special rational points” of the real algebraic manifold vV NOy. Moving now forward, as
before in the complex matrix case, it is convenient to introduce:

DEFINITION 7.27. Two real Hadamard matrices are called equivalent, and we write
H ~ K, when it is possible to pass from H to K via the following operations:

(1) Permuting the rows, or the columns.
(2) Multiplying the rows or columns by —1.

Observe that we do not include the transposition operation H — H! in our list of
allowed operations. This is because Proposition 7.25, while looking quite elementary,
rests however on a deep linear algebra fact, namely that the transpose of an orthogonal
matrix is orthogonal as well, and this can produce complications later on.

Let us do now some classification work. Here is the result at N = 4:

PROPOSITION 7.28. There is only one Hadamard matriz at N = 4, namely
Wy=Wy@ W,
up to the standard equivalence relation for such matrices.

PRrROOF. Consider an Hadamard matrix H € My(+1), assumed to be dephased:

H =

—_ ==
@ Qe
>0 O
S S\ O
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By orthogonality of the first 2 rows we must have {a,b,c} = {—1,—1,1}, and so by
permuting the last 3 columns, we can further assume that our matrix is as follows:

1 1 1 1
7 — 1 -1 1 -1
1 m n o
1 p q r

By orthogonality of the first 2 columns we must have {m,p} = {—1,1}, and so by
permuting the last 2 rows, we can further assume that our matrix is as follows:

1 1 1 1
1 -1 1 -1
H = 1 1 z vy
1 -1 =z ¢
Now from the orthogonality of the rows and columns we obtain x = y = —1, and then
z = —1,t = 1. Thus, up to equivalence we have H = Wy, as claimed. U

The case N =5 is excluded, because the orthogonality condition forces N € 2N. The
point now is that the case N = 6 is excluded as well, because we have:

PROPOSITION 7.29. The size of an Hadamard matrix must be
N e {2} U4AN
with this coming from the orthogonality condition between the first 3 rows.

PrRoOOF. By permuting the rows and columns or by multiplying them by —1, as to
rearrange the first 3 rows, we can always assume that our matrix looks as follows:

1., 1 1...... 1 1...... 1 1...... 1
1., 1 1...... 1 -1...-1 —-1...-1
H=11...... 1 -1...—-1 1...... 1 —-1...—-1

Now if we denote by z,vy, z,t the sizes of the 4 block columns, as indicated, the
orthogonality conditions between the first 3 rows give the following system of equations:

(1L2) : z4+y=z+t
(1L3) : z4+z=y+t
2L3) : z4+t=y+z

The numbers z, ¥, z,t being such that the average of any two equals the average of the
other two, and so equals the global average, the solution of our system is:

Thus the matrix size N = x 4+ y + 2z + ¢t must be a multiple of 4, as claimed. U
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The above result, and various other findings, suggest the following conjecture:

CONJECTURE 7.30 (Hadamard Conjecture (HC)). There is at least one Hadamard
matriz
H e My(£1)

for any integer N € 4N.

This conjecture, going back to the 19th century, is one of the most beautiful statements
in combinatorics, linear algebra, and mathematics in general. Quite remarkably, the
numeric verification so far goes up to the number of the beast:

N = 666

Our purpose now will be that of gathering some evidence for this conjecture. At
N = 4,8 we have the Walsh matrices W, Ws. Thus, the next existence problem comes
at N = 12. And here, we can use the following key construction, due to Paley:

THEOREM 7.31. Let ¢ = p" be an odd prime power, define
x:F,—{-1,0,1}
by x(0) =0, x(a) =1 if a=b* for some b # 0, and x(a) = —1 otherwise, and finally set
Qab = x(a —b)
We have then constructions of Hadamard matrices, as follows:
(1) Paley 1: if ¢ = 3(4) we have a matriz of size N = q+ 1, as follows:

0O 1 ... 1
. —1
—1
(2) Paley 2: if ¢ = 1(4) we have a matriz of size N = 2q + 2, as follows:
01 ... 1
1 1 -1 11
2 .
Py = : 0 : 0—><_1 _1) , :|:1—>:|:(1 _1)

These matrices are skew-symmetric (H + H' = 2), respectively symmetric (H = H').

PROOF. In order to simplify the presentation, we will denote by 1 all the identity
matrices, of any size, and by I all the rectangular all-one matrices, of any size as well. It
is elementary to check that the matrix Qu, = x(a — b) has the following properties:

QRI=ql—1 , QI=IQ=0
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In addition, we have the following formulae, which are elementary as well, coming
from the fact that —1 is a square in I, precisely when ¢ = 1(4):

¢=114) = Q=¢q'
¢=3(1) = Q=-¢Q

With these observations in hand, the proof goes as follows:

(1) With our conventions for the symbols 1 and I, the matrix in the statement is:

(1 I
Py = (_11 1+ Q)
With this formula in hand, the Hadamard matrix condition follows from:
1/ plNe 1 I 1 —I
Py(Py) = (—]1 110/l 1-0
(N 0
- 0 IT+1-@Q?
N 0
0 N

(2) If we denote by G, F' the matrices in the statement, which replace respectively the
0,1 entries, then we have the following formula for our matrix:

I
P} = (g Q)®F+1®G

With this formula in hand, the Hadamard matrix condition follows from:

(PY)? = ( £>2®F2+(é (1)>®02+<§ é)@(FGJrGF)
|

0 10 0 I
q)®2+(0 1)®2+(1[ Q)@O
(N 0

~ \o N

Finally, the last assertion is clear, from the above formulae relating @, Q*. Il

= O

o Q

The above constructions allow us to get well beyond the Walsh matrix level:

THEOREM 7.32. The HC is verified at least up to N = 88, as follows:

(1) At N =4,8,16, 32,64 we have Walsh matrices.

(2) At N =12,20,24, 28,44, 48,60, 68,72, 80, 84,88 we have Paley 1 matrices.
(3) At N = 36,52,76 we have Paley 2 matrices.

(4) At N = 40,56 we have Paley 1 matrices tensored with Ws.
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PRrROOF. First of all, the numbers in (1-4) are indeed all the multiples of 4, up to 88.
As for the various assertions, the proof here goes as follows:

(1) This is clear from the definition of the Walsh matrices.

(2) Since N —1 takes the values ¢ = 11,19, 23,27,43,47,59,67, 71,79, 83,87, all prime
powers, we can indeed apply the Paley 1 construction, in all these cases.

(3) Since N = 4(8) here, and N/2— 1 takes the values ¢ = 17,25, 37, all prime powers,
we can indeed apply the Paley 2 construction, in these cases.

(4) At N = 40 we have indeed Pj, ® W5, and at N = 56 we have Py ®@ Ws. O

As a continuation of all this, at N = 92 we have 92 — 1 = 7 x 13, so the Paley 1
construction does not work, and 92/2 = 46, so the Paley 2 construction, or tensoring with
Wy, does not work either. However, we can use here the following result:

THEOREM 7.33. Assuming that A, B,C, D € Mg(%1) are circulant, symmetric, pair-
wise commute and satisfy the condition
A*+ B*+C?+ D* =4K
the following 4K x 4K matriz is Hadamard, called of Williamson type:

A B C D
-B A -D C
-C D A -B
-D -C B A

Moreover, matrices A, B, C, D as above exist at K = 23, where 4K = 92.

H =

PRrooOF. Consider the quaternion units 1,4, 7,k € My(0,1), which describe the posi-
tions of the A, B, C, D entries in the matrix H from the statement. We have then:

H=A®1+BRi+C®j+Dk

Assuming now that A, B, C, D are symmetric, we have:
HH' = (A1+B®i+C®j+Dxk)
(A1 -BRi-C®j—D®k)
= A4+ B +C*+D*)®1—([A,B - [C,D])®i

—([4,C] = [B,D))®j— ([A. D] - [B,C]) ® k

Now assume that our matrices A, B, C, D pairwise commute, and satisfy the condition
in the statement. In this case, it follows from the above formula that we have:
HH' = 4K

Thus, we obtain indeed an Hadamard matrix, as claimed. However, finding such
matrices is in general a difficult task, and this is where Williamson’s extra assumption in
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the statement, that A, B, C, D should be taken circulant, comes from. Finally, regarding
the K = 23 and N = 92 example, this comes via a computer search. Il

Things get even worse at higher values of N, where more and more complicated
constructions are needed. The whole subject is quite technical, and, as already mentioned,
human knowledge here stops so far at the number of the beast, namely:

N = 666

Switching topics now, another well-known open question concerns the circulant case.
Given a binary vector v € (£1)", one can ask whether the matrix H € My(=1) defined
by H;; = 7;—; is Hadamard or not. Here is a solution to the problem:

1 1 1 1
1 -1 1 1
Ka=11 1 1 1
1 1 1 -1

More generally, any vector v € (41)* satisfying >~ v; = 41 is a solution to the problem.
The following conjecture, from the 50s, states that there are no other solutions:

CONJECTURE 7.34 (Circulant Hadamard Conjecture (CHC)). The only Hadamard
matrices which are circulant are

-1 1 1 1
1 -1 1 1
Ky = 1 1 =1 1
1 1 1 =1

and its conjugates, regardless of the value of N € N.

The fact that such a simple-looking problem is still open might seem quite surprising.
Indeed, if we denote by S C {1,..., N} the set of positions of the —1 entries of v, the
Hadamard matrix condition is simply, for any k& # 0, taken modulo N:

SN (S+ k)| =|S|—N/4

Thus, the above conjecture simply states that at N # 4, such a set S cannot exist.
This is a well-known problem in combinatorics, raised by Ryser a long time ago.

Summarizing, we have many interesting questions in the real case. The situation is
quite different from the one in complex case, where at any N € N we have the Fourier
matrix Fly, which makes the HC problematics dissapear. Since Fly can be put in circulant
form, the CHC dissapears as well. There are however many interesting questions in the
complex case, for the most in relation with questions in quantum physics.
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7Te. Exercises

We have learned many interesting things in this chapter, and our exercises will focus
on the complex Hadamard matrices, which were the central objects, in all this. First, we
have the following standard fact, dealing with deformations of such matrices:

EXERCISE 7.35. If H € My/(T) and K € My(T) are Hadamard matrices, so is
H®qg K € Myn(T)
given by the following formula, with Q € My« n(T),
(H ®q K)iajb = QinHij Kap
called Dita deformation of H ® K, with parameter Q).

Normally this is just a quick, standard verification. More difficult, however, is the
question of explicitly writing down the matrices that can be constructed in this way,
because this requires things like struggling with double indices. Good luck here.

EXERCISE 7.36. Prove that the only complex Hadamard matrices at N = 4 are, up to
the standard equivalence relation, the matrices

1 1 1 1
1 -1 1 -1
q __
Fo=1, g —1 —q
1 —q¢ -1 ¢

with ¢ € T, which appear as Dita deformations of Wy = Fy ® F3.

Here the first question is quite standard, in the spirit of the computations at N = 3,
mentioned before. As for the second question, good luck here with the double indices.

EXERCISE 7.37. Given an Hadamard matric H € M5(T), chosen dephased,

11111
1 a = * x*
H=|1 9y b % x
1 *x *x *x %
1 % *x *x %

prove that the numbers a,b,x,y must satisfy (r — y)(x — ab)(y — ab) = 0.

This is something quite tricky, called Haagerup lemma, and in case you're stuck with
this, you can of course take a look at Haagerup’s paper [44]. As bonus exercise, using
this lemma, work out the full details of the classification at N = 5.



CHAPTER 8

Infinite dimensions

8a. Hilbert spaces

We have seen so far the basics of linear algebra, concerning linear maps and matrices,
the determinant, the diagonalization procedure, and some applications. In this chapter,
motivated by quantum mechanics, we discuss what happens in infinite dimensions.

To be more precise, among the main discoveries of the 1920s, due to Heisenberg,
Schrodinger and others was the fact that small particles like electrons cannot really be
described by their position vectors v € R?, and instead we must use their so-called wave
functions 1 : R® — C. Thus, the natural space for quantum mechanics, or at least for
the quantum mechanics of the 1920s, is not our usual V = R3, but rather the infinite
dimensional space H = L*(R?) of such wave functions . And more recent versions of
quantum mechanics are built on the same idea, namely infinite dimensional spaces.

Getting started now, we would like to look at linear algebra over infinite dimensional
spaces. However, this is not very interesting, due to a number of technical reasons, the
idea being that the infinite dimensionality prevents us from doing many basic things, to
the point that we cannot even have things started. So, the idea will be that of using
infinite dimensional vector spaces with some extra structure, as follows:

DEFINITION 8.1. A scalar product on a complex vector space H is an operation
HxH—C

denoted (z,y) —< x,y >, satisfying the following conditions:

(1) < x,y > is linear in x, and antilinear in y.
(2) <x,y > =<y,x >, for any x,y.
(3) <x,x >>0, for any x # 0.

As a basic example here, we have the finite dimensional vector space H = CV, with
its usual scalar product, which is as follows:

<xT,y>= Z.T,Lgl

There are many other examples, and notably various spaces of L? functions, which
naturally appear in problems coming from physics. We will discuss them later.

177
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In order to study the scalar products, let us formulate the following definition:
DEFINITION 8.2. The norm of a vector x € H is the following quantity:

||| = V<2, 2>

We also call this number length of x, or distance from x to the origin.

In analogy with what happens in finite dimensions, we have two important results
regarding the norms. First is the Cauchy-Schwarz inequality, as follows:

THEOREM 8.3. We have the Cauchy-Schwarz inequality
| <zy> | <|lzl]lyll
and the equality case holds precisely when x,y are proportional.

Proor. Consider the following quantity, depending on a real variable ¢ € R, and on
a variable on the unit circle, w € T:

f(t) = [Jtwz +ylJ*
By developing f, we can see that this is a degree 2 polynomial in ¢:
ft) = <twr+ytwr+y>

= t2<x,x>+tw<x,y>+tw<y,x>+<y,y>

= t¥|z|]* + 2tRe(w < 2,y >) + ||y|[?
Since f is obviously positive, its discriminant must be negative:

4Re(w < z,y >)* — dl[z|* - |yl < 0
But this is equivalent to the following condition:
|Re(w < z,y >)| < |[lz|| - [yl

Now the point is that we can arrange for the number w € T to be such that the
quantity w < x,y > is real. Thus, we obtain the Cauchy-Schwarz inequality:

| <@y > <|lz[l-lyll

Finally, the study of the equality case is straightforward, by using the fact that the
discriminant of f vanishes precisely when we have a root. But this leads to the conclusion
in the statement, namely that the vectors x,y must be proportional. Il

As a second main result now, we have the Minkowski inequality:
THEOREM 8.4. We have the Minkowski inequality
||z +yll < ][ + [yl

and the equality case holds precisely when x,y are proportional.
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PRrROOF. This follows indeed from the Cauchy-Schwarz inequality, as follows:

|z +yl| < [l + []y]|
= o +yll* < (f] + lyl])?
= 2P+ [yl + 2Re < z,y >< ||z|[* + |ly|]* + 2]|[| - ]y]]
= Re<uz,y><|lz|-|yl|

As for the equality case, this is clear from Cauchy-Schwarz as well. O
As a consequence of this, we have the following result:

THEOREM 8.5. The following function is a distance on H,

d(z,y) = [z —yl|
in the usual sense, that of the abstract metric spaces.

PRroor. This follows indeed from the Minkowski inequality, which corresponds to the
triangle inequality, the other two axioms for a distance being trivially satisfied. U

The above result is quite important, because it shows that we can do geometry in our
present setting, a bit as in the finite dimensional case. Still in connection with this, doing
geometry, we have the following key technical result, which can be very useful:

PROPOSITION 8.6. The scalar products can be recovered from distances, via the formula
4<ay>=|lz+yll* — llo - ylI* +illo +ayl|]* — il |z — iy|
called complex polarization identity.

Proor. This is something that we already met before, in finite dimensions. In arbi-
trary dimensions the proof is similar, as follows:
o +ylI? = llz = ylI* +illz + ayl|* — il Jo — iy|]”
= Izl + [lyll* = ll=]* = [yl® + ill=[]* +dlly[1* = dll|* = il |[y|]
+2Re(< z,y >) + 2Re(< z,y >) + 2iIm(< z,y >) + 2ilm(< x,y >)
= 4d<z,y>
Thus, we are led to the conclusion in the statement. Il
Let us discuss now some more advanced aspects. In order to do analysis on our spaces,

we need the Cauchy sequences that we construct to converge. This is something which is
automatic in finite dimensions, but in arbitrary dimensions, this can fail.

Thus, we must add an extra axiom, stating that our vector space H is complete with
respect to the norm. It is convenient here to formulate a detailed new definition, as
follows, which will be the starting point for our various considerations to follow:
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DEFINITION 8.7. A Hilbert space is a complex vector space H given with a scalar
product < x,y >, satisfying the following conditions:
(1) < x,y > is linear in x, and antilinear in y.
(2) <z,y>=<y,x >, for any z,y.
(3) <x,x >>0, for any x # 0.
(4) H is complete with respect to the norm ||z|| = /< x, 2 >.

In other words, we have taken here Definition 8.1, and added the condition that H
must be complete with respect to the norm ||z|| = /< @,z >, that we know indeed to be
a norm, according to the Minkowski inequality proved above.

As a basic example, since in finite dimensions the completness axiom is automatically
satisfied, we have as before the space H = CV, with its usual scalar product:

<z,y >= inyji

More generally now, we have the following construction of Hilbert spaces:

PROPOSITION 8.8. The sequences of numbers x = (x;) which are square-summable,
Z |lz:]? < o0
form a Hilbert space, denoted I?(N), with the following scalar product:
<3y >=Y 1
In fact, given any index set I, we can construct a Hilbert space 1*(I), in this way.

PrROOF. The fact that we have indeed a complex vector space with a scalar product
is elementary, and the fact that this space is indeed complete is very standard too. We
will leave all the verifications here, which are straightforward, as an exercise. Il

On the other hand, we can talk as well about spaces of functions, as follows:

PROPOSITION 8.9. Given an interval X C R, the quantity
<f9>= [ fags
X

is a scalar product, making H = L*(X) a Hilbert space.

PROOF. Once again this is routine, coming this time from basic measure theory, with
H = L*(X) being the space of square-integrable functions f : X — C, with the convention
that two such functions are identified when they coincide almost everywhere. U

The point now is that we can unify the above two constructions, as follows:
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THEOREM 8.10. Given a measured space X, the quantity
<fg>= [ s
b's

is a scalar product, making H = L*(X) a Hilbert space.

PROOF. Here the first assertion is clear, and the fact that the Cauchy sequences
converge is clear as well, by taking the pointwise limit, and using a standard argument. As
before with our previous such results, we will leave the verifications here as an exercise. [

Observe that with X = {1,..., N} we obtain the space H = C". Also, with X = N,
with the counting measure, we obtain the space H = [*(N). In fact, with an arbitrary
set I, once again with the counting mesure, we obtain the space H = [?>(I). Thus, the
construction in Theorem 8.10 unifies all the Hilbert space constructions that we have.

Quite remarkably, the converse of this holds, in the sense that any Hilbert space must
be of the form L?(X). This follows indeed from the following key result, which tells us
that, in addition to this, we can always assume that X = I is a discrete space:

THEOREM 8.11. Let H be a Hilbert space.

(1) Any algebraic basis of this space {f;}icr can be turned into an orthonormal basis
{ei}icr, by using the Gram-Schmidt procedure.

(2) Thus, H has an orthonormal basis, and so we have H ~ [*(I), with I being the
indexing set for this orthonormal basis.

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

(1) In finite dimensions, we can turn any vector space basis { f; };c; into an orthogonal
basis {e;}ier, by using the Gram-Schmidt procedure, as follows, with s, 5;,7;, ... being
uniquely determined by the fact at each step, e, must be orthogonal to fi,..., fr_1:

e1 = fi
e = fot+aifi
ez = fs+ Bif1 + Bafo
es = fa+7f1+72fe+3f3

And then, by replacing e; — ¢;/||e;||, we have our orthonormal basis, as desired.

(2) In general, the same method works, namely Gram-Schmidt, with a subtlety coming
from the fact that the basis {e;};e; will not span in general the whole H, but just a dense
subspace of it, as it is in fact obvious by looking at the standard basis of I*(N).

(3) And there is a second subtlety as well, coming from the fact that the recurrence
procedure needed for Gram-Schmidt must be replaced by some sort of “transfinite recur-
rence”, using standard tools from logic, and more specifically the Zorn lemma. U
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We have the following definition, based on the above:

DEFINITION 8.12. A Hilbert space H is called separable when the following equivalent
conditions are satisfied:
(1) H has a countable algebraic basis { f;}ien-
(2) H has a countable orthonormal basis {e;}ien.
(3) We have H ~ I*(N), isomorphism of Hilbert spaces.

As a main question now, are the Hilbert spaces coming from quantum mechanics, such
as the Schrodinger space H = L*(R?) of wave functions of the electron, separable? In
answer, up to some simple operations, involving tensor products and stretching, we must
solve the question for H = L?[0,1]. And here, following Weierstrass, we have:

THEOREM 8.13. The following happen, regarding the functions f :[0,1] — C:

(1) Any continuous function f :[0,1] — C can be uniformly approzimated by poly-
nomials. Thus, {x"}nen is an algebraic basis of the space L*[0,1].

(2) By applying Gram-Schmidt we obtain certain polynomials {Ly}nen, the modified
Legendre polynomials, which give an explicit isomorphism L?[0,1] ~ [*(N).

Proor. This is something very classical, the idea being as follows:

(1) Consider the following polynomials, called Bernstein polynomials:

bin () = (Z) 2k (1 — gy k

Then, given f :[0,1] — R continuous, consider the following polynomials:

1) =31 (£) bt

Our claim is that we have f,, —, f, uniform convergence on [0, 1].

(2) In order to prove this, observe that the polynomials by, encode the densities of the
binomial laws p,,. Thus, we have the following formulae, with the first one corresponding
to the fact that p,, is indeed a probability measure, and with the second and third
formulae coming from our mean and variance computations from chapter 6:
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(3) In order to estimate now the error |f, — f|, we can use the uniform continuity
property of f. So, pick € > 0, and then § > 0 such that the following happens:

-yl <o = |f(z) - fly)l <e
(4) We have then the following estimate, using this, and with M = sup | f|:

57 (£) o) = 3 Fedtun(o)
< e+ M Z bin ()

o (5) -
s
o5z

[fulz) = f(z)] =

IN

bin(T) + )

|a:f%|>6

() s

2
)
Py () s

(5) In order to deal with the sum on the right, we will need some standard estimates.
Let us first recall the Markov inequality, which is something trivial, as follows:

E(p)
P(lpl 2 b) < —=

By using this with ¢ = (¢ — F)?, with E = E(1)), we obtain the Chebycheff inequality:

E((y — E)? Vv
a a
(6) The point now is that this latter inequality applies to the last sum in (4), with v
being a variable following the binomial law p,,, rescaled to [0, 1], and gives:

> bp(z) < 25—2 (x—%)zb;m(a:)

o~k

P z(1—x)
n
52
dn
(7) Now by putting everything together, we obtain the following estimate:
—2

fulw) = (@) < &+

Thus we have indeed |f,, — f| — 0, uniform convergence, as desired. Finally, in what
regards orthogonalization, we will leave some learning here as an exercise. U

<
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As a conclusion to all this, we are interested in 1 space, namely the unique separable
Hilbert space H, but due to various technical reasons, it is often better to forget that we

have H = [*(N), and say instead that we have H = L*(X), with X being a separable
measured space, or simply say that H is an abstract separable Hilbert space.

8b. Linear operators

Let us get now into the study of linear operators 7' : H — H, which will eventually
lead us into the correct infinite dimensional version of linear algebra. We first have:

PROPOSITION 8.14. For a linear operator T': H — H, the following are equivalent:

(1) T is continuous.

(2) T is continuous at 0.

(3) T(B) C ¢B for some ¢ < oo, where B C H ‘is the unit ball.

(4) T is bounded, in the sense that ||T|| = supy, < [|Tx|| satisfies ||T|| < oo.

Proor. This is something elementary, the idea being as follows:
(1) <= (2) This is indeed clear from the linearity of 7'
(2) < (3) This is again something clear, coming from definitions.

(3) <= (4) Again, this is clear, with the number ||7T'|| appearing in (4) being the
infimum of the numbers ¢ making the condition (3) work.

(4) <= (1) This is something clear too, coming from the definiton of continuity. O
Regarding now the bounded operators, we have the following result, about them:

THEOREM 8.15. The linear operators T : H — H which are bounded,

IT']] = sup [[Tz[| < oo

|lz[]<1
form a complex algebra with unit B(H), having the property
ST < (IS - 11T
and which is complete with respect to the norm.

PRrROOF. The fact that we have indeed an algebra, satisfying the product condition in
the statement, follows from the following estimates, which are all elementary:

IS+ TN <SS+ T AT = (AT ST < (S]] - [T]]

Summarizing, we have indeed an algebra, satisfying the product condition in the
statement. Regarding now the last assertion, if {7,,} C B(H) is Cauchy then {T,,z} is
Cauchy for any = € H, so we can define the limit T" = lim,,_,, T}, by setting:

Tx= lim T,z

n—o0
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Let us first check that the application x — Tz is linear. We have:
T(x+y) = li_>m To(x +vy)
n—oo
= lim 7,(z) + lim T,,(y)
n—oo n—oo
= T(x)+T(y)
Similarly, we have as well the following computation:
T(Az) = lim T,(A\x)
n—oo
= A lim 7),(x)
n—oo
= M (x)

Thus we have a linear map 7' : A — A. It remains to prove that we have T' € B(H),
and that we have T,, — T in norm. For this purpose, observe that we have:

T, —Tnl| <e, Yn,m>N

| The — Tzl <e, Vz||=1, ¥n,m >N
|| The —Tx|| <e, V|z|]|=1, Vn > N

| Ty —Tz|| <e, VY|z|| =1

| Tn =Tl <e

L

As a first consequence, we obtain T' € B(H), because we have:

Tl = |[Tn + (T = Tn)l|
< |ITwl[ + [T = Tnl|
< [Tyl +¢
< o0
As a second consequence, we obtain Ty — T in norm, and we are done. U

As a useful complement to the above result, in the presence of a basis, we have:

THEOREM 8.16. Let H be a Hilbert space, with orthonormal basis {e;}icr. The bounded
operators T' € B(H) can be then identified with matrices M € M;(C) via

Tr=Mzx , Mij =< Tej,ei >
and we obtain in this way an embedding as follows, which is multiplicative:
B(H) c M;(C)

In the case H = CN we obtain in this way the usual isomorphism B(H) ~ My(C). In
the separable case we obtain in this way a proper embedding B(H) C My (C).
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PrROOF. We have several assertions to be proved, the idea being as follows:

(1) Regarding the first assertion, given a bounded operator T' : H — H, let us associate
to it a matrix M € M;(C) as in the statement, by the following formula:

Mij =< Tej, €e; >

It is clear that this correspondence T' — M is linear, and also that its kernel is {0}.
Thus, we have an embedding of linear spaces B(H) C M;(C).

(2) Our claim now is that this embedding is multiplicative. But this is clear too,
because if we denote by 7" — My our correspondence, we have:

(MST)ij = <ST€]’,€¢ >

= <SZ <Tej, e, > ek,ei>
k

= Z < Sek,ei >< Tej,ek >
k

= Z(Ms)ik(MT)kj

%
= (MgMrp);

(3) Finally, we must prove that the original operator 7' : H — H can be recovered
from its matrix M € M;(C) via the formula in the statement, namely Tz = Mz. But
this latter formula holds for the vectors of the basis, z = e;, because we have:

(Tej)i =< Tej, e, >= Mij = (Mej)i

Now by linearity we obtain from this that the formula Tx = Mz holds everywhere,
on any vector x € H, and this finishes the proof of the first assertion.

(4) In finite dimensions we obtain of course an isomorphism, and this because any usual
matrix M € My(C) determines a linear operator T': CV¥ — C¥ according to the formula
< Tej,e; >= M;;. In infinite dimensions, however, we do not have an isomorphism. For
instance on H = [*(N) the following matrix does not define a linear operator:

1 11
1 11
M=1{1 11
Thus, we are led to the conclusions in the statement. U

As a third and last main result about the bounded operators, we have:
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THEOREM 8.17. The normed algebra B(H) has an involution T — T*, given by
<Tz,y>=<uz,T"y >
which s antilinear, antimultiplicative, and is an isometry, in the sense that:
IT)| = ||
Moreover, the norm the involution are related as well by ||[TT*|| = ||T||*.
ProOF. We have several things to be proved, the idea being as follows:

(1) As a preliminary fact, that we will need in what follows, our claim is that any
linear form ¢ : H — C must be of the following type, for a certain vector z € H:
plx) =<z,2>
Indeed, this is something clear for any Hilbert space of type H = [*(I). But, by using
a basis, any Hilbert space is of this form, and so we have proved our claim.

(2) The existence of the adjoint operator 7%, given by the formula in the statement,
comes from the fact that the function ¢(x) =< Tz,y > being a linear map H — C, we
must have a formula as follows, for a certain vector T*y € H:

plr) =<z,Ty >
Moreover, since this vector is unique, 7™ is unique too, and we have as well:
(S+T)y =S*+T* , (AI)"=\T*
(ST =1*s* , (I'")"=T
Observe also that we have indeed T* € B(H ), because:

|T|| = sup sup <Tx,y>
[lz]|=1 [lyl|=1

= sup sup <z, Ty >
llyll=1l=|[=1

= [T
(3) Regarding now the last assertion, observe that we have:
17Tl < 17| - 11T = |IT1]*
On the other hand, we have as well the following estimate:

T = sup | < Tz, Tz > |
l|ll=1

= sup | <z, TTx > |
[|z]|=1

< [lT7T]
By replacing ' — T* we obtain from this that we have as well ||T||* < ||TT*||. Thus,
we have obtained the needed inequality, and we are done. U
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As an observation here, in the context of the construction 7' — M from Theorem 8.16,
the adjoint operation T" — T takes a very simple form, namely:

(M")y; = Mj;
However, this is a bit theoretical, because for spaces like L?[0, 1], which do not have
a simple orthonormal basis, the embedding B(H) C M;(C) that we have is not very

concrete. Thus, while the bounded operators T' : H — H are basically some infinite
matrices, it is better to think of these operators as being objects on their own.

8c. Spectral theory

We will be interested in what follows in the algebra B(H), and its closed subalgebras
A C B(H). It is convenient to formulate the following definition:

DEFINITION 8.18. A Banach algebra is a complex algebra with unit A, having a vector
space norm ||.|| satisfying
[labl] < {lal| - [[b]]

and which makes it a Banach space, in the sense that the Cauchy sequences converge.

As said above, the basic examples of Banach algebras, or at least the basic examples
that we will be interested in here, are the operator algebra B(H), and its norm closed
subalgebras A C B(H), such as the algebras A =< T > generated by a single operator
T € B(H). There are many other examples, and more on this later.

Generally speaking, the elements a € A of a Banach algebra can be thought of as
being bounded operators on some Hilbert space, which is not present. With this idea in
mind, we can emulate spectral theory in our setting, the starting point being:

DEFINITION 8.19. The spectrum of an element a € A is the set
o(a) = {Ae@a—AgA—l}

where A™1 C A is the set of invertible elements.

As a basic example, the spectrum of a usual matrix M € My (C) is the collection of
its eigenvalues, taken of course without multiplicities. In the case of the trivial algebra
A = C, appearing at N = 1, the spectrum of an element is the element itself.

As a first, basic result regarding spectra, we have:

PropPOSITION 8.20. We have the following formula, valid for any a,b € A:

o(ab) U {0} = o(ba) U {0}

Also, there are examples where o(ab) # o(ba).
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Proor. We will first prove that we have the following implication:
1¢o(ab) = 1¢ o(ba)
For this purpose, assume that 1 — ab is invertible, with inverse denoted c:
c=(1—ab)™!
We have then the following formulae, relating our variables a, b, ¢:
abc = cab=c—1
By using these formulae, we obtain the following equality:
(14 bca)(1 —ba) = 1+ bca —ba — bcaba
1 4 bca — ba — bea + ba
=1
On the other hand, a similar computation shows that we have as well:
(1 —ba)(1+ beca) =1

Thus 1 — ba is invertible, with inverse 1 + bca, which proves our claim. Now by
multiplying by scalars, we deduce from this that for any A € C — {0} we have:

A& o(ab) = X ¢ o(ba)
But this leads to the conclusion in the statement, namely:
o(ab) U {0} = o(ba) U {0}

Regarding now the last claim, we know from linear algebra that o(ab) = o(ba) holds
for the usual matrices, for instance because of the above, and because ab is invertible if
any only if ba is. However, this latter fact fails for general operators on Hilbert spaces.
Indeed, we can take our operator a to be the shift on the space [*(N), given by:

S (ei> = €i+1
As for b, we can take the adjoint of S, which is the following operator:
- {8
Let us compose now these two operators. In one sense, we have:
S*S=1 = 0¢o(59)
In the other sense, however, the situation is different, as follows:
SS* = Proj(ey) = 0 € o(55%)

Thus, the spectra do not match on 0, and we have our counterexample, as desired. [
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Let us discuss now a second basic result about spectra, which is something very useful.
Given an arbitrary Banach algebra element a € A, and a rational function f = P/Q having
poles outside the spectrum o(a), we can construct the following element:

f(a) = P(a)Q(a)~"
For simplicity, and due to the fact that the elements P(a), Q(a) commute, so that the
order is irrelevant, we write this element as a usual fraction, as follows:

_ Pla)
f(&) - Q(CL)

With this convention, we have the following result:

THEOREM 8.21. We have the “rational functional calculus” formula

o(f(a)) = f(o(a))

valid for any rational function f € C(X) having poles outside o(a).

PROOF. In order to prove this result, we can proceed in two steps, as follows:

(1) Assume first that we are in the polynomial function case, f € C[X]. We pick a
scalar A € C, and we decompose the polynomial f — A into factors:

fX)=A=c(X—=r)... (X —1)
By using this formula, we have then, as desired:
Ago(fla) <= fla)—reA™
<~ cla—r)...(a—r,) €A
= a—ry,...,a—1, € A"
= 1,...,1p ¢ o(a)
— A¢ f(o(a))

(2) Assume now that we are in the general rational function case, f € C(X). We pick
a scalar \ € C, we write f = P/Q, and we set:

F=P-)\Q
By using now what we found in (1), for this polynomial, we obtain:
A ea(f(a)) F(a) ¢ A7
0€o(F(a))
0€ F(o(a))
Ju € o(a), F(n) =0
A€ flo(a))

Thus, we have obtained the formula in the statement. U

[N
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Summarizing, we have a beginning of theory. In order to advance, we will need:

PROPOSITION 8.22. Let A be a Banach algebra.
(1) Jla]| <1 = (1—-a)'=1+a+a*+...
(2) The set A~ is open.

(3) The map a — a~' is differentiable.

PRroOOF. All these assertions are elementary, as follows:

(1) This follows as in the scalar case, the computation being as follows, provided that
everything converges under the norm, which amounts in saying that ||a|| < 1:

1—-a)(l+a+a*+...) = l—ata—a*+a*—a*+...

=1
(2) Assuming a € A, let us pick b € A such that we have:
1
lla =0l < =7
[la=H|

By using this, we have then the following norm estimate:
11=a""0l] = [la™ (a—D)|

< a7 lla bl

< 1
Thus by (1) we obtain a™'b € A™!, and so b € A™!, as desired.
(3) This follows as in the scalar case, where the derivative of f(t) = ¢! is:

fit)y=—t*

To be more precise, in the present Banach algebra setting the derivative is no longer a

number, but rather a linear transformation. But this linear transformation can be found
by developing the function f(a) = a~! at order 1, as follows:

(@a+h)" = ((1+hat)a)™

a (1 +ha M)

= a'(1—ha '+ (ha™)?—..)
~ a (1 —hat)

= a'—atha!

We conclude that the derivative that we are looking for is:
f'(a)h = —a"'ha™*
Thus, we are led to the conclusion in the statement. U

We can now formulate a key theorem about the Banach algebras, as follows:
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THEOREM 8.23. The spectrum of any Banach algebra element o(a) C C is:

(1) Compact.
(2) Contained in the disc Dy(||al]).
(3) Non-empty.

PRroOF. This can be proved by using the above results, as follows:

(1) In view of (2) below, it is enough to prove that o(a) is closed. But this follows
from the following computation, with |¢| being small:

ANgola) = a—-re A
= a—-A—-c€ A’
— Ateédo(a)

(2) This follows indeed from the following computation:

A>la] = H% <1
a
1——eA™!
— )\E
— A—acA!
= A¢o(a)

(3) Assume by contradiction o(a) = 0. Given a linear form f € A* consider the
following map, which is well-defined, due to our assumption o(a) = 0:

p:C—=C , A= flla—N

By using Proposition 8.22 this map is differentiable, and so is a power series:

e(\) = Z AP
k=0

On the other hand, we have the following estimate, coming from definitions:

A—=0o0 = a—A—
= (a—A)"1=0
= @A) =0
Thus by the Liouville theorem from complex analysis we obtain ¢ = 0, and since

f € A* was arbitrary, this gives (a — \)~! = 0. But this is a contradiction, as desired. [

This was for the basic spectral theory in Banach algebras, which notably applies to the
case A = B(H). It is possible to go beyond the above, for instance with a holomorphic
function extension of the rational functional calculus formula o(f(a)) = f(o(a)) from
Theorem 8.21. Also, in the case of the algebras of operators, more can be said.
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8d. Operator algebras

Let us get back now to the operator algebra B(H). We know from Theorem 8.17 that
this algebra has an involution 7" — T, and this suggests formulating:

DEFINITION 8.24. A C*-algebra is a complex algebra with unit A, having:

(1) A norm a — ||a||, making it a Banach algebra.
(2) An involution a — a*, which satisfies ||aa*|| = ||a||?, for any a € A.

At the level of the basic examples, we know from Theorem 8.17 that the full operator
algebra B(H) is a C*-algebra, in the above sense. More generally, any closed *-subalgebra
A C B(H) is a C*-algebra. We will see later on that any C*-algebra appears in fact in
this way, as a closed *-subalgebra A C B(H), for a certain Hilbert space H.

For the moment, we are interested in developing the theory of C*-algebras, without
reference to operators, or Hilbert spaces. As a first observation, we have:

PROPOSITION 8.25. If X is an abstract compact space, the algebra C'(X) of continuous
functions f: X — C is a C*-algebra, with structure as follows:

(1) The norm is the usual sup norm of the functions, given by:

|Lf1] = sup | f(2)]
rzeX
(2) The involution is the usual involution of the functions, given by:

() = f(z)
This algebra is commutative, in the sense that fg = gf, for any f,g.

PROOF. Almost everything here is trivial. Observe that we have indeed:

fFel = ig)glf(x)m\

= sup|f(z)?
zeX
= |IfII
Thus, the axioms are satisfied, and finally fg = gf is clear. O

Our claim now is that any commutative C*-algebra appears as above. This is some-
thing non-trivial, which requires a number of preliminaries. We will need:

DEFINITION 8.26. Given an element a € A, its spectral radius

pla) & (0, [lal])

is the radius of the smallest disk centered at O containing o(a).
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Here we have included a number of results that we already know, from Theorem 8.23,
namely the fact that the spectrum is nonzero, and contained in the disk Dy(||al|).

We have the following key result, extending our spectral theory knowledge, from the
general Banach algebra setting, to the present C*-algebra setting:
THEOREM 8.27. Let A be a C*-algebra.

(1) The spectrum of a unitary element (a* = a™') is on the unit circle.
(2) The spectrum of a self-adjoint element (a = a*) consists of real numbers.
(3) The spectral radius of a normal element (aa* = a*a) is equal to its norm.

PrOOF. We use the various results established above, and notably the rational calcu-
lus formula from Theorem 8.21, and the various results from Theorem 8.23:

1

(1) Assuming a* = @', we have the following norm computations:

lall = Vlaa*[| = V1 =1
la™ || = lla*[] = lla]| = 1
Now if we denote by D the unit disk, we obtain from this:
lla||] =1 = o(a) C D
la™'||=1 = o(a')C D
On the other hand, by using the rational function f(z) = 27!, we have:
ola’yc D = o(a)Cc D!
Now by putting everything together we obtain, as desired:
ola)c DND ' =T
(2) This follows by using the result (1), just established above, and Theorem 8.21,

with the following rational function, depending on a parameter ¢t € R:

z+it
flz) = ——
Indeed, for ¢ >> 0 the element f(a) is well-defined, and we have:
a+it\" (a+it)*
(a—z’t) (a —it)*
a—1t
a+ it

B a-+ it -1
N a— 1t
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Thus the element f(a) is a unitary, and by using (1) its spectrum is contained in T.
We conclude from this that we have the following inclusion:

flo(a)) =0o(f(a)) CT
But this shows, by applying the inverse of f, that we have, as desired:
o(a) C fH(T)=R

(3) We already know that we have the inequality in one sense, p(a) < ||a||, and this
for any a € A. For the reverse inequality, when a is normal, we fix a number as follows:

p > pla)

We have then the following computation, with the convention that the integration
over the circle |z| = p is normalized, as for the integral of the 1 function to be 1:

o0

ZTL
/ dz = / g 2Rk dz
l2]=p = — @ lz1=p =0
o
= g </ z”_k_ldz> a®
k=0 \lzl=p

0o
k
- § 6n,k+1 a
k=0

— an—l

Here we have used the following formula, with m € Z, whose proof is elementary:

/ 2™ dz = Omo
|zl=p

By applying now the norm and taking n-th roots we obtain from the above formula,
modulo some elementary manipulations, the following estimate:
p> lim [la"||'/"
n— oo
Now recall that p was by definiton an arbitrary number satisfying p > p(a). Thus, we
have obtained the following estimate, valid for any a € A:
> i n||l/n
pla) > Tim [[a")]

In order to finish, we must prove that when a is normal, this estimate implies the
missing estimate, namely p(a) > ||al|. We can proceed in two steps, as follows:

Step 1. In the case a = a* we have ||a™|| = [|a||* for any exponent of the form n = 2,
by using the C*-algebra condition ||aa*|| = ||a||?, and by taking n-th roots we get:

pla) = |lal|
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Thus, we are done with the self-adjoint case, with the result p(a) = ||a||.

Step 2. In the general normal case aa* = a*a we have a™(a™)* = (aa*)", and by using
this, along with the result from Step 1, applied to aa*, we obtain:

pla) > lim [a"[|'"

n—00
— ; n n\x||1/n
S ()]

SRV CREIRE
n—o0

=/ plaa®)

= Vlall?

= |lall
Thus, we are led to the conclusion in the statement. Il
As a first comment, the spectral radius formula p(a) = ||a|| does not hold in general,

the simplest counterexample being the following non-normal matrix:

01
=6 o)
As another comment, we can combine the formula p(a) = ||a|| for normal elements

with the formula ||aa*|| = ||a||?, and we are led to the following statement:

PROPOSITION 8.28. In a C*-algebra, the norm is given by

ol = foup { € o~ ¢ 41}

and so 1s an algebraic quantity.

PROOF. We have the following computation, using the condition [|aa*|| = |[|a||?, then
the spectral radius formula for aa*, and finally the definition of the spectral radius:

lall = V/llaa*(|

(aa*)

sup {)\ € (C’)\ € U(aa*)}
{

i

I
— =

supq A € C’aa* —\¢ A—l}

Thus, we are led to the conclusion in the statement. U
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The above result is quite interesting, because it raises the possibility of axiomatizing
the C*-algebras as being the Banach x-algebras having the property that the formula
in Proposition 8.28 defines a norm, which must satisfy the usual C*-algebra conditions.
However, this is something rather philosophical, and we will not follow this path.

Good news, we are now in position of proving a key result, namely:

THEOREM 8.29 (Gelfand). Any commutative C*-algebra is the form

A=C(X)
with the compact space X, called spectrum of A, and denoted
X = Spec(A)

appearing as the space of Banach algebra characters x : A — C.

PRoOOF. This can be deduced from our spectral theory results, as follows:

(1) 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)
(2) We first prove that ev is involutive. We use the following formula:
at+a . i(a—a’)

2 2
Thus it is enough to prove the following equality, for self-adjoint elements a:

eV = ev,

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.

(3) Since A is commutative, each element is normal, so ev is isometric:
|levall = p(a) = |lal|

(4) 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. [

As a first consequence of the Gelfand theorem, we can extend the rational calculus
formula from Theorem 8.21, to the case of the normal elements, as follows:

THEOREM 8.30. We have the “continuous functional calculus” formula

o(f(a)) = f(o(a))

valid for any normal element a € A, and any continuous function f € C(o(a)).
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PROOF. Since our element a is normal, the C*-algebra < a > that is generates is

commutative, and the Gelfand theorem gives an identification as follows:
<a>=C(X)

In order to compute X, observe that the map X — o(a) given by evaluation at a is

bijective. Thus, we have an identification of compact spaces, as follows:
X =o(a)
As a conclusion, the Gelfand theorem provides us with an identification as follows:
<a>=C(o(a))

Now given f € C(o(a)), we can define indeed an element f(a) € A, with f — f(a)

being a morphism of C*-algebras, and we have o(f(a)) = f(o(a)), as claimed. O

The above result adds to a series of similar statements, namely Theorem 8.21, dealing
with rational calculus, and the known holomorphic calculus in Banach algebras, briefly
mentioned after Theorem 8.23. However, the story is not over here, because in certain
special C*-algebras, such as the matrix algebras My (C), or more generally the so-called
von Neumann algebras, we can apply if we want arbitrary measurable functions to the
normal elements, and we still have o(f(a)) = f(o(a)). We will not get here into this.

As another important remark, the above result, or rather the formula < a >= C(o(a))
from its proof, when applied to the normal operators T' € B(H ), is more of less the spectral
theorem for such operators. Once again, we will not get here into this.

As a last topic, let us discuss now the GNS representation theorem, providing us with
embeddings A C B(H). We will need some more spectral theory, as follows:

PROPOSITION 8.31. For a normal element a € A, the following are equivalent:
(1) a is positive, in the sense that o(a) C [0,00).
(2) a = b2, for some b € A satisfying b = b*.
(3) a = cc*, for some c € A.

Proor. This is something very standard, as follows:

(1) = (2) Since a is normal, we can use Theorem 8.30, and set b = v/a.

(2) = (3) This is trivial, because we can set ¢ = b.

(3) = (1) We proceed by contradiction. By multiplying ¢ by a suitable element of
< cc* >, we are led to the existence of an element d # 0 satisfying —dd* > 0. By writing
now d = x + iy with x = 2™,y = y* we have:

dd* + d*d = 2(2* +y*) > 0

Thus d*d > 0. But this contradicts the elementary fact that o(dd*),o(d*d) must
coincide outside {0}, that we know from Proposition 8.20. O
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Here is now the GNS representation theorem for the C*-algebras, due to Gelfand,
Naimark and Segal, along with the idea of the proof:

THEOREM 8.32 (GNS theorem). Let A be a C*-algebra.

(1) A appears as a closed x-subalgebra A C B(H), for some Hilbert space H.
(2) When A is separable (usually the case), H can be chosen to be separable.
(3) When A is finite dimensional, H can be chosen to be finite dimensional.

Proor. This is something quite tricky, the idea being as follows:

(1) Let us first discuss the commutative case, A = C'(X). Our claim here is that if we
pick a probability measure on X, we have an embedding as follows:

C(X)C B(L*(X)) . f— (9 f9)

Indeed, given a function f € C(X), consider the operator T(g) = fg, acting on
H = L*(X). Observe that T is indeed well-defined, and bounded as well, because:

1 Fgll2 = \//X [f(@)Plg(z)Pdr < | flloollgl2

The application f — T} being linear, involutive, continuous, and injective as well, we
obtain in this way a C*-algebra embedding C'(X) C B(H), as claimed.

(2) In general, we can use a similar idea, with the positivity issues being taken care
of by Proposition 8.31. Indeed, assuming that a linear form ¢ : A — C has suitable
positivity properties, making it analogous to the integration functionals | v A— Cfrom
the commutative case, we can define a scalar product on A, by the following formula:

< a,b>= p(ab")
By completing we obtain a Hilbert space H, and we have an embedding as follows:
ACB(H) , a— (b—ab)

Thus we obtain the assertion (1), and a careful examination of the construction A —
H, outlined above, shows that the assertions (2,3) are in fact proved as well. U

There are of course many other things that can be said about bounded operators
and operator algebras, but for our purposes here, the above material, and especially the
Gelfand theorem, will be basically all that we will need, in what follows. For more on all
this, we refer as usual to our favorite analysis authors, namely Rudin [75] and Lax [64].
And for even more, this time in relation with physics, go with Connes [23].
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8e. Exercises

The present chapter was an introduction to linear algebra in infinite dimensions, and
most of our exercises here will be about continuations of this. We first have:

EXERCISE 8.33. Find an explicit orthonormal basis of the Hilbert space H = L*[0, 1],
by applying the Gram-Schmidt procedure to the polynomials f, = x™, with n € N.

This is something both fundamental and a bit scary, and the answer can be found by
doing an internet search with the keyword “orthogonal polynomials”.

EXERCISE 8.34. Develop a theory of projections, isometries and symmetries inside
B(H), notably by examining the validity of the formula

lim (PQ)" =P AQ
n—o0
when talking about projections, and also by taking into account the fact that
UU"=1 <« U'U=1
does not necessarily hold in infinite dimensions, when talking about isometries.

There are countless possible things to be done here, with all this being very useful,
leading you to a much better understanding of the linear operators. Enjoy.

EXERCISE 8.35. Prove that for the usual matrices A, B € My(C) we have
o (AB) = o (BA)
where ot denotes the set of eigenvalues, taken with multiplicities.

As a remark, we have seen that o(AB) = o(BA) holds outside {0}, and the equality
on {0} holds as well, because AB is invertible if and only if BA is invertible. However,
in what regards the eigenvalues taken with multiplicities, things are more tricky.

EXERCISE 8.36. Clarify, with examples and counterexamples, the relation between the
eigenvalues of an operator T'€ B(H), and its spectrum o(T) C C.

Here, as usual, the counterexamples could only come from the shift operator S, on the
space H = [?(N). As a bonus exercise here, try computing the spectrum of S.

EXERCISE 8.37. Dewvelop a theory of noncommutative geometry, by formally writing
any C*-algebra, not necessarily commutative, as

A=C(X)
with X being a “compact quantum space”, and report on what you found.

This is of course a very broad question, and countless things can be done here, all
interesting and beautiful. We will be actually back to this, later in this book.
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Castles out of fairy tales
Timbers shivered where once there sailed
The lovesick men who caught her eye
And no one knew but Lorelei



CHAPTER 9
Finite groups

9a. Groups, examples

We have seen so far the basics of linear algebra, with the conclusion that the theory
is very useful, and quickly becomes non-trivial. We have seen as well some abstract
applications, to questions in analysis and combinatorics, and with some results in the
infinite dimensional case as well. All this is of course very useful in physics.

In this second half of this book we discuss a related topic, which is of key interest,
namely the matrix groups. The theory here is once again very useful in connection with
various questions in physics, the general idea being that any physical system S has a
group of symmetries G(5), whose study can lead to concrete results about S.

Let us begin with some abstract aspects. A group is something very simple, namely
a set, with a composition operation, which must satisfy what we should expect from a
“multiplication”. The precise definition of the groups is as follows:

DEFINITION 9.1. A group is a set G with a multiplication operation
(9,h) = gh

which must satisfy the following conditions:

(1) Associativity: we have (gh)k = g(hk), for any g,h,k € G.
(2) Unit: there is an element 1 € G such that g1 = 1g = g, for any g € G.
(3) Inverses: for any g € G there is g~ € G such that gg=' = g7 1g = 1.

The multiplication law is not necessarily commutative. In the case where it is, in the
sense that gh = hg, for any g,h € GG, we call G abelian, en hommage to Abel, and we
usually denote its multiplication, unit and inverse operation as follows:

(9.h) >g+h , 0€G , g——g

However, this is not a general rule, and rather the converse is true, in the sense that
if a group is denoted as above, this means that the group must be abelian.

At the level of examples, we have for instance the symmetric group Sy. There are
many other examples, with typically the basic systems of numbers that we know being

203
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abelian groups, and the basic sets of matrices being non-abelian groups. Once again, this
is of course not a general rule. Here are some basic examples and counterexamples:

PropPOSITION 9.2. We have the following groups, and non-groups:
1) (Z,+) is a group.

) (Q,4), (R,+), (C,+) are groups as well.
) (N, +4) s not a group.

) (Q*,-) is a group.

) (R*,-), (C*,-) are groups as well.

) (N* ), (Z* ) are not groups.

Proor. All this is clear from the definition of the groups, as follows:

(1) The group axioms are indeed satisfied for Z, with the sum g + h being the usual
sum, 0 being the usual 0, and —g being the usual —g.

(2) Once again, the axioms are satisfied for Q, R, C, with the remark that for Q we
are using here the fact that the sum of two rational numbers is rational, coming from:

a ¢ ad+bc

b d” bd
(3) In N we do not have inverses, so we do not have a group:
—1¢N

(4) The group axioms are indeed satisfied for Q*, with the product gh being the usual
product, 1 being the usual 1, and g~! being the usual g~!. Observe that we must remove
indeed the element 0 € Q, because in a group, any element must be invertible.

(5) Once again, the axioms are satisfied for R*, C*, with the remark that for C we are
using here the fact that the nonzero complex numbers can be inverted, coming from:

1 B a—1b
a+ib a2+ b2

(6) Here in N*, Z* we do not have inverses, so we do not have groups, as claimed. [

There are many interesting groups coming from linear algebra, as follows:

THEOREM 9.3. We have the following groups:
(1) (RY,+) and (C¥, +).
(2) (My(R), +) and (My(C), +).
(3) (GLN(R),-) and (GLN(C),-), the invertible matrices.
(4) (SLy(R),-) and (SLy(C),+), with S standing for “special”, meaning det = 1.
(5) (On,-) and (Uy,-), the orthogonal and unitary matrices.
(6) (SOy,-) and (SUy, - ), with S standing as above for det = 1.
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Proor. All this is clear from definitions, and from our linear algebra knowledge:

(1) The axioms are indeed clearly satisfied for RN, CV, with the sum being the usual
sum of vectors, —v being the usual —v, and the null vector 0 being the unit.

(2) Once again, the axioms are clearly satisfied for My (R), My (C), with the sum
being the usual sum of matrices, —M being the usual —M, and the null matrix 0 being
the unit. Observe that what we have here is in fact a particular case of (1), because any
N x N matrix can be regarded as a N? x 1 vector, and so at the group level we have:

(MN<R>> +) = (RN27 +) ) (MN((C>7 +) = (CNQ? +)

(3) Regarding now GLy(R), GLx(C), these are groups because the product of invert-
ible matrices is invertible, according to the following formula:

(AB) ' =pBtA™!

Observe that at N = 1 we obtain the groups (R*,-),(C*,-). At N > 2 the groups
GLN(R),GLN(C) are not abelian, because we do not have AB = BA in general.

(4) The sets SLy(R), SLx(C) formed by the real and complex matrices of determinant
1 are subgroups of the groups in (3), because of the following formula, which shows that
the matrices satisfying det A = 1 are stable under multiplication:

det(AB) = det(A) det(B)

(5) Regarding now Oy, Uy, here the group property is clear too from definitions, and
is best seen by using the associated linear maps, because the composition of two isometries
is an isometry. Equivalently, assuming U* = U~! and V* = V!, we have:

OV =vur=v>ut=@Wv)!

(6) The sets of matrices SOy, SUy in the statement are obtained by intersecting the
groups in (4) and (5), and so they are groups indeed:

SOy =0ONNSLy(R) , SUy=UxNSLy(C)
Thus, all the sets in the statement are indeed groups, as claimed. U
Let us focus now on the finite case. The simplest finite group is the cyclic group:

DEFINITION 9.4. The cyclic group Zy is defined as follows:

(1) As the additive group of remainders modulo N.
(2) As the multiplicative group of the N-th roots of unity.

Observe that (1,2) are indeed equivalent, because if we set w = e**/N  then any
remainder modulo N defines a N-th root of unity, according to the following formula:

k— w"
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We obtain in this way all the N-roots of unity, so our correspondence is bijective.
Moreover, our correspondence transforms the sum of remainders modulo N into the mul-
tiplication of the N-th roots of unity, due to the following formula:

whw! = wht

Thus, the groups defined in (1,2) are isomorphic, via k — w*, and we agree to denote
by Zy the corresponding group, and call it cyclic group. With the following comment:

COMMENT 9.5. Both the above conventions for Zy are useful. The additive one
Zy ={0,1,2,...,N — 1}

1s good for doing quick algebra, while the multiplicative one, with Zy being

w w
w? * 1
.......... wN*l
with w = e>™/N | is obviously “cyclic”, and brings geometric understanding.

Observe now that the cyclic groups Zy are by definition abelian. We can construct
further abelian groups by taking products of such cyclic groups, as follows:

THEOREM 9.6. The following groups are all finite, and abelian,
G:ZNl X oo, XZNk
for any choice of the numbers Ny, ..., Ny € N.

PRrOOF. This is something trivial, coming from the fact that a product of abelian
groups must be abelian too. We will see later, at the end of this chapter, that any finite
abelian group must appear as above, as a product of cyclic groups. O

Moving on, another interesting example of finite group, which is more advanced, and
non-abelian this time, is the dihedral group Dy, which appears as follows:

DEFINITION 9.7. The dihedral group Dy is the symmetry group of

that is, of the reqular polygon having N vertices.
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Here are some basic examples of regular N-gons, at small values of the parameter
N € N, and of their symmetry groups:

N = 2. Here the N-gon is just a segment, and its symmetries are the identity ¢d and
the obvious symmetry 7. Thus Dy = {id, 7}, and in group theory terms, Dy = Zs.

N = 3. Here the N-gon is an equilateral triangle, and the symmetries are the 3! = 6
possible permutations of the vertices. Thus we have D3 = S5.

N = 4. Here the N-gon is a square, and as symmetries we have 4 rotations, of angles
0°,90°,180°,270°, as well as 4 symmetries, with respect to the 4 symmetry axes, which
are the 2 diagonals, and the 2 segments joining the midpoints of opposite sides.

N = 5. Here the N-gon is a regular pentagon, and as symmetries we have 5 rotations,
of angles 0°,72°,144°,216°, 288°, as well as 5 symmetries, with respect to the 5 symmetry
axes, which join the vertices to the midpoints of the opposite sides.

N =6. Here the N-gon is a regular hexagon, and we have 6 rotations, of angles
0°,60°,120°,180°,240°,300°, and 6 symmetries, with respect to the 6 symmetry axes,
which are the 3 diagonals, and the 3 segments joining the midpoints of opposite sides.

We can see from the above that the various dihedral groups Dy have many common
features, and that there are some differences as well. In general, we have:

PROPOSITION 9.8. The dihedral group Dy has 2N elements, as follows:

(1) We have N rotations Ry, ..., Ry, with Ry being the rotation of angle 2km/N.
When labeling the vertices 1, ..., N, the rotation formula is Ry : 1 — k + 1.

(2) We have N symmetries Sy, ..., Sy, with Sy being the symmetry with respect to
the Oz azis rotated by kw/N. The symmetry formula is Sy : i — k — 1.

ProOOF. This is clear, indeed. To be more precise, Dy consists of:
(1) The N rotations, of angles 2kw/N with k=1,..., N.

(2) The N symmetries with respect to the N possible symmetry axes, which are the
N medians of the N-gon when N is odd, and are the N/2 diagonals plus the N/2 lines
connecting the midpoints of opposite edges, when N is even. U

With the above description of Dy in hand, we can forget if we want about geometry
and the regular N-gon, and talk about Dy abstractly, as follows:

THEOREM 9.9. The dihedral group Dy is the group having 2N elements, Ry, ..., Ry

and Sy, ..., SN, called rotations and symmetries, which multiply as follows,
RyR; = Riyi,  RiSi= Sk
SkRi =Sk, SkSi = R

with all indices being taken modulo N .
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Proor. With notations from Proposition 9.8, the various compositions between ro-
tations and symmetries can be computed as follows:
RRy i —=l+i—=k+1+1
RS i —=>l—i—>k+1—1
SR, i —>l+1—>k—1—1
SpS; i —=l—1—k—1+1
But these are exactly the formulae for Ry ;, Skyi, Sk—i, Ri—1, as stated. Now since a

group is uniquely determined by its multiplication rules, this gives the result. O

Observe that Dy has the same cardinality as Ey = Zy X Zs. 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:

ProproOSITION 9.10. The group En = Zy X Zo is the group having 2N elements,

r1,...,rn and S1,...,Sn, which multiply according to the following rules,
TETL =T+l 5 TkSI = Sk+l
SkTt = Sk+1 5 SkSL = T+l

with all the indices being taken modulo N .

PrROOF. With the notation Z, = {1,7}, the elements of the product group Ey =
7N X Zo can be labeled r1,...,ry and sq,..., sy, as follows:

Tk:(k,l) s Sk:(k',T)

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

Let us compare now Theorem 9.9 and Proposition 9.10. In order to formally obtain
Dy from Ejy, we must twist some of the multiplication rules of Ey, namely:

SkTl = Sk+1 = Sk—l 5  SkS1 = Tkl = Tk—1

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 9.11. Given groups H, K, with an action K ~ H, the crossed product
G=HxK
is the set H x K, with multiplication (g, s)(h,t) = (gh®, st).

It is routine to check that G is indeed a group. Observe that when the action is trivial,
h® = h for any h € H and s € K, we obtain the usual product H x K.

Now with this technology in hand, by getting back to the dihedral group Dy, we can
improve Theorem 9.9, into a final result on the subject, as follows:
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THEOREM 9.12. We have a crossed product decomposition as follows,
DN = ZN 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:

LNIZNNZQ

In order to understand the structure of Ly, we follow Proposition 9.10. The elements
of Ly can indeed be labeled pq,...,py and o1,..., 0y, as follows:

Pk = (k7 1) y Ok = (k77_>

Now when computing the products of such elements, we basically obtain the formulae
in Proposition 9.10, perturbed as in Definition 9.11. To be more precise, we have:

PkPL = Pk+l 5  PkOL = Okl

OkPlL = Ok+l 5  OkO1 = Pk+l
But these are exactly the multiplication formulae for Dy, from Theorem 9.9. Thus,
we have an isomorphism Dy ~ Ly given by Ry — pr and S, — o0y, as desired. O

As a third basic example of a finite group, we have the symmetric group Sy. This is
a group that we already met, when talking about the determinant, and we have:

THEOREM 9.13. The permutations of {1,..., N} form a group, denoted Sy, and called
symmetric group. This group has N! elements. The signature map

€:SN—>Z2

can be regarded as being a group morphism, with values in Zy = {£1}, and
An = {a € SN‘e(a) = 1}
is a subgroup having N!/2 elements, called alternating group.

PROOF. As explained in chapter 2, the group property is clear, and the count is clear
as well. As for the last assertion, recall the following formula, also from chapter 2:
e(or) =e(o)e(T)

But this tells us precisely that ¢ is a group morphism, and we can see as well from
this that Ay C Sy is indeed a subgroup. Finally, with 7 € Sy being any transposition
we have Sy = Ay U TAy, and it follows that we have |[Ay| = N!/2, as claimed. O

We will be back to Sy on many occasions, in what follows. At an even more advanced
level now, we have the hyperoctahedral group Hy, which appears as follows:
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DEFINITION 9.14. The hyperoctahedral group Hy C Oy s the group formed by the

symmetries of the unit cube in RY,

S S

S

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 (Dg'/‘aph) — 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 id and the
flip 7. Thus, we obtain the group with 2 elements, which is a very familiar object:

Hy =Dy =5y =179

N = 2. Here the 2-cube is the square, and so the corresponding symmetry group is
the dihedral group Dy, which is a group that we know well:

H2:D4:Z4NZQ

N = 3. Here the 3-cube is the usual cube, and the situation is considerably more
complicated, because this usual cube has no less than 48 symmetries.

All this looks quite complicated, but fortunately we can count Hy, as follows:

THEOREM 9.15. We have the cardinality formula
|Hy| = 2V N!
coming from the fact that Hy is the symmetry group of the coordinate aves of RY.
Proor. 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.
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(3) But each of these permutations of the coordinate axes o € 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. Thus, we have:

|Hy| = |Sx]- 25| = Nt- 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, as follows:

THEOREM 9.16. We have a wreath product decomposition Hy = Zo ! Sy, 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 € 73 as follows:
o(er,...,en) = (eo(1)s - - - €a(n))
In particular we have, as found before, the cardinality formula |Hy| = 2V N

PROOF. As explained in the proof of Theorem 9.15, the elements of Hy can be iden-
tified with the pairs ¢ = (e, 0) consisting of a permutation o € Sy, and a sign vector
e € ZY, so that at the level of the cardinalities, we have:

|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 € Z1 as in the statement:

(e,0)(f,7) = (ef?,07)
Thus, we are precisely in the framework of Definition 9.11, 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 = ZY x Sy that we found. 0

9b. Cayley theorem

At the level of the general theory now, we have the following fundamental result
regarding the finite groups, due to Cayley:

THEOREM 9.17. Given a finite group G, we have an embedding as follows,
GCSy , g— (h—gh)
with N = |G|. Thus, any finite group is a permutation group.
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PROOF. Given a group element g € GG, we can associate to it the following map:
o,:G—=G , h—gh

Since gh = gh’ implies h = h/, this map is bijective, and so is a permutation of G,
viewed as a set. Thus, with N = |G|, we can view this map as a usual permutation,
og € Sy. Summarizing, we have constructed so far a map as follows:

G—Sv , g—og

Our first claim is that this is a group morphism. Indeed, this follows from:
og0n(k) = o4(hk) = ghk = o4, (k)
It remains to prove that this group morphism is injective. But this follows from:

g#h = o,(1) #on(1)
== o0,Fop

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

Observe that in the above statement the embedding G C Sy that we constructed
depends on a particular writing G = {g1,...,gn}, which is needed in order to identify
the permutations of G with the elements of the symmetric group Sy. This is not very
good, in practice, and as an illustration, for the basic examples of groups that we know,
the Cayley theorem provides us with embeddings as follows:

Zn CSy , DyCSn , SvCSwi , Hy CSovm

And here the first embedding is the good one, the second one is not the best possible
one, but can be useful, and the third and fourth embeddings are useless. Thus, as a
conclusion, the Cayley theorem remains something quite theoretical. We will be back to
this later on, with a systematic study of the “representation” problem.

Getting back now to our main series of finite groups, Zy C Dy C Sy C Hy, these are
of course permutation groups, according to the above. However, and perhaps even more
interestingly, these are as well subgroups of the orthogonal group Oy:

Ziy C Dy C Sy C Hy C Oy

Indeed, we have Hy C Oy, because any transformation of the unit cube in R must
extend into an isometry of the whole RY, in the obvious way. Now in view of this, it
makes sense to look at the finite subgroups G C Opn. With two remarks, namely:

(1) Although we do not have examples yet, following our general “complex is better
than real” philosophy, it is better to look at the general subgroups G C Uy.

(2) Also, it is better to upgrade our study to the case where G is compact, and this
in order to cover some interesting continuous groups, such as Oy, Uy, SOy, SUy.
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Long story short, we are led in this way to the study of the closed subgroups G' C Uy.
Let us start our discussion here with the following simple fact:

PROPOSITION 9.18. The closed subgroups G C Uy are precisely the closed sets of
matrices G C Uy satisfying the following conditions:

(1) U,V eG = UV €q.
(2) 1 eG.
B)UeG@ = U'ed.

ProOF. This is clear from definitions, the only point with this statement being the
fact that a subset G C Uy can be a group or not, as indicated above. U

As a second result now regarding the closed subgroups G C Uy, let us prove that any
finite group G appears in this way. This is something more or less clear from what we
have, but let us make this precise. We first have the following key result:

THEOREM 9.19. We have a group embedding as follows, obtained by regarding Sy as
the permutation group of the N coordinate axes of RY,

SNCON

which makes o € Sy correspond to the matriz having 1 on row o(j) and column j, for
any 7, and having O entries elsewhere.

Proor. This is something quite fundamental, the idea being as follows:

(1) To start with, we can certainly regard Sy as being the permutation group of the
N coordinate axes of RY. Now since these permutations of the N coordinate axes of RV
are isometries, this provides us with a group embedding Sy C Oy, as stated.

(2) Regarding now the formula of this embedding, we have by definition:
o(€;) = €a(j
Thus, the permutation matrix corresponding to o is given by:
1 ifo(j) =1
Oij = .
0 otherwise

We are theferore led to the conclusion in the statement. O

We can combine the above result with the Cayley theorem, and we obtain the following
result, which is something very nice, having theoretical importance:

THEOREM 9.20. Given a finite group G, we have an embedding as follows,
GCOyx , g— (en—egn)

with N = |G|. Thus, any finite group is an orthogonal matriz group.
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PROOF. The Cayley theorem gives an embedding as follows:
GCcSy , g— (h—gh)
On the other hand, Theorem 9.19 provides us with an embedding as follows:
Sy COn , 0= (e = es)
Thus, we are led to the conclusion in the statement. U

The same remarks as for the Cayley theorem apply. First, the embedding G C Oy

that we constructed depends on a particular writing G = {g1,...,gn}. And also, for the
basic examples of groups that we know, the embeddings that we obtain are as follows:
Zy COy , DyCOxn , SvCOnt , HyCOuwpy

As before, here the first embedding is the good one, the second one is not the best
possible one, but can be useful, and the third and fourth embeddings are useless.

Summarizing, in order to advance, it is better to forget about the Cayley theorem,
and build on Theorem 9.19 instead. In relation with the basic groups, we have:

THEOREM 9.21. We have the following finite groups of matrices:
(1) Zn C Oy, the cyclic permutation matrices.
(2) Dy C Oy, the dihedral permutation matrices.
(3) Sn C Ou, the permutation matrices.
(4) Hy C Oy, the signed permutation matrices.

Proor. This is something self-explanatory, the idea being that Theorem 9.19 provides
us with embeddings as follows, given by the permutation matrices:
Zyx C Dy C Sy C On

In addition, looking back at the definition of Hy, this group inserts into the embedding
on the right, Sy C Hy C Oy. Thus, we are led to the conclusion that all our 4 groups
appear as groups of suitable “permutation type matrices”. To be more precise:

(1) The cyclic permutation matrices are by definition the matrices as follows, with 0
entries elsewhere, and form a group, which is isomorphic to the cyclic group Zy:

1

1

(2) The dihedral matrices are the above cyclic permutation matrices, plus some suit-
able symmetry permutation matrices, and form a group which is isomorphic to Dy .
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(3) The permutation matrices, which by Theorem 9.19 form a group which is isomor-
phic to Sy, are the 0 — 1 matrices having exactly one 1 on each row and column.

(4) Finally, regarding the signed permutation matrices, these are by definition the
(—1) — 0 — 1 matrices having exactly one nonzero entry on each row and column, and by
Theorem 9.15 these matrices form a group, which is isomorphic to Hy. O

Finally, let us mention that when looking, more generally, at the finite subgroups of
the unitary groups, we have many interesting examples too. More on these later.

9c. General theory

Let us go back now to the abstract groups, as defined in the beginning of this chapter,
and develop some theory, without relation to linear algebra. We first have:

THEOREM 9.22. Given a finite group G and a subgroup H C G, the sets
G/H={gH|ge G} , H\G={Hg|ge G}

both consist of partitions of G' into subsets of size H, and we have the formula
G| = [H|-|G/H| = |H| - [H\G]
which shows that the order of the subgroup divides the order of the group:
H] | 1G]
When H C G is normal, gH = Hg for any g € G, the space G/H = H\G is a group.

PROOF. There are several assertions here, which are in fact all trivial, when deduced
in the precise order indicated in the statement. To be more precise, the partition claim
for G/H can be deduced as follows, and the proof for H\G is similar:

gHNkH #0) < ¢ 'ke€ H < gH =kH

With this in hand, the cardinality formulae are all clear, and it remains to prove the
last assertion. But here, the point is that when H C G is normal, we have:

gH =kH,sH =tH — gsH = gtH = gHt = kHt = ktH
Thus G/H = H\G is a indeed group, with multiplication (¢H)(sH) = gsH. O
As a main consequence of the above result, which is equally useful, we have:
THEOREM 9.23. Given a finite group G, any g € G generates a cyclic subgroup
<g>={1l,9,¢%...,¢" "}
with k = ord(g) being the smallest number k € N satisfying g8 = 1. Also, we have
ord(g) | |G|

that is, the order of any group element divides the order of the group.
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PROOF. As before with Theorem 9.22, we have opted here for a long collection of
statements, which are all trivial, when deduced in the above precise order. To be more
precise, consider the semigroup < g >C G formed by the sequence of powers of g:

<g>=1{l,9,6*.¢°,..} C @

Since GG was assumed to be finite, the sequence of powers must cycle, g" = g™ for
some n < m, and so we have g* = 1, with kK = m — n. Thus, we have in fact:

<g>={l,9.9%....,9" "}
Moreover, we can choose k£ € N to be minimal with this property, and with this choice,

we have a set without repetitions. Thus < g >C G is indeed a group, and more specifically
a cyclic group, of order k = ord(g). Finally, ord(g) | |G| follows from Theorem 9.22. [

More concretely now, groups are meant to act on sets, and we have here:
PROPOSITION 9.24. Given an action G ~ X and a point x € X, we have
G ()| = |G|/1G.]
where G, = {g € G|g(x) = x}. In particular, the cardinality of orbits divides |G]|.
PROOF. In order to prove this, we will construct a bijection, as follows:
v:G/G, — G(x)
But the formula of ¢ can only be something straightforward, as follows:

p(9Ga) = g(x)
So, let us see if this works. To start with, ¢ is well-defined and injective, due to:
ng = th — g_lh € Gx
<~ g'h(z)=2
= g(x) = h(z)
But ¢ is clearly surjective too, and we therefore obtain the result. U
As an application of the above technology, we have the following key result:
THEOREM 9.25 (Cauchy). Given a finite group G, and a prime number satisfying
p |G|
G has an element of order p. Equivalently, G has a subgroup of order p.
PrOOF. We must find g # 1 with g = 1. In order to do so, let us set:

X:{(gl,...,gp)EGpgl...gpzl}

We have then an obvious action Z, ~ X, by rotation, as follows:

k(gla s 79;0) = (gk+17 s 7gk+p>




9C. GENERAL THEORY 217

Now let us decompose X into orbits. This gives the following formula, with F' C X
being the fixed points, and with the sum being over the non-trivial orbits O:

X =[F|+ ) 0]
|0]>2

Next, let us look at this equality modulo p. To start with, we have:

X[ =]GI"~" = 0(p)
Also, in what regards the fixed points, we can say here that we have:

(1,...,1)e F = |F|>1

Finally, by Proposition 9.24 the size of any orbit must divide |Z,| = p, and so:

0] =22 = [0] =
Now by putting everything together, modulo our p > 2, we conclude that:

|F| > 2

But this is exactly what we need, because the fixed points are precisely the elements
(g,...,9) € GP with g?» = 1. Thus, we have found g # 1 with ¢? = 1, as desired. O

Moving on, this time with some inspiration from linear algebra, let us call unitary
representation of G any group morphism v : G — Upy. This is a key notion, and of
particular interest is the case N = 1, where we have the following result:

THEOREM 9.26. Guwen a finite group G, the group morphisms x : G — T, called
characters of G, form a finite abelian group G, called Pontrjagin dual of G. We have:

(1) The dual of a cyclic group is the group itself, ZN =7Zy.
(2) The dual of a product is the product of duals, G x H = G x H.
(3) Any product of cyclic groups G = Zy, X ... X Ly, is self-dual, G = G.

PROOF. We have several assertions here, the idea being as follows:
(1) Our first claim is that Gis a group, with the pointwise multiplication, namely:

(xp)(9) = x(9)r(9)

Indeed, if x, p are characters, so is xp, and so the multiplication is well-defined on G.
Regarding the unit, this is the trivial character, constructed as follows:

1:G—-T |, g—1

Finally, we have inverses, with the inverse of x : G — T being its conjugate:

X:G—=T ., g—x(9)
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Next, our claim is that the group G is finite. Indeed, assuming that we have a character
X : G — T, we have the following formula, for any group element g € G

=1 = x(9)f=1
Thus x(g) must be one of the k-th roots of unity, and in particular there are finitely
many choices for x(g). Finally, the fact that G is abelian follows from definitions.

(2) Next, in the cyclic group case, a character x : Zy — T is uniquely determined by
its value z = x(g) on the standard generator g € Zy. But this value must satisfy:

N _1

We conclude that we must have z € Zy. Conversely, any N-th root of unity z € Zy
defines a certain character y : Zy — T, by setting, for any » € N:

x(g") = 2"
Summarizing, we have indeed an identification ) N = Zy, as claimed.
(3) Regarding now products of groups, a character x : G x H — T must satisfy:

x(9:h) = x[(g, (L, )] = x(g, Dx(L, k)

Thus x must appear as the product of its restrictions x|q, x|z, which must be both
characters, and this gives x € G x H as desired. Finally, the last assertion is clear. [

As a continuation, we can get some further insight into duality by using the spectral
theory methods developed in chapter 8, and we have the following result:

THEOREM 9.27. Given a finite abelian group G, we have an isomorphism of commu-
tative C*-algebras as follows, obtained by linearizing/delinearizing the characters:

ClG) ~ C(G)
Also, the Pontrjagin duality is indeed a duality, in the sense that we have G = G.

PrROOF. We have several assertions here, the idea being as follows:

(1) Given a finite abelian group G, consider indeed the group algebra C[G], having as
elements the formal combinations of elements of (G, and with involution given by:

g =9
This x-algebra is then a C*-algebra, with norm coming by making act C[G] on itself,
so by the Gelfand theorem we obtain an isomorphism as follows:

ClG] = C(X)
To be more precise, X is the space of the x-algebra characters as follows:
x:C[G] - C
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The point now is that by delinearizing, such a x-algebra character must come from a
usual group character of G, obtained by restricting to GG, as follows:

x:G—T
Thus we have X = G , and we are led to the isomorphism in the statement, namely:
ClG] ~ C(G)
(2) In order to prove now the second assertion, consider the following group morphism,
which is available for any finite group G, not necessarily abelian:
G=G , g—(x—x(9)

Our claim is that in the case where G is abelian, this is an isomorphism. As a first
observation, we only need to prove that this morphism is injective or surjective, because
the cardinalities match, according to the following formula, coming from (1):

G| = dim C[G] = dim C(G) = |

(3) We will prove that the above morphism is injective. For this purpose, let us
compute its kernel. We know that g € GG is in the kernel when the following happens:

x(g)=1 , vxed

But this means precisely that g € C[G] is mapped, via the isomorphism C[G| ~ (@)
constructed in (1), to the constant function 1 € C(G), and now by getting back to C[G]
via our isomorphism, this shows that we have indeed g = 1, which ends the proof. O

9d. Abelian groups

Let us go back now to the finite abelian groups, with the aim of proving that these
are exactly the products of cyclic groups. Let us start with a basic result, as follows:

PROPOSITION 9.28. Given a finite abelian group G, and p| |G|, the set
c%z{geabkeNgﬁ: }
is a subgroup, having as order the biggest power of p dividing |G|.

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

(1) To start with, the fact that the set in the statement G, C G is a subgroup is clear,
coming from the following computation, valid inside any abelian group:

=1nr=1 = (gh)“b =g¢*h’ =1

Indeed, given two elements g, h € GG, having as orders powers of p, this computation
shows that gh € GG has as order a certain power of p too, as desired.
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(2) Next, assuming |G| = p*n with (n,p) = 1, we must show that we have |G,| = p".
But this is best seen by contradiction. Indeed, assuming p||G/G,|, by Cauchy we would
have a certain non-trivial element hG, € G/G, of order p. But this means h ¢ G,
h? € G, which in turn reads h ¢ G, h € G, which is contradictory. Il

As a continuation of this, we have the following key result:

THEOREM 9.29. Given a finite abelian group G, we have
¢=1]¢6,
p
with G, C G with p prime being the subgroups constructed above.

PRrROOF. By using the fact that our group G is abelian, we have a group morphism as
follows, with the order of the factors when computing Hp gp being irrelevant:

HGP%G . (9p) _>ng
p P

(1) Our first claim is that this morphism is injective. Indeed, let us consider an element
in its kernel, which amounts in having an equation of the following type:

Gioge=1

Now since the elements g; and g¢s...gg, which are inverse to each other, must have
the same order, and the order of g; is a certain prime power, and that of gs ... g is not
divisible by that prime, we conclude that the kernel is trivial, as claimed.

(2) It remains to prove that our morphism is surjective. But this can be done in the
pedestrian way, by picking g € G, writing its order as ord(g) = p}* ... p;*, and doing some
arithmetic in order to reach to a writing of type g = g1 ... g, with g; € G),. O

Getting now to what we wanted to do, structure theorem for the abelian groups,
Theorem 9.29 does half of the job. For the other half, we must decompose the components
G,. With the convention that p-group means |G| = p¥, for some k € N, we have:

THEOREM 9.30. The abelian p-groups decompose as follows:
G =Zy1 X ... X Lyrs
That is, the abelian p-groups are the products of cyclic p-groups.
PROOF. We can do this by recurrence on |G|, as follows:

(1) Let us pick g € G of maximal order, say ord(g) = p*, and consider the subgroup
H =< g > that it generates, inside GG. By recurrence, the quotient group G/H must
decompose as follows, with the components C; being cyclic groups:

G/H=C) x...xC,
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Our goal will be that of producing, out of this, an isomorphism as follows:
G=HxC; x...xC,

(2) Let us start by fixing some notation. The subgroups C; C G/H appearing above
being cyclic, we can denote them as C; = {2!H}, with z,H € C; being some chosen
generators for them. And with this, the isomorphism that we have is:

p:Cyx...xCy,—G/H , (2P*H,...,zo"H) — 2" ...zo"H

Our more precise claim now, which will prove the result, is that, with a suitable choice

of the generators z; H € C;, we can lift this into an isomorphism as follows:
Y HXxCyx...xCp—G , (¢%21"H,...,z;"H) — g%2{* ... z0m

n

(3) In order to do this, let us look at one of the components, C' = C;. If we pick an
arbitrary generator zH € C, with z € G, the following happens, trivially:

ord(zH)|ord(z)

And our claim now, which will provide us with what is needed in (2), is that we can
always arrange for our generator zH € C, with z € GG, as to have equality:

ord(zH) = ord(z)

(4) Summarizing, we have eventually found something concrete to prove, in relation
with what we want to do, so let us prove this. Let us start with an arbitrary generator
xH € C, with z € G. Consider the two orders mentioned in (3), namely:

pr=ord(xH) , p°’=ordlx) , r<s
Our goal will be that of suitably modifying our generator xH, as to have r = s.
(5) In order to do so, let us look at the following group element y € G:
y=a" , ordly)=p""

Since ord(zH) = p" we have ord(yH) = 1, which means y € H. Now since H =< g >
was the group generated by g, we can write y as follows, with (n,p) = 1:
y=g"
Now recall that ¢ € G was chosen of maximal order p*. Thus, we have:
ord(y) = p**
We conclude that we have s —r = k — t. Now consider the following element:
z=xqg """
Our claim is that this is the element z € G that we were looking for, in (3).
(6) Indeed, we first have the following computation, which gives ord(z) < p":

Zpr :Z‘prginpt :y-yil =1
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Also, zH = xH = C, and so ord(zH) = |C| = p". Thus we have, as desired:
ord(zH) = ord(z) = p"

(7) Time for the endgame. Let us go back to the isomorphism in (2), which was as
follows, and with the generators z; H € C; with z; € G being chosen as above:

p:Cy x...xC,—G/H , ("H,...,z;"H) — 21" ...z2o"H
Our claim is that this lifts into an isomorphism as follows:

v HxCyx...xC,—G | (¢%z"H,...;z¢"H) — g%2* ... 20"

n

(8) Indeed, this latter map is well-defined, due to ord(z;H) = ord(z;). It is also clear
that 1 is a group morphism. Also, since ¢ is surjective, so must be 1. Finally, since the
cardinalities of the domain and range match, ¢ must be an isomorphism, as desired. [J

Time now to put everything together. We obtain the following remarkable result:

THEOREM 9.31. The finite abelian groups are the products of cyclic groups:
G:ZNl X .. XZNk
Moreover, we can choose the numbers N; to be prime powers.

Proor. This follows indeed by putting together all the above, and more specifically,
by combining Theorem 9.29 and Theorem 9.30. As further remarks on this:

(1) In fact, what you need to know is just the first part of the present theorem, because
the second part is easy to recover, thanks to the following elementary isomorphisms:

ZPTIMPZ]C = Zptlll X ... X szk

(2) There is a uniqueness assertion too, which is elementary, stating that with G fully
split, with NV; prime powers, the components will be unique, up to permutation. U

As an application of the above, and in relation with characters, let us go back to the
generalized Fourier matrices, from chapter 7. We have here the following result:

THEOREM 9.32. Given a finite abelian group G, with dual group G = {x: G — T},
consider the corresponding Fourier coupling, namely:

]:(;:GXC/;\—>T . (i, x) = x(9)

(1) Via the standard isomorphism G ~ CA?, this Fourier coupling can be regarded as a
square matriz, Fo € Mq(T), which is a complex Hadamard matriz.

(2) In the case of the cyclic group G = Zy we obtain in this way, via the standard
identification Zy = {1,..., N}, the Fourier matriz Fy.

(3) In general, when using a decomposition G = Zy, X ... X Ly, the corresponding
Fourier matriz s given by Fo = Fn, @ ... ® Fy, .
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Proor. This follows indeed by using the above finite abelian group theory:

(1) With the identification G’ ~ G made our matrix is given by (F)ixy = x(i), and the
scalar products between the rows are computed as follows:

< Ry, By >=Y " x(i)x(j) = Y _x(i—j) = |G| - &

Thus, we obtain indeed a complex Hadamard matrix.
(2)Ehis follows from the well-known and elementary fact that, via the identifications
Zy = Zy = {1,..., N}, the Fourier coupling here is as follows, with w = ™/
(i,7) — w"
(3) We use here the following formula that we know, for the duals of products:
AxK=HxK
At the level of the corresponding Fourier couplings, we obtain from this:
Fuxx = Fg ® Fi

Now by decomposing G into cyclic groups, as in the statement, and by using (2) for
the cyclic components, we obtain the formula in the statement. U

As a nice application of the above result, we have:

THEOREM 9.33. The Walsh matriz, Wy with N = 2", which is given by

1 1\®"
o= (i)

is the Fourier matrix of the finite abelian group Ky = Z7.

PRrROOF. We know that the first Walsh matrix is a Fourier matrix:
Wy = Fy = F,
Now by taking tensor powers we obtain from this that we have, for any N = 2™
Wy =Wy = ngf = Fgp = Fiy
Thus, we are led to the conclusion in the statement. U

Summarizing, we have now a better understanding of the generalized Fourier matrices,
and of the complex Hadamard matrices in general, and also a new and fresh point of view
on the various discrete Fourier analysis considerations from chapter 7.

All this is quite interesting, suggesting among others that we should have a deeper
relation between group theory and Fourier analysis. In answer, this is indeed the case,
with the ultimate result here stating that associated to any locally compact abelian group
G is a Fourier transform, which can be useful for many purposes. Good to know.
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9e. Exercises

There are many things that can be said about groups, especially in the matrix case,
G C Uy, and we will discuss this later in this book. Our exercises here will rather focus
on the abstract groups, as in the end of the present chapter, and we first have:

EXERCISE 9.34. Given a locally compact abelian group G, prove that its group char-
acters, which must be by definition continuous,

x:G—T
form a locally compact abelian group, denoted é, and called dual of G.

Here locally compact means that any group element g € G has a neighborhood which
is compact, a bit in analogy with what happens for the real numbers r € R.

EXERCISE 9.35. Prove that the integers are dual to the unit circle, and vice versa:
7=T ., T=2
Also, prove that the group of real numbers is self-dual, R=R.

To be more precise, we already know from the above that we have 2N = Zny, for any
N € N, and the first question, regarding Z and T, is a kind of “N = 00” version of this.
As for the second question, regarding R, this is related to all this as well.

EXERCISE 9.36. Prove that the finitely generated abelian groups are
G=7Zn, X...XZLn,
with the convention Ze, = 7, and that the compact matriz abelian groups are
H=7n, x...XZn,
with this time the convention Z., = T. Also, prove that G = H and H = G.

This exercise, generalizing everything that we know, or almost, is actually something
quite tricky, requiring a good knowledge of both algebra and analysis.

EXERCISE 9.37. Clarify the relation between the dualities
In=7x , Z=T , T=7Z , R=R
and the various types of Fourier transforms available.

To be more precise here, the problem is that of understanding why the above 3 dualities
correspond to the main 3 types of known Fourier transforms, namely the discrete Fourier
transforms, the usual Fourier series, and the usual Fourier transforms. And with the
remark that this is something that we already know, for the first duality.



CHAPTER 10

Rotation groups

10a. Rotation groups

We have seen that there are many interesting examples of finite groups G, which
usually appear as groups of orthogonal matrices G C Oy, or unitary matrices G C Uy.
In this chapter we have a closer look at the subgroups G C Uy. We have:

QUESTION 10.1. What are the subgroups of the 4 main rotation groups,
SUy Un

SOn On

in low dimensions, N = 2,3,...7 What about generic dimensions N € N?

Let us start with the following result, regarding the 4 main rotation groups themselves,
which is something very useful, that we will use many times, in what follows:

ProprosITION 10.2. The following happen, regarding the main rotation groups:

(1) U € Oy = detU = +£1.

(2) Oy = SON U (=SOy), when N is odd.
(3) Ue Uy = |detU] = 1.

(4) Un = UyperwSUy, for any N.

ProoF. This is something elementary, coming from definitions, as follows:
(1) This comes indeed from the following computation:
UeOy = U'=U"
= det(U") =det(U )
— detU = (detU)™*
— detU ==1

(2) According to (1) we have the following decomposition formula, with SOy C Oy
standing for the set of orthogonal matrices having determinant —1:

Onx = SOx U SOy
225
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Now the point is that when N is odd we have det(—U) = —det U, for any matrix
U € My(R), and by using this, we can see right away that we have:
SOy = —SOy

Thus, we are led to the decomposition formula in the statement, namely:
On = SOx U (=SOy)

By the way, observe that this fails when N is even, and in a quite drastic way, for
instance because at NV = 2 the group SO, consists of the rotations of the plane, while the
other component SO, consists of the symmetries of the plane. More on this later.

(3) This follows from the following computation, similar to the one in (1):
UelUy = U*=U"
= det(U*) = det(U )
. detU = (det D)
= |detU]| =1
(4) According to (3) we have the following decomposition formula, with SU ](VZ ) c Uy
standing for the set of unitary matrices having determinant z € T, and coming with

the warning that, contrary to the decomposition in (2), this is not a decomposition into
connected components, due to the continuous nature of the parameter z € T:

Uy =| | SUY
z€T
Still following (2), let us try now to relate the components SU ](VZ) to the main compo-

nent, SUy = SU ](Vl ). But this is an easy task in the present complex case, because we can
extract N-th roots of any complex number. Indeed, let w € T be such that:

U)N:Z

Now given an arbitrary matrix U € SU J(\f ), the rescaled matrix V' = U/w is unitary,
V € Uy. As for the determinant of this latter matrix, this is given by:

det(V) = det(U/w)
= detU/w"
= z/z
= 1
Thus we have V € SUy, and so U € wSUy, and with this in hand, our previous

decomposition of Uy takes the following form, which is the one in the statement:

UN = U U)SUN

weT
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(5) Finally, observe that this latter decomposition is no longer a disjoint union, due
to the choice needed in the above, when solving w" = z. As yet another remark, getting
back now to (2), all this suggests some complex number trickery, based on i* = —1,
in order to deal with Oy when N is even. We will leave some exploration here as an
interesting exercise, and with the remark however that the N = 2 case, discussed in (2),
shows that we cannot really expect very concrete things to arise, in this way. U

With this discussed, time for some classification work, at small values of N. To start
with, at V =1 all our matrices are just numbers, and the main rotation groups are:

SU, U, 1 T

SOy

O {1} {£1}

Equivalently, with Z, standing as usual for the group of s-th roots of unity, and with
the extra convention Z., = T, that we already used in chapter 9, the diagram is:

Z1 Zoo

Zn

Lo

Now the point is that, with the finite subgroups of the cyclic groups being cyclic, we
are led to the following result, answering Question 10.1 at N = 1:

THEOREM 10.3. The finite subgroups of the basic continuous groups at N =1 are:

SU; U, 74 {Zn|n€N}

SOl 01 Z1

{Zla ZQ}
That is, all the finite rotation groups at N =1 are cyclic.

ProoF. This is certainly something trivial, with only some explanations regarding
the subgroups of U; = T being needed, with the situation here being as follows:

(1) To start with, the unit circle T has many subgroups, as you can see by picking
some random numbers {z;} C T, finitely many, or countably many, or even uncountably
many, and looking at the group G =< z; > that they generate, which can vary a lot.
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(2) However, when looking at the finite subgroups G C T, things are easy, due to:
IGl=m = g¢"=1Vged
= g€ 7Ly, Vg€G
= GCZp
= G =12Z, nm
Thus, end of the story, and we are led to the conclusion in the statement.

(3) Finally, let us mention that in what regards the infinite subgroups G C T, when
restricting the attention to those which are closed, we only have one solution, namely
G = T itself. Thus, as a generalization of the present result, we can say that all closed
rotation groups at N = 1, finite or not, are cyclic, with our usual convention Z,, = T. U

At N = 2 now, let us first study SOy, Os are their subgroups. In what regards the
groups SO, O, themselves, these are groups that we know well, and this since chapter 1,
but always good to talk about them again. Their basic theory is as follows:

THEOREM 10.4. We have the following results:

(1) SO is the group of usual rotations in the plane, which are given by:
cost —sint
i = <sint cost )
(2) Oq consists in addition of the usual symmetries in the plane, given by:
cost sint
S = <sint — cos t)
(3) Abstractly speaking, we have group isomorphisms as follows,
SO;~T |, Oy=Tx1Z,
with the second one coming from Oy = SOyx < Sy >, for any symmetry S;.

PROOF. These are basically things that we know, as follows:

(1) This is clear, because the only isometries of the plane which preserve the orientation
are the usual rotations. As for the formula of R;, rotation of angle ¢, this is something
that we know well from chapter 1, obtained by computing R, ((1)) and R, (?)

(2) This is clear too, because rotations left aside, we are left with the symmetries of
the plane, in the usual sense. As for formula of S;, symmetry with respect to Ox rotated
by t/2, this is something that we know too, obtained by computing S; ((1)) and S, ((1])

(3) The first assertion is clear, because the angles ¢t € R, taken as usual modulo 2,
form the group T. As for the second assertion, the proof here is similar to the proof of
the crossed product decomposition D,, = Z,, X Z, for the dihedral groups. O
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Getting now to the subgroups of SO,, Oy, we have the following result:

THEOREM 10.5. The finite subgroups of SOs, Oy are as follows:
(1) The finite subgroups of SOq are the cyclic groups Z,.
(2) For Oy, we obtain in addition the dihedral groups D,,.

Proor. This is again something elementary, as follows:

(1) This is indeed something clear, geometrically, which formally comes from SOy ~ T,
via the discussion from Theorem 10.4, regarding the same group there, U; ~ T.

(2) In order to prove this, consider a finite subgroup as follows:
GCOy , G¢ZS0,
According to (1), we have a formula as follows, for a certain n € N:
GNSOy =7y

Now let us pick S € G — SO,. Since products of symmetries are rotations, any other
element T' € G — SOy must satisfy ST € Z,,, and so T € SZ,,. We conclude that our group
G must appear as follows, coming from a subgroup Z, C T, and a symmetry S € Os:

G=2%2,S57,

But this latter group must have the same multiplication table as the dihedral group
D,,, and conclude that we have an isomorphism G ~ D,,, as desired. U

Quite nice the above, and in fact we can do better, as follows:

THEOREM 10.6. The finite rotation groups in 2 dimensions appear as the symmetry
groups of the reqular polygons,

/ AN

AN /

with these polygons being taken unoriented as above, or oriented.

ProoF. This is indeed self-explanatory, based on Theorem 10.5, and with the remark
that in what regards SOy, looking at the symmetries of an oriented polygon, or at the
orientation-preserving symmetries of an unoriented polygon, is the same thing. U

The above result looks quite exciting, and it is tempting at this point to forget our next
task, namely understanding what happens in 2 complex dimensions, and move instead to
3 real dimensions, with the following interesting question in mind:
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QUESTION 10.7. Can we have a 3D analogue of Theorem 10.6 going, with reqular
polygons replaced by regular polyhedra?

And good question this is. We will see in the next section, following Plato, and then
Euler, and Klein and others, that the answer to this question is remarkably “yes”, and
with this solving our group theory problems, in 3 real dimensions.

As for the 2 complex dimensions, these will be not forgotten either, and we will see
later, following again Euler, Klein and others, including this time Rodrigues, Hamilton,
and also Pauli, Dirac and other physicists, that things are quite interesting here too.

10b. Klein subgroups

With Question 10.7 in mind, let us get now into 3D geometry, and symmetries. At
the start of everything, we have the following remarkable result, going back to Plato:

THEOREM 10.8. There are 5 regular polyhedra, called Platonic solids, namely:

(1) Tetrahedron, having 4 vertices and 4 faces.

(2) Octahedron, having 6 vertices and 8 faces.

(3) Cube, having 8 vertices and 6 faces.

(4) Icosahedron, having 12 vertices and 20 faces.
(5) Dodecahedron, having 20 vertices and 12 faces.

PROOF. Many things can be said here, the idea being as follows:

(1) Let us try to figure out how a regular polyhedron looks like. There are a number
of faces meeting at each vertex, > 3 faces to be more precise, and when flattening the
polyhedron there, we can see appear an angle ¢, called angle defect at that vertex:

face ot

face / face \ face

Now since hexagons and higher have angles > 120°, these cannot be used for con-
structing polyhedra, due to ¢t > 0. In fact, still due to t > 0, we are left with 5 cases:

— Polyhedron made of triangles, with 3 or 4 or 5 faces meeting at each vertex.
— Polyhedron made of squares, with 3 faces meeting at each vertex.

— Polyhedron made of pengatons, with 3 faces meeting at each vertex.
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(2) Now let us try to construct the solutions. In the first case, polyhedron made of
triangles, with 3 faces meeting at each vertex, we obtain the tetrahedron:

(3) Two other obvious solutions, corresponding to the second and fourth cases above,
triangles meeting x4, and squares meeting x3, are the octahedron and the cube:

Before going further, observe that there is a relation between these two polyhedra,
with the vertices of the octahedron appearing at the middle of the faces of the cube, and
vice versa. Due to this, we say that the octahedron and cube are dual, and with this
explaining why their number of vertices and faces are interchanged, as follows:

(6,8) < (8,6)
By the way, observe that the tetrahedron is self-dual, (4,4) <> (4,4). These dualities

will be quite important to us later, when looking at the symmetries of our polyhedra.

(4) Back to constructing solutions, we are left with studying the third and fifth cases
in (1), namely triangles meeting x5, and pentagons meeting x3. And here, by some kind
of miracle, we have indeed solutions, namely the icosahedron and dodecahedron, which
look as follows, with in each case half of the faces, those facing us, represented:

_//\\_ /°(.>'\
VAN S A S
SN Y

As before with the octahedron and cube, these two latter polyhedra are dual, with
this intechanging their number of vertices and faces, (12,20) <> (20,12). O



232 10. ROTATION GROUPS

Getting back now to Question 10.7, we would like to compute the symmetry groups
G C O3 and SG C SO;3 of the various Platonic solids that we found, and then try to
prove that these are basically all the finite subgroups of O3 and SOs.

In order to do so, let us begin with some generalities regarding O3, SO3; and their
subgroups. We have here the following elementary result, further building on what we
know from Proposition 10.2, regarding the groups Oy, SOy with N odd:

PROPOSITION 10.9. The following happen, regarding Os, SOz and their subgroups:
(1) The central symmetry —1 € Os is not orientation-preserving, —1 ¢ SOs.
(2) We have a disjoint union decomposition O3 = SOz U (—SO3).
(3) This decomposition gives an identification O3 = SOz X Zs.
(4) More generally, assuming G C O3, —1 € G, we have G = SG X Zs.

Proor. This is something elementary, as follows:

(1) This is best viewed by using the determinant, det(—1) = —1.

(2) This follows indeed from det U = £1 for U € O3, and from (1).

(3) This is the group-theoretical reformulation of the decomposition in (2).

(4) This is similar, based on G = SG L (—=SG), coming from —1 € G. O

Getting now to the symmetry groups that we are interested in, those of the Platonic
solids found in the previous section, we have the following result, about them:

THEOREM 10.10. The symmetry groups G C Os and the orientation-preserving sym-
metry groups SG C SOs of the Platonic solids are as follows:
(1) Tetrahedron: G = Sy, SG = Ay.
(2) Octahedron and cube: G = Sy X Zy, SG = S,.
(3) Icosahedron and dodecahedron: G = As X Zs, SG = As.

PRroOF. This basically comes from our experience from chapter 9, with some extra
work needed for the icosahedron and dodecahedron, the idea being as follows:

(1) In what regards the tetrahedron, we certainly have G = Sy, and then SG = A, and
with this latter group being usually called tetrahedral group. Observe that, contrary to
what happens for the other polyhedra, the central symmetry —1 € Oz is not a symmetry
of the tetrahedron, so Proposition 10.9 (4) does not apply. In fact, we have Sy # Ay X Zs
as abstract groups, because none of the transpositions 7 € Sy is central.

(2) Regarding now the cube, here we have G = Hj, and SG = SH3; = Sy, as we
know well since chapter 9, and with this latter S; being best understood as acting on the
diagonals of the cube. Then, due to —1 € G, Proposition 10.9 (4) applies, and gives:

G:S4XZ2
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(3) As for the ocathedron, this being dual to the cube, the symmetry groups are
the same. Let us mention also that SG' = 5, is called octahedral group, and with this
explaining why G = Hj3, which is twice as big, is called hyperoctahedral group.

(4) In what regards now the icosahedron and dodecahedron, these are dual too, so
they have the same symmetry groups. In order to compute these common symmetry
groups, let us look at the dodecahedron, whose picture, facing us, was as follows:

0/ \0
ST,
\/'\T”\/

Now let us pick a vertex, say the one marked o, and look at the 3 faces meeting at
this vertex. A symmetry g € SG must then send this vertex o to one of the 20 available
vertices * of the dodecahedron, and then there is an extra x3 choice, coming from the
permutation of the 3 faces, at the arrival, around *. Thus, we conclude that we have:

ISG| = 20 x 3 = 60

(5) Before further commenting on the dodecahedron, it is worth noticing that our
method above applies to any regular polyhedron P. Indeed, if we denote by v the number
of vertices, and by m the number of faces meeting at any vertex, we obtain:

|ISG| = vm = 2e

In addition, |SG| = 2e can be seen as well directly, because any symmetry g € SG
is uniquely determined by its action on a given edge, up to a x2 choice at the arrival.
Needless to say, all this fits with the data for our various polyhedra, as follows:

e=6,12,30 = |SG| = 12,24, 60

(6) Getting back now to the dodecahedron, as a conclusion to the above discussion,
we have two ways at looking at the corresponding group SG, coming from:

|ISG| =20 x 3=230x2

Observe also that we have an embedding Zs; C SG, obtained by rotating any given face
of the dodecahedron. Now by putting everything together, this shows, via some routine
abstract algebra that we will leave as an exercise, that we have, as claimed:

SG:A5

(7) But you might wonder if there is a simpler proof for this, using a clever embedding
SG C S5, say a bit as before with SH3 = S, acting on the diagonals of the cube. In answer,
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yes, but with this being a bit neuron-burning, the idea being that we have exactly 5 cubes
having vertices among the 20 vertices of the dodecahedron, and the symmetries g € SG
come from permutations of these 5 cubes, which must be alternating.

(8) Finally, still talking dodecahedron and isocahedron, these have central symmetry
—1 € G, so by Proposition 10.9 (4) we obtain G = Az X Z,, as claimed. O

Good work that we did, and time now to answer Question 10.7, regarding the classi-
fication of finite groups of 3D rotations. In order to deal with this, we will need:

THEOREM 10.11 (Euler). Any usual rotation in 3D space
U e SO;
has a rotation axis.

PrRoOOF. We have the following computation, using some linear algebra magic:

det(U —1) = det(U'—1)

= det(U*(1-10))
= det(U")det(1 - U)
= det(1-0U)
Thus det(U — 1) = 0, which tells us that U must have a 1-eigenvector:
Ug=¢
Thus, we got our rotation axis for our abstract rotation U € SOs, as desired. O

We can now answer Question 10.7 positively, as follows:

THEOREM 10.12 (Klein). The finite subgroups of SOz are as follows,
(1) Cyclic, Zy,.

(2) Dihedral, D,,.

(3) Tetrahedral, Ay.

(4) Octahedral, Sy.

(5) Icosahedral, As.

all appearing as symmetry groups of regular polygons and polyhedra.
ProoF. This is something truly remarbable, the idea being as follows:

(1) To start with, we certainly have as examples the groups in the statement. Indeed,
those in (1,2) come from Theorem 10.5, via the following standard embedding:

U 0
OQCSOg , U— (0 detU)

As for those in (3,4,5), these are the groups that we found in Theorem 10.10.
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(2) Regarding now the converse, assume that G C SOj is finite. Given g € G — {1},
consider its rotation axis coming from Theorem 10.11, and then the two points +x where
this axis intersects the unit sphere S? C R3, called poles of g. We can consider then the
set X C S? of all poles of all elements g € G — {1}, and we have an action as follows:

G X

(3) In order to exploit this latter action, we can use the following counting trick, due
to Burnside, which is valid for any finite group action on a finite set, G ~ X:

DX = ) IG

geG zeX

- 161
S royﬁ

0eX/G
= |G| |X/G]

To be more precise, here X9 C X is the set of fixed points by g € G, and G, C G is
the stabilizer of x € X, and we have used the general theory from chapter 9.

(4) Now let us see what the Burnside formula gives, for the action in (2). If we denote
by N the number of orbits of our action G ~ X, this formula reads:

[X]+2(l¢] = 1) = N|G|

Now observe that this latter formula can be further processed in the following way,
with {z1,...,2x} C X being a set of representatives for the orbits of G ~ X:

2(1_L) _ v X
|G| G|
= N-—Y[G:G,)
IG|Z

B Zl‘m

(5) And the point is that this latter formula is exactly what we need. Indeed, observe
that the left term and the right components are subject to the following estimates:

1 1 1
2(1——)<2 1>
G |G| 2

We conclude that we must have N = 2,3, which is a big win, we are almost there.
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(6) In practice now, in the case N = 2, the formula that we found in (4) reads:
2 1 1

R +
G| 1G] |Gy
But a quick study shows that the solution here is G = Z,,, corresponding to:
2 1 1

n o n o on
(7) Regarding now the case N = 3, here the formula found in (4) reads:
211
Gl 1G] Gyl |G

But here we have 4 possible cases, corresponding to the following solutions of this:

L2111 L2111

2n 2 2 n ’ 12 2 3 3

QU P TR VR

24 2 3 4 ’ 60 2 3 5
And a study of these cases, that we will leave as an instructive exercise, leads to the
other solutions in the statement, namely G = D,,, G = Ay, G = Sy, G = As. U

Very nice all this. We should mention that, with a bit more work, based on the above,
the finite subgroups of O3 can be classified too, using Proposition 10.9, and with this being
something quite straightforward. We will leave this, again, as an instructive exercise.

10c. Euler-Rodrigues

Moving forward, let us go back now to N = 2 dimensions, but with a study in the
complex case. We first have here the following result, which is elementary:

ProrPosITION 10.13. We have the following formula,

SU, — {(_“b Z) [ Jaf? + Jof? = 1}

which makes SUy isomorphic to the unit complex sphere St C C2.

PRrOOF. Indeed, according to the usual matrix rules, for a matrix U = (Z 3) having
determinant 1, the complex isometry condition U* = U~! reads:

e\ _(d -b
b d)] \—-c a
Thus U is as in the statement, and with |a|? 4 |b]> = 1 coming from detU =1. O

Here is a useful reformulation of the above result, using real numbers:
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ProprosITION 10.14. We have the formula

B x4y 2+t ‘2 9 9 9
SUZ_{(—z—H’t x—z’y) r+y + 27+t _1}

which makes SUy isomorphic to the unit real sphere Sz C R3.
Proor. This is indeed self-explanatory, coming from Proposition 10.13. U
At a more advanced level now, here is yet another reformulation of what we have:

THEOREM 10.15. We have the following formula,

SU, = {:1:01 4+ yco + zc3 + tey

$2+y2+22+t2:1}

where ¢q, o, C3, 4 are matrices given by

(10 (i 0 (0 1 (0 i
“=\o1) » 27 \o =) © 7 \=10) » 2“7\ o

called Pauli spin matrices.

PROOF. According to Proposition 10.14 the elements U € SU, are the matrices as
follows, depending on parameters x,v, z,t € R satisfying 2% +y> + 22 + 2 = 1:

U_ 10 n 1 0 n 0 1 Ly 0 1
“Po 1) Y o0 —i) TP =1 0 i 0
Thus, we are led to the conclusions in the statement. Il

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:

PROPOSITION 10.16. The Pauli matrices multiply according to the formulae

cg = c% = ci =—1
CoC3 = —C3C2 = C4
C3Cqy — —CyC3 = Co
C4Cy = —C2Cy = C3

they conjugate according to the following rules,
cg=c¢, C=—C, Cy=—C3, C,=—C
and they form an orthonormal basis of Ms(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:

< ¢, ¢ >=tr(cic;) = tr(feie;) = tr(fc,) =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. O

Moving on, we would like to discuss now a key relation between SU; and SOj3. Let us
start with the following construction, whose goal will become clear in a moment:

PROPOSITION 10.17. The adjoint action SUs ~ Ms(C), given by
Ty(M)=UMU*
leaves invariant the following real vector subspace of My(C),
E = spang(cq, 2, 3, ¢4)
and we obtain in this way a group morphism SUs — G L4(R).
ProoOF. 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 F — UMU*eFE

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

U =xci +yco + zc3 + tey

M = acy + bey + 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 Proposition 10.16, we obtain a matrix of the same type, namely a combination of
c1, Co, 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 ci, ¢o, 3, 4. The
result found in (1) shows that we have a correspondence as follows:

SU; — M4(R) R U— (TU)|E
Now observe that for any U € SU, and any M € M,(C) we have:
To-Ty(M)=UUMUU =M
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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:
TuTy(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 10.17 can be improved as follows:

THEOREM 10.18. The adjoint action SUs ~ My(C) leaves invariant the space
F = spang(cz, c3, ¢4)
and we obtain in this way a group morphism SU; — SOs.
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 10.17 is in fact a morphism SU; — O,4. In order to prove this, recall the following
formula, valid for any U € SUs, from the proof of Proposition 10.17:

Ty = T;*

We want to prove that the matrices Ty € GL4(R) are orthogonal, and in view of the
above formula, it is enough to prove that we have:

Ty = (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) >
= <M, UNU" >
= tr(MUNU")
Thus we have indeed T}, = (Tyy)*, which proves our SUs; — Oy 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
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We conclude that ¢; € E is invariant under SU,, and by orthogonality the following
subspace of ' must be invariant as well under the action of SUs:

ell = spang(ca, 3, ¢4q)

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:

SU2 — 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 = SO3 U (—S0O3), and 1 € SU,
gets mapped to 1 € SO3, the whole image must lie inside SOj3, and we are done. O

We can now formulate a key result, due to Euler-Rodrigues, as follows:

THEOREM 10.19. We have a double cover map, obtained via the adjoint representation,

SU; — 803
and this map produces the Fuler-Rodrigues formula
2+ y? — 22 —t? 2(yz — xt) 2(xz + yt)
U= 2(zt + yz2) 2+ 2% —y? —t? 2(zt — xy)
2(yt — x2) 2(xy + zt) 2?4 12— y? — 2P

for the generic elements of SOs.
PrRoOOF. We have several things to be proved here, the idea being as follows:

(1) Our first claim is that, with respect to the standard basis ¢y, co, c3, ¢4 of the vector
space R* = span(cy, co, 3, ¢4), the morphism T : SUy — GL4(R) is given by:

1 0 0 0
o 2 4 y? — 2% — P 2(yz — wt) 2(xz + yt)
710 2(zt + yz) 2 4 2% —y? — ¢? 2(zt — xy)
0 2yt —=2) 2wy +2t) AP +t2 -y =22

(2) Indeed, with notations from Proposition 10.17 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=uxci +ycs + zc3 + tey

M = acy 4 bey + ces + dey
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By using the multiplication formulae in Proposition 10.16, we obtain:

UM

(xey + yeo + zeg + teg)(acy + beg + ccg + dey)
(xa — yb — zc — td)cy

+ (2b+ya+ zd —tc)es

+ (zc—yd+ za+th)cs

+ (zd+yc—zb+ta)ey

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

r -y —z —t
ly x* —t =z
Ly = z t x -y
t —z Yy x

(3) Similarly, let us look now at the action R : SUy ~ 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= Trcq +y02 + zc3 +tC4

M = acy + beg + ces + dey

By using the multiplication formulae in Proposition 10.16, we obtain:

MU* =

acy + bey + cesg + dey)(wey — ycg — zez — tey)
ar + by + cz + dt)c

—ay + br — ct + dz)co

—az + bt + cx — dy)cs

—at — bz + cy + dx)cy

(
(
(
(
(

_|_
+
+

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

xr Yy oz
|y z -t =z
Fu = —z t x -y



242 10. ROTATION GROUPS

(4) Now by composing, the matrix of the adjoint matrix in the statement is:

r oy z t r —y —z —t
_ -y v —t =z y x -t =z
=zt —y z t r -y
—t -z vy =z t —2 y =
1 0 0 0
N O e e T e i 2(yz — at) 2(zz + yt)
|0 2(xt + yz) 22+ 22—yt — 12 2(zt — zy)
0 2yt —xz) 2wy +2t) 22+ —yP 2P

(5) Summarizing, we have proved our claim in (1). We conclude that, when looking
at T : SUy — GL4(R) as a group morphism SUs — O,4, what we have in fact is a group
morphism SU; — O3, and even SU; — SOs, given by the Euler-Rodrigues formula.

(6) Next, the kernel of this morphism is elementary to compute, as follows:

mdﬂ&%SQQ::{UES%

%MH:MNMEE}

- {UGS%
— {21)

Ucg; = ciU,W}

(7) Finally, in what regards the surjectivity, we can argue here for instance that since
each rotation U € SOj3 is uniquely determined by its rotation axis, plus its rotation angle
t € [0,27), we are led to the conclusion that U is uniquely determined by an element of
SU,/{+£1}, and so appears indeed via the Euler-Rodrigues formula, as stated. O

Getting back now to our finite subgroup questions, we have:

THEOREM 10.20 (Klein). The subgroups of SUsy are as follows:
(1) Cyclic, Zy,.
(2) Dicyclic, DC,,.
(3) Binary tetrahedral, lifting Ay.
(4) Binary octahedral, lifting Sy.
(5) Binary icosahedral, lifting As.

ProoF. This is indeed something quite standard, from what we have, the idea being
that the various groups in (2-5) appear as lifts via SU; — SOj3 of the groups in Theorem
10.12 (2-5). We will leave some further learning here as an instructive exercise. u

Good work that we did, but the story is not over with this, because we can talk about
SUs as well. As usual, exercise for you, to learn more about all this.
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10d. Symplectic groups

We have learned many interesting things in small dimensions, and time now to discuss
the high dimensions as well. We will be interested in finding uniform families of subgroups
Gy C Oy or Gy C Uy, either finite or continuous. Let us start our study with:

DEFINITION 10.21. A square matriv M € My(C) is called bistochastic if each row
and each column sum up to the same number:

Mll MlN — A
M,y ... Myny — A
\J 3
A A

If this happens only for the rows, or only for the columns, the matriz is called row-
stochastic, respectively column-stochastic.

In what follows we will be interested in the unitary bistochastic matrices, which are
quite interesting objects. As a first result, regarding such matrices, we have:

PROPOSITION 10.22. For a unitary matriz U € Uy, the following are equivalent:

(1) H 1s bistochastic, with sums \.
(2) H is row stochastic, with sums X\, and |\| = 1.
(3) H is column stochastic, with sums A, and |\ = 1.

PRrOOF. This is something that we know from chapter 7, with (1) <= (2) being
elementary, and with the further equivalence with (3) coming by symmetry. O

The unitary bistochastic matrices are stable under a number of operations, and in
particular under taking products. Thus, these matrices form a group. We have:

THEOREM 10.23. The real and complex bistochastic groups, which are the sets
By C Oy , Cy C Uy
consisting of matrices which are bistochastic, are isomorphic to On_1, Un_1.

PRroOF. This is something that we know too from chapter 7. To be more precise, let us
pick a matrix F' € Uy, such as the Fourier matrix Fy, satisfying the following condition,
where ey, ...,en_1 is the standard basis of CV, and where ¢ is the all-one vector:

Feoz\/%f
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We have then, by using the above property of F:
ué =§& <= ukFey= Fey
< [MuFeq= ¢
<— F*uF =diag(1l,w)
Thus we have isomorphisms as in the statement, given by w;; — (F*uF);;. O

We will be back to By, Cy later. Moving ahead now, as yet another basic example of
a continuous group, we have the symplectic group Spy. Let us begin with:

DEFINITION 10.24. The “super-space” CV is the usual space CV, with its standard
basis {e1,...,ex}, with a chosen sign ¢ = +1, and a chosen involution on the indices:

i— i
The “super-identity” matriz is Ji; = 055 for i < j and Ji; = €d;; fori > j.

Up to a permutation of the indices, we have a decomposition N = 2p + ¢, such that
the involution is, in standard permutation notation:

(12)...(2p—1,2p)(2p+1)...(q)

Thus, up to a base change, the super-identity is as follows, where N = 2p + ¢ and
e = *£1, with the 1, block at right disappearing if ¢ = —1:

0 1
el 0(0)
0 1
/= el Og)
e
L)
In the case ¢ = 1, the super-identity is the following matrix:
01
1 0(1)
01
J_._(p, Q> - 1 O(p)
Lo
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In the case € = —1 now, the diagonal terms vanish, and the super-identity is:
0 1
-1 Oq
J-(p,0) =
0 1
—1 Op

With the above notions in hand, we have the following result:
THEOREM 10.25. The super-orthogonal group, which is by definition
On = {U e Ux|U =y}

with J being the super-identity matriz, is as follows:
(1) Ate =1 we have Oy = O.
(2) At e = —1 we have Oy = Spy.
PROOF. These is something quite tricky, the idea being as follows:

(1) At ¢ = 1, consider the root of unity w = e™/*, and let us set:

1 (w W
=5 (o o)

This matrix K is then unitary, and we have the following formula:

01 ¢
K0 e
Thus the following matrix is unitary as well, and satisfies CJC* = 1:
K@
O —

K@
1‘1

Now in terms of V = CUC*, the relations U = JUJ~! = unitary simply read:

V =V = unitary

We conclude that we have an isomorphism Oy = Oy as in the statement.

(2) At e = —1, this depends a bit on what you call symplectic group Spy, and for our
purposes here, we will take the above formula Spy = Oy as a definition for it.

We can say more about the symplectic group Spy, as follows:
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THEOREM 10.26. The symplectic group Spy C Uy, which is by definition
Spx = {U € UN’U - JUJ—l}

with J being as above, consists of the SUy patterned matrices,

a b

which are unitary, U € Uy. In particular, we have Spy = SUs.

PROOF. At N = 2, to start with, given a matrix U = (Z Z), the condition U = JUJ !
reformulates as follows, which gives d = a and ¢ = —b, as desired:

EO -G 0)E) = (-5 9

In the general case, N € 2N, the proof is similar, with the condition U = JUJ™*
corresponding precisely to the fact that U must be SU,-patterned, as stated. ]

We will be back later to the symplectic groups, towards the end of the present book,
with more results about them. In the meantime, have a look at the mechanics book of
Arnold [2], which explains what the symplectic groups and geometry are good for.

As a last topic of discussion, now that we have a decent understanding of the main
continuous groups of unitary matrices G C Uy, let us go back to the finite groups from
the beginning of this chapter, and make a link with the material there. We first have:

THEOREM 10.27. The full complex reflection group Ky C Uy, given by
Ky = My(TU{0})NUx
decomposes as Ky = T Sy, with Sy acting on TV by permuting the factors.

ProoF. This is something quite similar to what we know from chapter 9 regarding
the hyperoctahedral group Hy C Oy, and we will leave the various details here as an
exercise. With the comment that we will be back to this later, in chapter 12. O

Next, we can talk about the reflection subgroup of any subgroup G C Uy, as follows:
DEFINITION 10.28. Giwven G C Uy, we can define its reflection subgroup to be
K=GNKy

with the intersection taken inside Uy .
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Many things can be said in relation with this, but let us not stop here. Indeed, given
an intermediate subgroup Hy C G C Uy, we can view it as follows:

Ky Un

Hy On

Thus, we have some sort of 2D orientation for the subgroups Hy C G C Uy, and this
suggests extending the construction in Definition 10.28, in the following way:

DEFINITION 10.29. Associated to any intermediate compact group Hy C G C Uy are
its discrete, real, complex and smooth versions, given by the formulae

G'=GNKy , G"=GNOy
G'=<G,Ky> , G =<G,0pn >
with <, > being the topological generation operation, involving taking a closure.

But with this in hand, it is natural now to formulate the following definition:

DEFINITION 10.30. A compact group Hy C G C Uy is called oriented if

Ky G° Un
G? G G*
Hy G" On

is an intersection and generation diagram, in the sense that any of its square subdiagrams
AC B,C CD satisfies A=BNC and D =< B,C >.

And this notion is quite interesting, because most of the basic examples of closed
subgroups G C Uy, finite or continuous, are oriented. In fact, we have:

QUESTION 10.31. What are the oriented groups Hy C G C Uyx? What about the
oriented groups coming in families, G = (Gy), with N € N?

And we will stop here our discussion, sometimes a good question is better as hunting
trophy than a final theorem, or at least that’s what my cats say. We will be back to this
in Part IV below, under a number of supplementary assumptions on the groups G that
we consider, which will allow us to derive a number of classification results.
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10e. Exercises

There has been a lot of theory in this chapter, and this is just the tip of the iceberg,
on what can be said about the rotation groups. As a first exercise, we have:

EXERCISE 10.32. Prove that for a convex polyhedron we have the Fuler formula
v+ f=e+2
with v, e, f being the number of vertices, edges and faces.

This is normally not very difficult, by recurrence, and as a bonus exercise, reprove the
Plato theorem by using this, with the data for regular polyhedra being as follows:

T O C I D
v 4 6 8 12 20
f 4 8 6 20 12
e 6 12 12 30 30

As second bonus exercise, learn also about the Euler formula for planar graphs, and
for higher genus graphs. There are many interesting things here to be learned.

EXERCISE 10.33. Work out all the details of the Euler-Rodrigues formula, by using
the fact that any rotation in R® has a rotation axis.

Here the problem, once the rotation axis found, is that of drawing the picture, iden-
tifying the relevant angles, and then doing the math in terms of these angles.

EXERCISE 10.34. Work out the theory of the subgroups of Oy, Uy constructed via
(det U)* =1
with d € NU {00}, which generalize both Oy, Uy and SOy, SUy.
There are many things that can be done here, and the more, the better.

EXERCISE 10.35. Look up the literature, and find the relevance of the symplectic
groups, and of symplectic geometry in general, to questions in physics.

As before with the previous exercise, many things that can be learned and done here,
especially from classical mechanics books, and the more you learn, the better.

EXERCISE 10.36. Find and then write down a brief account of the Shephard-Todd
theorem, stating that the wrreducible complex reflection groups are

H = {U € My(Zs U{0}) N Uy |(det U)? = 1}

along with a number of exceptional examples, more precisely 34 of them.

As before with the previous exercises, the more you learn here, the better.



CHAPTER 11
Symmetric groups

11a. Character laws

We would like to develop in what follows some general theory for the compact sub-
groups G' C Uy, usually taken finite, with our main example being the symmetric group
Sy C Op. Let us start with a notion that we already met in chapter 9, namely:

DEFINITION 11.1. A representation of a finite group G is a group morphism
u:G — Uy
into a unitary group. The character of such a representation is the function
x:G—=C |, g—Tr(uy)
where Tr is the usual, unnormalized trace of the N x N matrices.

As explained in chapter 9, the simplest case of all this, namely N = 1, is of particular
importance. Here the representations coincide with their characters, and are by definition
the group morphisms as follows, called characters of the group:

x:G—T

These characters from an abelian group @, and when G itself is abelian, the corre-
spondence G — G is a duality, in the sense that it maps G — G as well. Moreover, a
more detailed study shows that we have in fact an isomorphism G ~ G, with this being
something quite subtle, related at the same time to the structure theorem for the finite
abelian groups, G~ Zy, X ... X Zy,, and to the Fourier transforms over such groups.

Let us summarize this discussion, along with a little more, as follows:

THEOREM 11.2. The characters of a finite group x : G — T factorize as

X : G — Gab — T
with Gy, being the abelianization of G, given by the formula
Gu = G/<gh = hg>

and so correspond to the elements of the dual @ab ~ (G, of this abelianization.

PROOF. Here the fact that the characters factorize indeed as y : G — G4 — T is
clear from definitions, and the last assertion comes from the discussion above. U

249
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In what follows we will be interested in the general case, N € N. It is technically
convenient to assume that the representation u : G — Uy is faithful, by replacing if
necessary (G with its image. Thus, we are led to the following definition:

DEFINITION 11.3. The main character of a compact group G C Uy is the map
x:G—-C , g—Tr(g)
which associates to the group elements, viewed as unitary matrices, their trace.

We will see in a moment some motivations for the study of these characters. From a
naive viewpoint, which is ours at the present stage, we want to do some linear algebra
with our group elements g € Uy, and we have several choices here, as follows:

(1) A first idea would be to look at the determinant, detg € T. However, this is
usually not a very interesting quantity, for instance because g € Oy implies det g = £1.
Also, for groups like SOy, SUy, this determinant is by definition 1.

(2) A second idea would be to try to compute eigenvalues and eigenvectors for the
group elements g € GG, and then solve diagonalization questions for these elements. How-
ever, all this is quite complicated, so this idea is not good either.

(3) Thus, we are left with looking at the trace, Tr(g) € C. We will see soon that
this is a very reasonable choice, with the mathematics being at the same time non-trivial,
doable, and also interesting, for a whole number of reasons.

Before starting our study, let us mention as well the more advanced reasons leading
to the study of characters. The idea here is that a given finite or compact group G can
have several representations m : G — Uy, and these representations can be studied via
their characters y, : G — C, with a well-known and deep theorem basically stating that
m can be recovered from its character y,.. We will be back to this later.

As a basic result now regarding the characters, we have:

THEOREM 11.4. Giwven a compact group G C Uy, its main character x : G — C is a
central function, in the sense that it satisfies the following condition:

x(gh) = x(hg)
Equivalently, x is constant on the conjugacy classes of G.
Proor. This is clear from the fact that the trace of matrices satisfies:
Tr(AB) =Tr(BA)

Thus, we are led to the conclusion in the statement. U
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As before, there is some interesting mathematics behind all this. We will prove later,
when doing representation theory, that any central function f : G — C appears as a linear
combination of characters x, : G — C of representations 7 : G — Uy.

In order to work out now some examples, let us get back now to our main examples
of finite groups, constructed in chapter 9, which were as follows:
Zn C Dy C Sy C Hy

We will do in what follows some character computations for these groups. Let us start
with the following result, which covers Zy C Dy C Sy, or rather tells us what is to be
done with these groups, in relation with their main characters:

PROPOSITION 11.5. For the symmetric group, regarded as group of permutation ma-
trices, Sy C Oy, the main character counts the number of fixed points:

x(g) = #{i € {1,....N}|oli) = i}
The same goes for any G C Sy, regarded as a matriz group via G C Sy C Oy.

ProoOF. This is indeed clear from definitions, because the diagonal entries of the
permutation matrices correspond to the fixed points of the permutation. U

Summarizing, we are left with counting fixed points. For the simplest possible group,
namely the cyclic group Zy C Sy, the computation is as follows:

PROPOSITION 11.6. The main character of Zy C O is given by:
(g) = 0 ifg#1l
MIZAN irg=1
Thus, at the probabilistic level, we have the following formula,

1 1
law(x) = (1 - N) (50 + N(;N

telling us that the main character x follows a Bernoulli law.

PROOF. The first formula is clear, because the cyclic permutation matrices have 0 on
the diagonal, and so 0 as trace, unless the matrix is the identity, having trace N. As for
the second formula, this is a probabilistic reformulation of the first one. O

For the dihedral group now, which is the next one in our hierarchy, the computation
is more interesting, and the final answer is no longer uniform in N, as follows:
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PROPOSITION 11.7. For the dihedral group Dy C Sy we have
(% — —) S + 162 + 5 5N (N even)

law(x) =
(3 — 5%) %0+ 301 + 508 (N odd)
with this law being no longer uniform in N.
PRrROOF. The dihedral group Dy consists indeed of:

— N symmetries, having each 1 fixed point when N is odd, and having 0 or 2 fixed
points, distributed 50 — 50, when NN is even.

— N rotations, each having 0 fixed points, except for the identity, which is technically
a rotation too, and which has N fixed points.

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

Regarding now the symmetric group Sy itself, the permutations having no fixed points
at all are called derangements, and the first question which appears, which is a classical
question in combinatorics, is that of counting these derangements. We will need:

ProproOSITION 11.8. We have the following formula,

(UAZ> = |A| - Z|A\+Z|A NAI= D [AnA N A+ ..

1<j 1<j<k
called inclusion-exclusion principle.

PRrOOF. This is indeed quite clear, by thinking a bit, as before, as follows:

(1) In order to count (U;A;)¢, we certainly have to start with |A].

(2) Then, we obviously have to remove each |4;|, and so remove ) . |A4,|.

(3) But then, we have to put back each [4; N A;|, and so put back >, ;|A; N A;l.

(4) And so on, which leads to the formula in the statement. O

We can now do the computation for Sy, leading to the following remarkable result:

THEOREM 11.9. The probability for a random o € Sy to be a derangement is:

1 1 1 1
P=1-— RN o P S )
TR AR S Y e s TR S
Thus, we have the following asymptotic formula, in the N — oo limit,
1
P~ -
e

where e = 2.7182 . .. is the usual constant from analysis.
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Proor. This is something very classical, which is best viewed by using the inclusion-
exclusion principle. Consider indeed the following sets of permutations:

;VI{UGSNO'(Z'):Z}

The set of permutations having no fixed points, or derangements, is then:

v (Us)

In order to compute now the cardinality |Xy|, consider as well the following sets,
depending on indices i; < ... < ik, obtained by taking intersections:

S = S NSk
In other words, these latter sets are given by the following formula:
Sit-in — {a = SN‘a(il) — i1, 0(i) = zk}
The inclusion-exclusion principle tells us that we have:

1<j 11 <...<tpN

Thus, the probability that we are interested in is given by:

]' 3 g 1. AN
P - m<|5N|—Z|53V|+Z|sjgy—...+(—1>N S si |>

i i<j 1< <iN

1 N o
b S

k=0 11 <...<l

Since on the right we have the expansion of 1/e, we obtain the result. Il

The above result is something remarkable, and there are many versions and general-
izations of it. We will discuss this gradually, in what follows, all this being key material.
To start with, in terms of characters, the above result reformulates as follows:
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ProproSITION 11.10. For the symmetric group Sy C Oy, the probability for main
character x : Sy — N to vanish is given by the following formula:
1

1 1
PX=0)=1— o4~ — 4 (=D (LN
(x=0) TR R S e s TR A v

Thus we have the formula P(x = 0) ~ 1/e, in the N — oo limit.

Proor. This follows indeed by combining Proposition 11.5, which tells us that y
counts the number of fixed points, with Theorem 11.9. U

Let us discuss now, more generally, what happens when counting permutations having
exactly k fixed points. The result here, extending Theorem 11.9, is as follows:

THEOREM 11.11. The probability for a random permutation o € Sy to have exactly k
fixed points is given by the following formula:

1 1 1
S T (B S P Sy ()

k;!( T IR SR s TR ) N!)
Thus we have the formula P ~ 1/(ek!), in the N — oo limit.

Proor. We already know, from Theorem 11.9, that this formula holds at £ = 0. In
the general case now, we have to count the permutations o € Sy having exactly k points.
Since having such a permutation amounts in choosing k points among 1,..., N, and then
permuting the N — k points left, without fixed points allowed, we have:

# {0 € SN‘X(O') = k} = <]Z># {0’ € SN—k’X(U) = O}

= WNLik)!#{UGSN—k‘X(U):O}
BRI R D

Now by dividing everything by N!, we obtain from this the following formula:
#{oe SN‘X(U) =k} 1 #foe SN,k‘X(a) o}

N1 TR (N — k)|
By using now the computation at k = 0, that we already have, from Theorem 11.9, it
follows that with N — oo we have the following estimate:

1
Pix=k) ~ H‘P(XZO)
11
okl e

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



11B. POISSON LIMITS 255

As before, in regards with derangements, we can reformulate what we found in terms
of the main character, and we obtain in this way the following statement:

THEOREM 11.12. For the symmetric group Sy C Oy, the distribution of the main
character x : Sy — N is given by the following formula:

1 1 1 1 1
Px=k=—(l—-=4+=—.. . +(-D" ' —— 4+ (-D)V"—
(x=#) k!( TR TR S A s e TR ) N!>
Thus we have the following asymptotic formula, in the N — oo limit,
1
P(x=k) ~ —
e=h=a

with e = 2.7182. .. being the usual constant from analysis.

Proor. This follows indeed by combining Proposition 11.5, which tells us that y
counts the number of fixed points, with Theorem 11.11. O

11b. Poisson limits

In order to best interpret the above results, we will need some probability theory. We
already met the Poisson laws in chapter 6, but the discussion there was quite brief, and
time now to review all this in detail. We first have the following definition:

DEFINITION 11.13. The Poisson law of parameter 1 is the following measure,

B 1 O
p1 = g y
keN

and the Poisson law of parameter t > 0 is the following measure,

with the letter “p” standing for Poisson.

Observe that these laws have indeed mass 1, as they should, and this due to the
following well-known formula, which is the foundational formula of calculus:

We will see in the moment why these measures appear a bit everywhere, in discrete
contexts, the reasons behind this coming from the Poisson Limit Theorem (PLT). Let us
first develop some general theory. We first have the following result:

PROPOSITION 11.14. The mean and variance of the Poisson law p, are
E=V=t
for any t > 0. In particular, at t =1 we have E =V = 1.



256 11. SYMMETRIC GROUPS

PRrROOF. In what regards the mean of the Poisson law p;, this is given by:

—t tkk —t tk —t t
EF=c¢ FZB Zm:e Xte =t

k>1 E>1

Let us compute now the second moment. This can be done as follows:

_ thk?
MQ = € tZT

k>1
. th(k —1) tk
- ¢ (; k=1 +k221(k—1)!>
= e '(t% +teh)
= P+t
Thus, the variance is V = (t* 4+ t) — t* = t, as claimed. O

At a more advanced level now, we first have the following result:
THEOREM 11.15. We have the following formula, for any s,t > 0,

Ds * Pt = Ps+t

so the Poisson laws form a convolution semigroup.

PrROOF. We know that the convolution of Dirac masses is given by 0. * d; = dx4, and
by using this formula and the binomial formula, we obtain:

B Sk . tl
Ps*pt = € Hék*e Zﬁél
k l
Kyl
_ —s5—t 5"t
= Y e
ki

—s—t Sktl
= Y 0 Y

n k+l=n

e On, !
= € tZE Z %Sktl

n k+l=n

— 5t Z (S + t)n 5,

n!

n

= Ps+t

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

Along the same lines, we have as well the following result:
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THEOREM 11.16. The Poisson laws appear as formal exponentials

tk(51 _ 50)*k
Pt = Z T

k
with respect to the convolution of measures .

ProOOF. By using the binomial formula the measure at right is:

DN

‘ P
" ptg=k q
- >¢ z D
p!q!
pt+a=k
B #’5
p q
- z o
P
= Pt
Thus, we are led to the conclusion in the statement. Il

As in the continuous case, for the normal laws, our main tool for dealing with the
Poisson laws will be the Fourier transform. The formula here is as follows:

THEOREM 11.17. The Fourier transform of p; is given by

Fp,(z) = exp ((e” — 1)t)
for any t > 0.

Proor. We know that the Fourier transform of a variable f is given, by definition,
by the formula Fy(z) = E(e™/). We therefore obtain the following formula:

Fpt(x) = e k|F5k()

t tk ik
oyt
k
B . (ezzt)k
=
k

= exp(—t) exp(e™t)
= exp ((e" — 1)t)
Thus, we have reached to the formula in the statement. U
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Observe that we obtain in this way another proof for the convolution semigroup prop-
erty of the Poisson laws, that we established above, by using the fact, that we know from
chapter 6, that the logarithm of the Fourier transform linearizes the convolution.

We can now establish the Poisson Limit Theorem (PLT), as follows:

THEOREM 11.18. We have the following convergence, in moments,
t t *7
(- Y 25) "o
n n

PROOF. Let us denote by p,, the measure under the convolution sign:

t t
n n

We have then the following computation, for the law in the statement:

for any t > 0.

. t t .
F — T F — 1 — — _ T
5r(x) e 7 ,un(x) < n) + ne

= Eup(a) = ((1 - %) + %e”)n

= F(z) =exp ((”" — 1)t)
Thus, we obtain the Fourier transform of p;, as desired. Il

There are of course many other things that can be said about the PLT, including
examples and illustrations, and more technical results regarding the convergence, and we
refer here to any standard probability book, such as Feller [35] or Durrett [32]. In what
follows, we will be rather doing more combinatorics. To start with, we have:

THEOREM 11.19. The moments of p1 are the Bell numbers,
My(p1) = [P(k)]
where P(k) is the set of partitions of {1,...,k}.
PROOF. The moments of p; are given by the following formula:

1 k
M= 2

n>1
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We therefore have the following recurrence formula, for these moments:

1 nk—‘rl
My = g nl
n>1 ’
1 (m+ 1)
N m>0 m'
1 k 1\"
e m! m
1 mt S~ [k s
= o2 a2 )m
m>0  s=0
i k 1 mk—s
=) a2
s=0 >0
k
k
= > (D)
s=0 s

Next, let us try now to find a recurrence for the Bell numbers:
By, = |P(k)|

A partition of {1,...,k + 1} appears by choosing s neighbors for 1, among the k
numbers available, and then partitioning the £ — s elements left. Thus, we have:

Lk
Bimi=) (8) B

s=0
Thus, the numbers M, satisfy the same recurrence as the numbers Bj. Regarding now
the initial values, for the moments of p;, according to Proposition 11.14, these are:

My=1 , M =1
Now by using the above recurrence for the moments, we obtain from this:

1
M2:Z<S>Mk_5:1+1:2

s

Thus, we can say that the initial values for the moments of p, are:
My=1 |, My=2

As for the Bell numbers, here the initial values are as follows:
Bi=1 , By=2

Thus the initial values coincide, and so these numbers are equal, as stated. U
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More generally, we have the following result, regarding p; with ¢t > 0:

THEOREM 11.20. The moments of p; are given by
Mi(pe) = Z ¢
TeP(k)
where |.| is the number of blocks.

PROOF. Observe first that the formula in the statement generalizes the one in Theo-
rem 11.19, because at t = 1 we obtain, as we should:

My(p) = Y 1™ =|P(k)| = By
weP (k)

In general now, the moments of p; with ¢ > 0 are given by:
tn k

e s

n>1

We therefore have the following recurrence formula, for these moments:
tnnk+l
My, = et
n>1
i tm+1 (m + 1)k
m!

n!

= €
m>0

tm+1mk 1 k

— ! 1+ —
‘ Z m! (+m)
i gtk KON
- e ()

m>0 ) s=0

k k B tm—l—l k—s
_ Z()ZTT

m>0

k
=1 My
> (5)m
As for the initial values, according to Proposition 11.14, these are as follows:
My =t , M,=t+1t>

On the other hand, consider the numbers in the statement, namely:

— Y 4

weP(k)




11C. TRUNCATED CHARACTERS 261

Since a partition of {1,...,k + 1} appears by choosing s neighbors for 1, among the
k numbers available, and then partitioning the k — s elements left, we have:

"k
Sky1 = tz (s) Sh—s
s=0

As for the initial values of these numbers, these are as follows:
Si=t , Sy=t+t>
Thus the initial values coincide, so these numbers are the moments, as stated. U

Observe the analogy with the moment formulae for ¢g; and Gy, from chapter 6. To be
more precise, the moments of the main laws come from partitions, as follows:

THEOREM 11.21. The moments of the Poisson laws p;, normal laws g; and complex
normal laws Gy are given by the same formula, namely

= 3 i
weD(k)
with |.| being the number of blocks, which at t =1 simplifies into
My, = |D(k)]
with D being respectively the partitions P, the pairings Py, and the matching pairings Ps.

Proor. This follows indeed by putting togeter the results from chapter 6 regarding
the normal laws g;, Gy, and the results here regarding the Poisson laws py. U

We will be back later with some more conceptual explanations for this result.

11c. Truncated characters

With the above probabilistic preliminaries done, let us get back now to finite groups,
and compute laws of characters. As a first piece of good news, our main result so far,
namely Theorem 11.12, reformulates into something very simple, as follows:

THEOREM 11.22. For the symmetric group Sy C On we have
X~ D1
in the N — oo limit.

PROOF. This is indeed a reformulation of Theorem 11.12, which tells us that with
N — oo we have the following estimate:

1
Plyx=k) ~ —
(x=k)=—3
But, according to our definition of the Poisson laws, this tells us precisely that the

asymptotic law of the main character x is Poisson (1), as stated. U
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An interesting question now is that of recovering all the Poisson laws p;, by using
group theory. In order to do this, let us formulate the following definition:

DEFINITION 11.23. Given a closed subgroup G C Uy, the function
[tN]
x:G—=C , Xt(g)zzgii
i=1
is called main truncated character of G, of parameter t € (0, 1].

As before with the plain characters, there is some general theory behind this definition,
and we will discuss this later on, more systematically, in Part IV.

Getting back now to the symmetric groups, we first have the following result:
PROPOSITION 11.24. For the symmetric group Sy C On the coordinate functions are
9ij = X <0 € SN‘U(J') = Z)
and in this picture, the truncated characters count the number of partial fixed points
xi(0) = # {z efl,... [tN]}‘a(z’) - z}
with respect to the truncation parameter t € (0,1].

ProoF. All this is clear from definitions, with the formula for the coordinates being
clear from the definition of the embedding Sy C Oy, and with the character formulae
following from it, by summing over ¢ = j. To be more precise, we have:

xi(o) = Z%’

- #{ie{l,...,[tN]}‘a(i):i}
Thus, we are led to the conclusions in the statement. Il

Regarding now the asymptotic laws of the truncated characters, the result here, gen-
eralizing everything that we have so far, is as follows:

THEOREM 11.25. For the symmetric group Sy C Oy we have

Xt ~ Pt
in the N — oo limit, for any t € (0,1].
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PrOOF. We already know from Theorem 11.22 that the result holds at ¢ = 1. In
general, the proof is similar, the idea being as follows:

(1) Consider indeed the following sets, as in the proof of Theorem 11.22, or rather as
in the proof of Theorem 11.9, leaading to Theorem 11.22:

S = {a € SN’(I(@') = 2}

The set of permutations having no fixed points among 1,. .., [tN] is then:
Xv=1| U sk
i<[tN]

In order to compute now the cardinality |Xy|, consider as well the following sets,
depending on indices i; < ... < ik, obtained by taking intersections:

Sk =8N, NS
As before in the proof of Theorem 11.9, we obtain by inclusion-exclusion that:

[tN]
1 21...0
P(x;=0) = mZ(—l)k > IS

k=0 11 <...<ip<[tN]

:%Z(_nk S (N—k)!

11 <... <@ <[tN]

[tN]
_ % (_1)k([tliv])<zv—k)!
_ B (DF NI !
© K NI(EN] - k).

With N — oo, we obtain from this the following estimate:

[tN]

Pl =0) ~ Z%nﬁk
k=0 )

[tN]

(=)
= 2 !
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(2) More generally now, by counting the permutations o € Sy having exactly k fixed

points among 1, ..., [tN], as in the proof of Theorem 11.11, our claim is that we get:
tk
P(xi = k) ~ Tlet
We already know from (1) that this formula holds at & = 0. In the general case now, we
have to count the permutations o € Sy having exactly k fixed points among 1, ..., [tN].
Since having such a permutation amounts in choosing k points among 1,...,[tN], and
then permuting the N — k points left, without fixed points among 1, ..., [tN] allowed, we

obtain the following formula, where s € (0, 1] is such that [s(N — k)] = [tN] — k:

# {a € Sn|xi(o) = k} = ([tfjg# {0 € Sn_k|xs(o) = 0}
= %# {a € Sn_k|xs(o) = 0}

1 [tNJI(N —k)! 7 {U € Sy-k|xs(o) = 0}
KRN R N )]

Now by dividing everything by N!, we obtain from this the following formula:

#{o e s () =0}
N1 TR NN — k) (N — &)

By using now the computation at £ = 0, that we already have, from (1) above, it
follows that with N — oo we have the following estimate:

1 [tN]I(N — k)!

W@ =k vk #{oeSva

P(xe=k) =~ X NIEN = B) - P(xs =0)
tk
~ E-P(Xs:O)
ot
Tk e

Now recall that the parameter s € (0, 1] was chosen in the above such that:
[s(N — k)] =[tN] — k
Thus in the N — oo limit we have s = t, and so we obtain, as claimed:
th o1

It follows that we obtain in the limit a Poisson law of parameter ¢, as stated. U
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11d. Further results

All the above is quite interesting, and is at the core of the theory that we want to
develop, so let us further build on all this, with a number of more specialized results on
the subject, which will be sometimes research-grade. We will be following [11].

To start with, let us first present a new, instructive proof for the above character
results. The point indeed is that we can approach the problems as well directly, by
integrating over Sy, and in order to do so, we can use the following result:

THEOREM 11.26. Consider the symmetric group Sy, with its standard coordinates:
9ij = X (U € SN‘U(j) = Z)

The products of these coordinates span the algebra C'(Sy), and the arbitrary integrals over
Sy are given, modulo linearity, by the formula

/ g LR deri = ker
R 0 otherwise

where ker i denotes as usual the partition of {1,. .., k} whose blocks collect the equal indices
of i, and where |.| denotes the number of blocks.

PROOF. The first assertion follows from the Stone-Weierstrass theorem, because the
standard coordinates g;; separate the points of Sy, and so the algebra < g;; > that they
generate must be equal to the whole function algebra C'(Sy):

< gij >= C(SN)

Regarding now the second assertion, according to the definition of the matrix coordi-
nates g;;, the integrals in the statement are given by:

/SN Girj1 - - - Gijyy = %# {0 € SN‘U(jl) =1, ., 0(k) = Zk}
Now observe that the existence of o € Sy as above requires:
im =i <= = Jn
Thus, the above integral vanishes when the following condition is satisfied:

ker # ker j

Regarding now the case keri = ker j, if we denote by b € {1,...,k} the number of
blocks of this partition keri = ker j, we have N — b points to be sent bijectively to N — b

points, and so (N — b)! solutions, and the integral is %, as claimed. O

As an illustration for the above formula, we can recover the computation of the as-
ymptotic laws of the truncated characters x;. We have indeed:
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THEOREM 11.27. For the symmetric group Sy C Oy, regarded as a compact group of
matrices, Sy C Op, via the standard permutation matrices, the truncated character

counts the number of fixed points among {1,...,[tN]}, and its law with respect to the
counting measure becomes, with N — oo, a Poisson law of parameter t.

PRrROOF. The first assertion comes from the following formula:
9ij = X (U’U(j) = Z)
Regarding now the second assertion, we can use here the integration formula in The-

orem 11.26. With Sy, being the Stirling numbers, counting the partitions of {1,..., k}
having exactly b blocks, we have indeed the following formula:

[tNV]
k
Xt = /QHQH
/SN t Z Sn 121 klk

i1eip=1

[tN]! (N =)
= X (EN] = |=]) NI

reP(k)
_ % N (N =)
£ (tN]-b)! N o
In particular with N — oo we obtain the following formula:
k
A /S § Xt = ; Skot”
But this is the k-th moment of the Poisson law p;, and so we are done. O

Summarizing, we have a good understanding of our main result so far, involving the
characters of the symmetric group Sy and the Poisson laws of parameter ¢t € (0, 1], by
using 2 different methods. We will see in a moment a third proof as well, and we will be
actually back to this in Part IV too, with a fourth method too.

As another result now regarding Sy, here is a useful related formula:

THEOREM 11.28. We have the law formula

s! u (N —p)' (51 - 50)*;0
law(g11+...+gss):—z .
N! = (s —

p)! P!

where g;; are the standard coordinates of Sy C On.
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Proor. We have the following moment formula, where my is the number of permu-
tations of {1,..., N} having exactly f fixed points in the set {1,...,s}:

1 S
k k
/SN(uH +. Fug)t = N fEZO myf

Thus the law in the statement, say v,y, is the following average of Dirac masses:

1 s
UsN = ﬁ me (5f
f=0

Now observe that the permutations contributing to m; are obtained by choosing f
points in the set {1,..., s}, then by permuting the remaining N — f points in {1,...,n}
in such a way that there is no fixed point in {1, ..., s}. But these latter permutations are
counted as follows: we start with all permutations, we substract those having one fixed
point, we add those having two fixed points, and so on. We obtain in this way:

= 3 (3) (g—l)’f () (N—f—k)!> 5

|
=
1]

B s S_f(_l)kL'. s! ‘ (s = HUN—f—k)! 5
e N1 fi(s— f)! Kls—f—k)! 7
I O e e L
NV o fIEl(s — f — k)] !
We can proceed as follows, by using the new index p = f + k:
sl = (—1)F(N —p)!
S P o BTG
[ ) &
- W pz; ((;V— p)p!;! ;<_Uk (]é) ot
_ 3_1253 (N —p)! (61—00)"
N! = (s —p)! p!
Here % is convolution of real measures, and the assertion follows. Il

Observe that the above formula is finer than most of our previous formulae regarding
truncated characters, which were asymptotic, because it is valid at any N € N.

We can use the above formula as follows, in order to get yet another proof of our main
result so far, regarding the Poisson laws, along with a bit more:
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THEOREM 11.29. Let g;; be the standard coordinates of C(Sy).

(1) uyy + ...+ uss with s = o(N) is a projection of trace s/N.
(2) uin + ...+ ugs with s =tN + o(N) is Poisson of parameter t.

PrRoOOF. We can use indeed the formula in Theorem 11.28; as follows:
(1) With s fixed and N — oo we have the following estimate:
law(un + .0+ uss)

_ zs: (N—p! s (61 — o)™

= N! (s —p)! p!
= do+ (01— 8) +O(N?)
But the law on the right is that of a projection of trace s/N, as desired.

(2) We have a law formula of the following type:

” 9y — 60)*?
law(un+...—|—uss):Zcp~%

p=0
The coefficients ¢, can be estimated by using the Stirling formula, as follows:
(EN)! (N —p)!
N!' (tN —p)!
(EN)™ (N —p)?
NN (tN — p)tN-»r

- (w5 () (%)

But the last expression can be estimated by using the definition of the exponentials,
and we obtain in this way the following estimate:

Cp:

cp = ele PP =P

We can now compute the Fourier transform with respect to a variable y:

s

eV — 1)P
F(law(uig + ...+ ug)) th : #
p=0 P
et(ey—l)

But this is precisely the Fourier transform of the Poisson law p;, as computed in
Theorem 11.17, and this gives the second assertion. U
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Let us discuss now, as an instructive variation of the above, the computation for the
alternating group Ay C Sy. We will see that with N — oo nothing changes, and with
this being part of a more general phenomenon, regarding more general types of reflection
groups and subgroups, that we will further discuss in the next chapter.

Let us start with some algebraic considerations. We first have:

PROPOSITION 11.30. For the symmetric group, regarded as group of permutations of
the N coordinate axes of R, and so as group of permutation matrices,

Sy C Oy
the determinant is the signature. The subgroup Ay C Sy given by
Ay =Sy NSOy
and called alternating group, consists of the even permutations.

PROOF. In this statement the first assertion is clear from the definition of the deter-
minant, and of the permutation matrices, and all the rest is standard. U

Regarding now character computations, the best here is to use an analogue of Theorem
11.26. To be more precise, we have here the following result:

THEOREM 11.31. Consider the alternating group Ay, regarded as group of permutation
matrices, with its standard coordinates:

9ij = X (U € AN‘U(j) = 2)

The products of these coordinates span the algebra C(Ay), and the arbitrary integrals over
AN are given, modulo linearity, by the formula

—(N_‘Al,(fril)! if keri = ker j
Girjr - - - Gigje = '
AN

0 otherwise

with N — oo, where keri denotes as usual the partition of {1, ..., k} whose blocks collect
the equal indices of i, and where |.| denotes the number of blocks.

PRrROOF. The first assertion follows from the Stone-Weierstrass theorem, because the
standard coordinates g;; separate the points of Ay, and so we have:

< Gij >= C(AN)

Regarding now the second assertion, according to the definition of the standard coor-
dinates g;;, the integrals in the statement are given by:

1 ) ) . .
/1;1N Girj1 - - Ginje = N'—/Q# {O’ € AN’U<j1) =11,... ,O'(jk) = Zk}
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Now observe that the existence of ¢ € Ay as above requires:
im = in <= jm = jn
Thus, the above integral vanishes when the following holds:
ker # ker j

Regarding now the case keri = ker j, if we denote by b € {1,...,k} the number of
blocks of this partition ker¢ = ker j, we have N — b points to be sent bijectively to N — b
points. But when assuming N >> 0, and more specifically N > k, half of these bijections
will be alternating, and so we have (N — b)!/2 solutions. Thus, the integral is:

1 . . , .
/AN Givjr - - Ginjr = N'—/2 {O‘ € AN‘U(jl) =i1,...,0(k) = zk}

(N —b)l/2
N1/2

(N = b)!
N1

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

As an application of the above formula, we can now compute the asymptotic laws of
the truncated characters x;, for the alternating group. We have indeed:

THEOREM 11.32. For the alternating group Ax C Oy, regarded as a compact group
of matrices, Ay C Oy, via the standard permutation matrices, the truncated character

[tN]
xt(9) = Zgii
i=1

counts the number of fixed points among {1,...,[tN]}, and its law with respect to the
counting measure becomes, with N — oo, a Poisson law of parameter t.

PROOF. The first assertion comes from the following formula:
9ij = X (U‘U(J') = Z)

Regarding now the second assertion, we can use here the integration formula in The-
orem 11.31. With Sy, being the Stirling numbers, counting the partitions of {1,... k}
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having exactly b blocks, we have the following formula:

[tN]

k
Xt = E / Giriy - - - Gixi
\/4]\] t AN 11 klk

i1...0=1

tN]! N — |«
Z( [tN] (N — []!)

= S NI =T7D) M
]
(tN] (N —b)!
- bzl([uv]—b)!' Nk

In particular with N — oo we obtain the following formula:

But this is the k-th moment of the Poisson law p;, and so we are done. O

Summarizing, when passing from the symmetric group Sy to its subgroup Ay C Sy,
in what concerns character computations, with N — oo nothing changes. This is actually
part of a more general phenomenon, regarding more general types of reflection groups and
subgroups, that we will further discuss in the next chapter.

As a conclusion now to all this, we have seen that the truncated characters x; of the
symmetric group Sy have the Poisson laws p; as limiting distributions, with N — ooc.
Moreover, we have seen several proofs for this fundamental fact, using inclusion-exclusion,
direct integration, and convolution exponentials and Fourier transforms as well.

We will keep building on all this in the next chapter, by stating and proving similar
results for more general reflection groups G C Uy. Also, we will be back to the symmetric
group Sy and to the Poisson laws in Part IV, with a fourth proof for our results, using
representation theory, and a property of Sy called easiness. More on this later.

Finally, as an important theoretical remark, in relation with all this, recall from the
beginning of this chapter that for the cyclic group Zy C Oy the computation was not very
interesting, leading to a Bernoulli law having trivial asymptotics, while for the dihedral
group Dy C Oy the law of the main character, not that interesting either, was not even
uniform in N. You might probably ask then, what is wrong with Zy and Dx? In answer,
these groups are not “easy”, and more on easiness, later in this book.



272 11. SYMMETRIC GROUPS

1le. Exercises

There are many interesting possible exercises in connection with the above. First, in
relation with derangements and fixed points, we have:

EXERCISE 11.33. Compute the number of derangements in Sy, by explicitly listing
them, and then comment on the estimate of

e=27182...

that you obtain in this way.

Here the first question is of course elementary, but the problem is that of finding out
what the best notation for permutations is, in order to solve this problem quickly. As
for the second question, that you can investigate at higher N too, based on the various
formulae established in this chapter, this is something quite instructive too.

EXERCISE 11.34. Show that the probability for a length 1 needle to intersect, when
thrown, a 1-spaced grid is 2/m, and then comment on the estimate on

m=3.1415. ..

that you obtain in this way.

Here the first question is quite tricky, because there are several possible ways of mod-
elling the problem, but only one of them gives the correct, real-life answer. As for the
second question, this is a good introduction to applied mathematics too.

EXERCISE 11.35. Find some formulae for the Bell numbers By, or rather for their
generating series, or suitable transforms of that series, and the more the better.

There is a lot of interesting mathematics here, and after solving the exercise, you can
check the internet, and complete your knowledge with more things.

EXERCISE 11.36. Show that the truncated characters of Sy, suitably moved over the
diagonal, as to not overlap, become independent with N — oo.

Here the formulation is of course a bit loose, but this is intentional, and finding the
precise formulation is part of the exercise. As for the proof, this can only come by using
the various integration formulae over Sy established in the above.

EXERCISE 11.37. Find some alternative proofs for the fact, that we already know, that
the truncated charcters for Ay C Oy become Poisson, with N — oo.

This is a bit technical, the problem being that of picking the best alternative proof
for Sy, from the above, and then extending it to Ay. As a bonus exercise, you can work
out as well independence aspects for Ay, in the spirit of the previous exercise.



CHAPTER 12

Reflection groups

12a. Real reflections

We have seen in the previous chapter that some interesting phenomena, in relation with
the law of the main character, appear for the symmetric group Sy, in the N — oo limit.
All this suggests looking at more general reflection groups. Let us begin by discussing the
hyperoctahedral group Hy. We recall from chapter 9 that we have:

THEOREM 12.1. Consider the hyperoctahedral group Hy, which appears as the sym-
metry group of the N-cube, or the symmetry group of the N coordinate axes of RV :
SN C Hy C ON

In matrix terms, Hy consists of the permutation-type matrices having £1 as nonzero
entries, and we have a wreath product decomposition as follows:

Hy =751 Sn
In this picture, the main character counts the signed number of fixed points, among the

coordinate axes, and its truncations count the truncations of such numbers.

Proor. This is something that we discussed before, the idea being that the first
assertions are clear, and that the wreath product decomposition in the statement comes
from a crossed product decomposition Hy = Z% x Sy. As for the assertions regarding
the main character and its truncations, once again these are clear, as for Sy. [l

Regarding now the character laws, we can compute them by using the same method
as for the symmetric group Sy, namely inclusion-exclusion, and we have:

THEOREM 12.2. For the hyperoctahedral group Hy C Oy, the law of the variable
[tN]

= Z Gii
i=1

becomes with N — oo the following measure
L (t/2)k+2p

e Z 5kZ (|k] + p)Ip!

k=—oc0
where 0, is the Dirac mass at k € Z.

273
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ProOF. We follow [10]. We regard Hy as being the symmetry group of the graph
Iy ={I',..., IV} formed by N segments. The diagonal coefficients are given by:

0 if g moves I°
ui(g) =] 1 if g fixes I
—1 if g returns I°

We denote by 1 g,] ¢ the number of segments among {I',..., I*} which are fixed,
respectively returned by an element g € Hy. With this notation, we have:

up .ot uss =T g—1g

Let us denote by Py probabilities computed over the group Hy. The density of the
law of w11 + ...+ us at a point k£ > 0 is then given by the following formula:

D(k) = Pn(tg—1g=k)

= > Px(tg=k+plg=p)

p=0
Assume first that we have t = 1. We use the fact, that we know well from chapter 11,

that the probability of o € Sy to have no fixed points is asymptotically given by:

1
Py = -
e

Thus the probability of o € Sy to have m fixed points is asymptotically given by:

1
P,=—
em!

In terms of probabilities over Hy, we obtain from this, as desired:

im o) = Jim Y120 (35 ) Pt g L=kt )
p=0

N—o0 k +p
- k +2p 1
S ()1
2 k+p ) e(k+2p)
B 1 i (1/2)k+2p
e (k + p)lp!
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As for the general case t € (0, 1], here the result follows by performing some modifi-
cations in the above computation. The asymptotic density is computed as follows:

. —— k+2p
— k+2p —
g otk = g 3272 (1) Pt b= 2)
- i(1/2>’“+2p k+2p) T
— k+p ) et(k+2p)
—ti (t/2)+2
= e _—
— (k+p)'p!
Together with D(—k) = D(k), this gives the formula in the statement. O

The above result is quite interesting, because the densities there are the Bessel func-
tions of the first kind. Due to this fact, the limiting measures are called Bessel laws:

DEFINITION 12.3. The Bessel law of parameter t > 0 is the measure

bo=e" > 0 fult/2)

k=—oc0

with the density being the following function,

M3 g
S (k] + )l

called Bessel function of the first kind.

Let us study now these Bessel laws, in analogy with what we know from chapter 11,
regarding the Poisson laws. We first have the following result:

THEOREM 12.4. The Bessel laws b; have the property
bs * by = bsyy
so they form a truncated one-parameter semigroup with respect to convolution.
PROOF. Again, we follow [10]. We use the formula in Definition 12.3, namely:

b= Y o fi(t/2)

k=—o00

The Fourier transform of this measure is given by the following formula:
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We compute now the derivative with respect to ¢:

—t o0

Fli(y) = ~Fbuly) + = > ¢ fi(t/2)

k=—o00

On the other hand, the derivative of fj with k > 1 is given by:

& (k,_+_2p)tk+2p—1
fi(t) > )

—  (k+p)lp!
p=0

B i k:—i—p tk+2p 1 e ptlc+2p71

o )Ip! Ip!
pard (k +p)'p! = (k+p)!p!

B i th+2p—1 +§: tht2p—1

- — 1)Ip! I(p— 1)!
S k+p—Dpt o (k+p)p—1)
o0 #(k—1)+2p o0 t(k+1)+2(p—1)

= fk—l( )+ fra ()

This computation works in fact for any k, so we get:

- Z —1 +p'p'+;((/€+1)+(p—1))!(p—1)!

—t e}

o) = =Fh)+ 5 30 e heat/2 + fun(t/2)

k=—o00

—t o

= P+ G Y ) + e ()2)

k=—o0

eV +e?

= —Fb(y)+ 5 Fby(y)

- (5 )

Thus the log of the Fourier transform is linear in ¢, and we get the assertion. U

In order to further discuss all this, we will need a number of probabilistic preliminaries.
We recall that, conceptually speaking, the Poisson laws are the laws appearing via the
Poisson Limit Theorem (PLT), stating that we have the following convergence:

((1——) (So—i‘ 51) — Dt
n

In order to generalize this construction, as to cover the Bessel laws found above, in
connection with the hyperoctahedral group Hpy, we have the following notion:
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DEFINITION 12.5. Associated to any compactly supported positive measure v on C is

the probability measure
1 *n
p, = lim ((1 — E) 0o + —V)
n—00 n n

where ¢ = mass(v), called compound Poisson law.

In other words, what we are doing here is to generalize the construction in the Poisson
Limit Theorem, by allowing the only parameter there, which was the positive real number
t > 0, to be replaced by a certain probability measure v, of arbitrary mass ¢ > 0.

In what follows we will be mainly interested in the case where v is discrete, as is for
instance the measure v = td; with ¢t > 0, which produces via the above limiting procedure
the Poisson laws. In fact, we will be mainly interested in the case where v is a multiple
of the uniform measure on the s-th roots of unity, and more on this later.

The following result allows us to detect compound Poisson laws:

PROPOSITION 12.6. For a discrete measure, v = Zle ci6,, with ¢; > 0 and z; € C,

we have the formula
Fy, (y) = exp (Z ci(e” — 1))

i=1
where F denotes as usual the Fourier transform.
PROOF. Let pu, be the measure appearing in Definition 12.5, namely:
c 1
= (1= )i Ly
n n
We have the following computation, in the context of Definition 12.5:

s

c 1 Y2
F,(y) = <1—E>+526i6y1

=1

= Fun(y) = <<1 - %) + %Zcieiyzi>
— Fo(y) = e (Z (e 1))

=1

Thus, we have obtained the formula in the statement. U

We have as well the following result, providing an alternative to Definition 12.5, and
which will be our formulation of the Compound Poisson Limit Theorem (CPLT):
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S

THEOREM 12.7. For a discrete measure, v =Y ;_, ¢;0,, with ¢; > 0 and z; € C, we

have the formula
p, = law (Z ziai>

i=1
where the variables a; are Poisson (c;), independent.

PRrROOF. Let a be the sum of Poisson variables in the statement:

S

o = E Zi O

=1

By using some well-known Fourier transform formulae, we have:
Fo(y) = exp(ci(e” — 1)) = Fia,(y) = exp(ci(e¥™ — 1))
— F,(y) =exp (Z ci(e — 1))
i=1
Thus we have the same formula as in Proposition 12.6, as desired. U
Getting back now to the Bessel laws, we have the following result:
THEOREM 12.8. The Bessel laws by are compound Poisson laws, given by
by = DPie
where € = %(5_1 + 81) is the uniform measure on Zs.

PRrROOF. This follows indeed by comparing the formula of the Fourier transform of b,
from the proof of Theorem 12.4, with the formula in Proposition 12.6. U

As a conclusion to this, when discussing the asymptotic character law for the basic
finite subgroups G' C Uy, such as G = Sy, Hy, it is all about compound Poisson laws.
12b. Complex reflections

Our next task will be that of unifying and generalizing the results that we have for
S, Hy. For this purpose, consider the following remarkable family of groups:

DEFINITION 12.9. The complex reflection group H3 C Uy, depending on parameters
NeN | seNU{oo}
is the group of permutation-type matrices with s-th roots of unity as entries,
Hy = Mn(ZsU{0}) N Uy

with the convention Ze, =T, at s = o0.
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This construction is something quite tricky, that will keep us busy, for the remainder
of this section. As a first observation, at s = 1,2 we obtain the following groups:

Hy =Sy , Hi=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. In view of this, let us highlight its definition, as follows:

DEFINITION 12.10. The full complex reflection group is given by:
Ky =MyN(TU{0})NUn
That is, Ky s the group of permutation-type matrices with entries from T.

In fact, we already met K at the end of chapter 10, when talking about the reflection
subgroup of an arbitrary group G C Uy, which was constructed as follows:

K=GNKy

Summarizing, Ky seems to be a quite interesting object, with its precise potential
remaining to be determined. So, let us first have a look at it at small values of V:

N = 1. What we have is the unit circle, Ky = T.

N = 2. Here K, consists of the matrices as follows, with nonzero entries in T:
z 0 0 =
0 vy ’ y 0

N = 3. Here K3 consists of the matrices as follows, with nonzero entries in T:

z 0 0 0 = O z 0 0
0y O , y 0 0 , 0 0 y
0 0 =z 0 0 =z 0 2 O
0 0 « 00 « 0z O
0 yv O , y 0 0 , 0 0 y
z 0 0 0 2z O z 0 0

N > 4. And so on, you get the point, what we have is a bit like before for Hy,
permutation matrices, but this time decorated by numbers in T.

Generally speaking, K contains all the interesting finite groups G C Uy that we
know, including Sy, Hy, and more generally the groups H3, from Definition 12.9. Quite
remarkably, the dihedral group Dy can be viewed as well as a subgroup, as follows:
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THEOREM 12.11. We have an embedding Dy C Ko, coming as follows,

_Jfx 0 0 =z o
DN—{<0 y) , <y 0)‘x—y EZN}CK2

obtained by augmenting the standard copy Zn C Ko with a twisted copy of it.

PROOF. The matrices patterned as in the statement form indeed a group, and when
adding the extra condition xy = 1, this remains a group. In order now to establish the
isomorphism with Dy, let us label our group elements as follows, with xy = 2zt = 1:

z 0 0 z
(o) = o)

We have then the following computations, for the products of these elements:

(5 )5 ) (5 8)-
(1)) (0 5)-+
()6 ) (2 7)o
s 3) (0 5) (3 )

But, we recognize here the table of multiplication of Dy, as desired. O

Summarizing, good idea to pass to complex numbers, and the complex reflection
groups HY, C Uy from Definition 12.9, with special attention to the group HR = Ky
from Definition 12.10, which contains them all, will be our new objects of interest.

Let us start our study by summarizing some basic observations, as follows:

PROPOSITION 12.12. The complex reflection groups HY, C Uy are as follows:
(1) At s =1 we have H}, = Sy, having cardinality |Sy| = N.
(2) At s =2 we have H% = Hy, having cardinality |Hy| = 2V N1,
(3) At s = 0o we have HY = Ky, having cardinality |Ky| = co.

PRroOF. This is clear indeed from the discussion made after Definition 12.9, 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 something elementary too:
PROPOSITION 12.13. We have inclusions as follows, for any r,s € NU {oo}:
rls = H, C H,

In particular, we have inclusions Sy C H3, C Ky, for any s € NU {oo}.
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PrOOF. With the cyclic group Zs being viewed as usual, as being the group of the
s-th roots of unity in the complex plane, we have inclusions as follows:

rls = Z, C Zs
Thus, with the group HY, constructed as in Definition 12.9, for r|s we have:
Hy = My(Z,0{0})NUy
C My(Zs;u{0})NUx
= H]Sv
Finally, the last assertion is clear, and comes also from this, via 1|s|oo, for any s. O

Coming next, in analogy with what we know about Sy, Hy, we first have:

PROPOSITION 12.14. The number of elements of Hy, with s € N is:
|H5| = sV N!
At s = 00, the group Ky = HY that we obtain is infinite.

PRrROOF. This is indeed clear from our definition of Hy,, as a matrix group, because
there are N! choices for a permutation-type matrix, and then sV choices for the corre-
sponding 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 12.15. We have a wreath product decomposition
Hy =7ZN x Sy =71 Sy
with the permutations o € Sy acting on the elements e € ZY as follows:
o(er,...,en) = (eo1)s - - Ea(n))
In particular we have, as found before, the cardinality formula |H3,| = sV N!.

PROOF. As explained in the proof of Proposition 12.14, 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| = |Z) 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,o)(f,7) = (ef?, o)
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 geometric aspects, the above groups appear as follows:
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THEOREM 12.16. The complex reflection group HY, appears as a symmetry group,
HY =G(Cs...Cy)
with Cs ... Cy consisting of N disjoint copies of the oriented cycle C.
Proor. This is something elementary, the idea being as follows:

(1) Consider first the oriented cycle Cy, which looks as follows:

PR—
[ ] / \ [ ]
! i
N,
It is then clear that the symmetry group of this graph is the cyclic group Zj,.

(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 = Z, ! Sy, as stated. O

Moving on, the story with the complex reflection groups is not over with the groups
H3; constructed in Definition 12.9, because we can do more generally, as follows:

THEOREM 12.17. We have subgroups of the basic complex reflection groups,

Hﬁ:{UeH;

©v)' =1}
with O being the product of nonzero entries, covering all examples of reflection groups.
PRrooOF. This is something very standard, the idea as follows:
(1) To start with, with (] being as above, we have a group morphism as follows:
O: HY — Zs
Thus, for any d|s, we can define a subgroup H3? C Hj, as in the statement.

(2) At the level of basic examples now, we certainly have the groups Hy = H3;. Also,
recall from Theorem 12.11 that we have an identification as follows:

_Jfx O 0 =z I
DN—{<O y) s (y O)‘Zlf—y GZN}CKQ

But this translates into Dy = H'!, so the dihedral group Dy is covered too. U
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As a conclusion to all this, good work that we did, and we will stop here with our
construction of complex reflection groups, due to a famous classification result of Shephard
and Todd, that we would like to explain now. To start with, we can talk about complex
reflections and about complex reflection groups abstractly, as follows:

DEFINITION 12.18. We can talk about reflections and reflection groups, as follows:

(1) A reflection is a symmetry S € Uy with respect to a hyperplane P C CV.
(2) A reflection group is a group G C Uy generated by reflections, G =< S; >.
(3) Such a reflection group is called irreducible when it has no invariant subspaces.
Observe that we have not assumed G to be finite, in the above, and with this making
the above formalism quite broad, for instance with many continuous groups G C Uy being

reflection groups, in the above sense. Still in this setting, with no finiteness assumption
on (7, these reflection groups are best investigated by writing them as follows:

G= <sl, S| (Si8yyme = 1>

And there has been a lot of work here, by Coxeter and others. Getting now to the
finite group case, any reflection group appears as product of irreducible reflection groups,
and in what regards these latter groups, we have the following classification result:

THEOREM 12.19. The irreducible complex reflection groups are

H = {U e H3|(OUyt = 1}

along with 34 exceptional examples.

ProoF. This is something quite advanced, that we will not attempt to prove here, or
even explain in detail, with the list of 34 exceptional cases, and we refer here to the paper
of Shephard and Todd [82], and to the subsequent literature on the subject. O

12c. Bessel laws

Back now to probability, in order to do the character computations for H3;, and why
not for H3¢ too, we will need a number of further preliminaries. Let us start with:

DEFINITION 12.20. The Bessel law of level s € NU {oco} and parameter t > 0 is
bf = Dre,
with 4 being the uniform measure on the s-th roots of unity.
Observe that at s = 1,2 we obtain the Poisson and real Bessel laws:
b% =Dt th =b

Another important particular case is s = oo, where we obtain a measure which is
actually not discrete, that we will denote as follows:

b;)O:Bt
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As a basic result on these laws, generalizing those before about p;, by, we have:
THEOREM 12.21. The generalized Bessel laws b] have the property

by * by = by
so they form a truncated one-parameter semigroup with respect to convolution.

Proor. This follows indeed from the Fourier transform formula from Proposition
12.6, because for the Bessel laws, the log of this Fourier transform is linear in ¢. O

Regarding now the moments, the result here is as follows:

THEOREM 12.22. The moments of the Bessel law b] are the numbers

My = |P*(k)|
where P*(k) is the set of partitions of {1,...,k} satisfying
fo= e (5

as a weighted sum, in each block.

ProoOF. This is something more technical, the idea being as follows:

(1) We know that the formula in the statement holds at s = 1, where b} = p; is the
Poisson law of parameter ¢ > 0, and P! = P is the set of all partitions.

(2) The formula in the statement holds also at s = 2, where b? = b; is the real Bessel
law of parameter ¢ > 0, and P? = P.,., is the set of partitions with even blocks.

(3) Next, at s = oo the measure in the statement is the complex Bessel law b° = By,
the set of partitions is P> = P,,.,, and the result can be proved, in a similar way.

(4) Finally, with the cases s = 1,2,00 understood, the generalization to the case
s € NU {oo} is quite straightforward, by doing some combinatorics. See [9]. O

Getting back now to the reflection groups, we have the following result:
THEOREM 12.23. For the complex reflection group H3 = Zs 1 Sy we have
Xt ~ b}
with N — oo, where bj = py., is the Bessel law constructed above.
PROOF. The best here is to proceed in two steps, as follows:

(1) Let us first work out the case ¢ = 1. Since the limit probability for a random
permutation to have exactly k fixed points is e~ /k!, we get:

. — 1 *k
A}l_rf(l)o law(x1) =e 2 5

o0
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On the other hand, we get from the definition of the Bessel law b7:

1 1 *IN
- (- 2)ae e

N N—k
- (1) (%) W

But this gives the assertion for t = 1, as desired.

(2) Now in the case where ¢ > 0 is arbitrary, we can use the same method, by per-
forming the following modifications to the above computation:

]\}iinwlaw(xt) = e 7ic

I
f:
g B
VR
VR
—_
|
=~
N——
g
+
==
Ay
N——
=

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

Let us develop now some more theory for the Bessel laws, following [9]. According to
our various results above, these Bessel laws appear in practice as follows:

THEOREM 12.24. The Bessel laws are given by the formula

b; = law (Z wkak>
k=1
with ay, ..., as being Poisson (t/s) and independent, and w = e

2mi/s

PRrOOF. This comes indeed from our general formula from Theorem 12.7. U

We will need in our computations the level s exponential function, given by:

o Z’Sk 1 S
exp, 2 = Z 5l = Zexp(wkz)
k=0 —

Observe also that at s = 1,2 we have the following formulae:
exp; =exp , exp, = cosh

We have the following result, regarding the Fourier transform of the Bessel laws:
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THEOREM 12.25. The Fourier transform of bj is given by
log F(z) =t (exp, z — 1)
so in particular the measures bj are additive with respect to t.

ProoF. Consider, as in Theorem 12.24, the following variable:

S
a= Z way,
k=1
We have the following computation, for the corresponding Fourier transform:

log Fi(z2) = ZlogFak(wkz)
k=1

s

— Zé (exp(w*z) — 1)

k=1

But this gives the following formula, in terms of the above function exp,:

logFo(z) =t ((% Zexp(wkz)) - 1)

= t(expy(2) — 1)
Now since 0 is the law of a, this gives the formula in the statement.
Regarding now the densities of the Bessel laws, these are as follows:
THEOREM 12.26. We have the following formula,
. L& 00 1 £\ Pretps o
b; =e Zzpl'—ps'(;> 5(;10]%)

p1=0 ps=0

where w = >/ and the § symbol is a Dirac mass.

PRrROOF. The Fourier transform of the measure on the right is given by:

Flz) = i . i: ‘;p' (é)mmm o (; wkpk> (2)

p1=0 ps=0 P
o0 o0 1 t p1+A,,+pS S N

_ —t [ =
— ey () e (et

p1=0 ps=0 k=1
= et f: (E)T exp (X w*piz)

| |
—0 S Sprer P1:...Ds!
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We multiply by e, and we compute the derivative with respect to ¢:

(' F(z2)) = ilg G)M Yoo (Xrms whpi2)

| |
— Sprer P1:-...Ds!

-2 = (z) B )

Ypi=r

TS (g) Z Z exp (5, whpi2)

- o D (o= Dpea! - ops!

By using the variable u = r — 1, we get:

(F(2)) = %; (é) 3 Zexp wz+“2k | whgyz)

Ygi=u l=1 qs'
_ (! S exp(w'z N 12 ' eXp (Z;lequz)
< (1B ) (S 25
= (expy2)(e'F(2))

On the other hand, consider the following function:

O (t) = exp(texp, 2)
This function satisfies as well the equation found above, namely:

(1) = (exp, 2)0(2)
We conclude from this that we have the following equality of functions:

e'F(z) = ®(t)
But this gives the following formula, for the logarithm of the Fourier transform:
log ' = log(e "exp(texp, 2))

= log(exp(t(exp, z —1)))
= t(expsz — 1)

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

12d. Wigner laws

In the continuous group case now, as a continuation of the above investigations, an
interesting input comes from the various computations done some time ago in chapter 6.
In order to discuss all this, let us first recall some useful formulae from chapter 6. One of
the key results there, which is very useful in practice, was as follows:



288 12. REFLECTION GROUPS

THEOREM 12.27. The polynomial integrals over the unit sphere S]]Ry’l c RY, with
respect to the normalized, mass 1 measure, are given by the following formula,

N — DNE M. k!
/ x’fl...xévVNdx:( ] N
e

(N + Xk, — !
valid when all exponents k; are even. If an exponent is odd, the integral vanishes.

Proor. This is something that we know from chapter 6, the idea being that the
N = 2 case is solved by the Wallis formula, and that the general case, N € N, follows
from this, by using spherical coordinates and the Fubini theorem. O

As an application of the above formula, also following chapter 6, we have:

THEOREM 12.28. The moments of the hyperspherical variables are

N — DK
kd :—(
/Sﬂéy_l TN k- Dl

and the rescalings y; = xz/\/ﬁ become normal and independent with N — oo.

Proor. This is something that we know from chapter 6, coming from:

N — 1)1k
kde = —(
/ YT Nt k-

Nk2EN
N*2M(g1)

12

As for the asymptotic independence result, this is standard as well, once again by
using Theorem 12.27, for computing mixed moments, and taking the N — oo limit. [J

Now back to groups, we can talk as well about rotation groups, as follows:

THEOREM 12.29. We have the integration formula

N — 1)NEN
UkdU = (—
/ON " (N + k-1

and the rescalings Vi; = Uij/\/ﬁ become normal and independent with N — oo.

Proor. We use the well-known fact that we have an embedding as follows, for any ¢,
which makes correspond the respective integration functionals:

O(SIQIil) C C(ON) , Ty — UM
With this identification made, the result follows from Theorem 12.28. U

We have similar results in the unitary case. First, we have:



12D. WIGNER LAWS 289

THEOREM 12.30. We have the following integration formula over the complex sphere
S(]Cv_l C RY, with respect to the normalized measure,

N — D! 1!
/sé\’l |Z1| |ZN| z (2N+Zli o 1)|

valid for any exponents l; € N. As for the other polynomial integrals in z1,...,zy and
their conjugates zy, ..., zZn, these all vanish.

PROOF. As before, this is something that we know from chapter 6, and which can be
proved either directly, or by using the formula in Theorem 12.27. U

We can talk about complex hyperspherical laws, and we have:

THEOREM 12.31. The rescaled coordinates on the complex sphere S(]CV*I,
Zi
VN

become complex Gaussian and independent with N — oo.

w; =

Proor. This follows as in the proof of Theorem 12.28, by using Theorem 12.30. [
In relation now with rotation groups, the result that we obtain is as follows:

THEOREM 12.32. For the unitary group Uy, the normalized coordinates
U;;
VN

become complex Gaussian and independent with N — oo.

Vi =

ProOOF. We use the well-known fact that we have an embedding as follows, for any ¢,
which makes correspond the respective integration functionals:

C(S(év_l) C C(UN) , Xy — Uh'
With this identification made, the result follows from Theorem 12.31. U

Our claim now is that the above results can be reformulated in terms of the truncated
characters introduced in chapter 11. Let us recall indeed from there that we have:

DEFINITION 12.33. Giwven a closed subgroup G C Uy, the function
[tN]
x:G—-C | Xt(g)zzgii
i=1

is called main truncated character of G, of parameter t € (0, 1].

In connection now with the present considerations, the point is that with the above
notion in hand, our results above reformulate as follows:
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THEOREM 12.34. For the orthogonal and unitary groups Oy, Uy, the rescalings
_ Xi/N
VN

become respectively real and complex Gaussian, in the N — oo limit.

PROOF. According to our conventions, given a closed subgroup G C Uy, the main
character truncated at ¢ = 1/N is simply the first coordinate:

X1/N(9) = d11

With this remark made, the conclusions from the statement follow from the compu-
tations performed above, for the laws of coordinates on Oy, Uy. O

It is possible to get beyond such results, by using advanced representation theory
methods, with full results about all the truncated characters, and in particular about the
main characters. We will be back to this in Part IV below.

As a last topic now for this chapter, let us discuss the case where N is fixed. Things
are quite complicated here, and as a main goal, we would like to find the law of the main
character for our favorite rotation groups, namely SU, and SOs.

In order to do so, we will need some combinatorial preliminaries. We first have the
following well-known result, which is the cornerstone of all modern combinatorics:
THEOREM 12.35. The Catalan numbers, which are by definition given by
Cr = |NCy(2k)|

satisfy the following recurrence formula,

and their generating series, given by definition by
f(z) = Z Cr2"
k>0
satisfies the following degree 2 equation,
zfP—f+1=0

and we have the following explicit formula for these numbers:

1 (2
Cp=——
g k+1<k>

Numerically, these numbers are 1,1,2,5,14,42,132,429, 1430, 4862, 16796, . . .
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PROOF. We must count the noncrossing pairings of {1,...,2k}. But such a pairing
appears by pairing 1 to an odd number, 2a 4 1, and then inserting a noncrossing pairing

of {2,...,2a}, and a noncrossing pairing of {2a + 2,...,2l}. We conclude from this that
we have the following recurrence formula for the Catalan numbers:

Cr=Y_ GG,

a+b=k—1

In terms of the generating series f, the above recurrence gives:

2f? =) CuCattt!

a,b>0

= Z Z C,Cy2"

k>1 atb=k—1

- Yo
k>1
= f-1
Thus the generating series f satisfies the following degree 2 equation:
2fP—f+1=0

By choosing the solution which is bounded at z = 0, we obtain:

1—-+v1—-4z

1) ==Y

By using now the Taylor formula for \/x, we obtain the following formula:

1) —Zk%l(z,f)z’“

k>0

It follows that the Catalan numbers are given by the formula the statement. O

The Catalan numbers are central objects in probability as well, and we have the
following key result here, complementing the formulae from Theorem 12.35:

THEOREM 12.36. The normalized Wigner semicircle law, which is by definition
1
Y1 = 2—\/4—$2d$
s

has the Catalan numbers as even moments. As for the odd moments, these all vanish.
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PROOF. The even moments of the Wigner law can be computed with the change of
variable x = 2 cost, and we are led to the following formula:

1 /2
My, = —/ V4 — 222k dr
T Jo
1 w/2
= —/ V4 —4cos?t (2cost)*2sint dt
T Jo

4k+1 w/2
= — cos?* tsin® t dt
™ Jo
gk+1 g (2k)N2!!

T2 (2k+3)l
(2k)1 /2% k!
21 (k + 1)

— 9.4%.

As for the odd moments, these all vanish, because the density of ; is an even function.
Thus, we are led to the conclusion in the statement. Il

We can now formulate our result regarding SU,, as follows:

THEOREM 12.37. The main character of SUs, given by

(G ) =2meta

follows a Wigner semicircle law ;.
PROOF. The idea is that this follows by identifying SU, with the sphere Si C R
and the uniform measure on SU; with the uniform measure on this sphere. Indeed, in

terms of the standard parametrization of SUs, from chapter 10, written in real form, we
have the following formula, for the main character of SUs:

r+uwy zHat\
X(—z+it x—iy)_2x

We are therefore left with computing the law of the following variable:

x € C(S})
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But for this purpose, we can use moments. Indeed, Theorem 12.27 gives:

/x% o 3U(2k)
o 2k +3)0

R
3.5-7...(2k—1)
2.4-6...(2k+2)
(2k)!
CQREIH (k4 1))

1 1 [2k
4k E4+1\ Kk

= 2

= 2

4k
Thus the variable 2z € C(S3) has the Catalan numbers as even moments, and so by
Theorem 12.36 its distribution is the Wigner semicircle law v, as claimed. U

In order to do the computation for SOz, we will need some more probabilistic prelim-
inaries, which are standard random matrix theory material. Let us start with:

PROPOSITION 12.38. We have a bijection NC (k) ~ NC5(2k), as follows:

(1) The application NC(k) — NCy(2k) is the “fattening” one, obtained by doubling
all the legs, and doubling all the strings too.

(2) Its inverse NCy(2k) — NC(k) is the “shrinking” application, obtained by col-
lapsing pairs of consecutive neighbors.

ProoF. This is something self-explanatory, and in order to see how this works, let us
discuss an example. Consider a noncrossing partition, say the following one:

‘|||‘|_|‘
1 2 3 4 5 6 7 8

Now let us “fatten” this partition, by doubling everything, as follows:

11" 22" 33 44" 5% 66" 77 8%

Now by relabeling the points 1,...,16, what we have is indeed a noncrossing pairing.
As for the reverse operation, that is obviously obtained by “shrinking” our pairing, by
collapsing pairs of consecutive neighbors, that is, by identifying 1 = 2, then 3 = 4, then
5 =6, and so on, up to 15 = 16. Thus, we are led to the conclusion in the statement. [
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As a consequence of the above result, we have a new look on the Catalan numbers,
which is more adapted to our present SO3 considerations, as follows:

PROPOSITION 12.39. The Catalan numbers Cy, = |[NCy(2k)| appear as well as
Cr = [NC(k)]
where NC(k) is the set of all noncrossing partitions of {1,...,k}.
Proor. This follows indeed from Proposition 12.38. O
Let us formulate now the following definition:
DEFINITION 12.40. The standard Marchenko-Pastur law m is given by:
frem = fPeom
That is, m is the law of the square of a variable following the semicircle law ;.

Here the fact that m; is indeed well-defined comes from the fact that a measure is
uniquely determined by its moments. More explicitly now, we have:

PROPOSITION 12.41. The density of the Marchenko-Pastur law is
1
™ = 2—\/4:17*1 —1ldx
™

and the moments of this measure are the Catalan numbers.

PROOF. The moments of the law in the statement can be computed with the change
of variable = 4 cos? t, and we are led to the following formula:

1 /4
M, = — [ Via—l— 12 dx
2 0
1 (™% gint
= — L (4cos?t)* - 2costsint dt
2m Jo  cost
4l~c+1 w/2
= — cos tsin® t dt
T Jo
4L (2K)N2N
T 2 (2k+3)!
(2k)!/2FK!

%1 (k4 1)]

— 92.4k.
= C,

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

We can do now the character computation for SOs, as follows:
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THEOREM 12.42. The main character of SOs, modified by adding 1 to it, given in
standard Euler-Rodrigues coordinates by

=302 -yt 22
follows a squared semicircle law, or Marchenko-Pastur law 7.

PROOF. The idea is that this follows by using the canonical quotient map SU; — SOs,
and the result for SU, from Theorem 12.37. To be more precise, let us recall from chapter
10 that the elements of SU, can be parametrized as follows:

U — r+uy 2+t
S \—z+it x—1y

As for the elements of SOs, these can be parametrized as follows:

22+ — 2% —t? 2(yz — xt) 2(xz + yt)
V = 2(xt + y2) 2 4 2% —y? — ¢ 2(zt — zy)
2(yt — x2) 2(xy + zt) T2 412 — y? — 22

The point now is that, by using the above two formulae, in the context of the compu-
tation from Theorem 12.37, the main character of SOj is given by:

x = Tr(V)+1
= 3P -y -2 -t +1
40
Now recall from the proof of Theorem 12.37 that we have:
20 ~m

On the other hand, a quick comparison between the moment formulae for the Wigner
and Marchenko-Pastur laws, which are very similar, shows that we have:

f ~ 71 — f2 ~ 7T1
Thus, with f = 2z, we obtain the result in the statement. O

As an interesting question now, appearing from the above, and which is quite philo-
sophical, we have the problem of understanding how the Wigner and Marchenko-Pastur
laws ~;, 7 fit in regards with the main limiting laws from classical probability.

The answer here is quite tricky, the idea being that, with a suitable formalism for
freeness, v1, m; can be thought of as being “free analogues” of the Gaussian and Poisson
laws g1, p1. This is something quite subtle, requiring some further knowledge, and we will
be back to this in Part IV below, when doing representation theory.
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12e. Exercises

There has been a lot of technical material in this chapter, with substantial combina-
torics, and technical as well will be most of our exercises. First, we have:

EXERCISE 12.43. Work out the moment formula for Bessel laws, My, = |P*(k)|, where
Ps(k) are the partitions satisfying #o = # e (s), as a weighted sum, in each block.

This is something that we briefly discussed in the above, and the problem is now that
of working out all the details, first as s = 1,2, 00, and then in general.

EXERCISE 12.44. Work out all details for the truncated character formula for HY;,
Xt ~ bf
where b] = py.., with €5 being the uniform measure on the s-th roots of unity.

As before, this is something that we briefly discussed in the above, and the problem
is now that of working out all the details, first as s = 1,2, 00, and then in general.

EXERCISE 12.45. Show that the passage from H3 to H3 does not change the asymp-
totic laws of the truncated characters.

This is something that we discussed in the previous chapter, in a particular case,
namely for the passage from the symmetric group Sy to the alternating group Ay.

EXERCISE 12.46. Compute the asymptotic laws of characters and coordinates for the
bistochastic groups By and Cy, as well as for the symplectic group Spy C Uy.

These computations are all quite standard, with the computation for By being quite
similar to that for Ox_1, the computation for C'y being quite similar to that for Uy_1,
and the computation for Spy being quite similar to that for On_;.

EXERCISE 12.47. Compute the character laws for the groups Oy, SO1, then for the
groups Uy, SUy, and then for the groups Oz, SO,.

As before with the previous exercise, the computations here are quite standard. In
fact, the more difficult questions of this type concern the next groups in the above series,
namely SU, and SOj3, which were discussed in the above.

EXERCISE 12.48. Work out all the combinatorics and calculus details in relation with
the Wigner and Marchenko-Pastur laws, and their moments, the Catalan numbers.

This is a very instructive exercise, with lots of nice combinatorics involved. Most of
this combinatorics was actually already discussed in the above.
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Haar integration



And the band plays Waltzing Matilda
And the old men still answer the call
But year after year, their numbers get fewer
Someday, no one will march there at all



CHAPTER 13

Representations

13a. Basic theory

We have seen so far that some algebraic and probabilistic theory for the finite sub-
groups G C Uy, ranging from elementary to quite advanced, can be developed. We have
seen as well a few computations for the continuous compact subgroups G C Uy. In what
follows we develop some systematic theory for the arbitrary closed subgroups G C Uy,
covering both the finite and the infinite case. The main examples that we have in mind,
and the questions that we would like to solve for them, are as follows:

(1) The orthogonal and unitary groups Opy,Uy. Here we would like to have an
integration formula, and results about character laws, in the N — oo limit.

(2) Various versions of Oy, Uy, such as the bistochastic groups By, Cy, or the sym-
plectic groups Spy, with similar questions to be solved.

(3) The reflection groups H3¢ C Uy, with results about characters extending, or at

least putting in a more conceptual framework, what we already have.

There is a lot of theory to be developed, and we will do this gradually. To be more
precise, in this chapter and in the next one we will work out algebraic aspects, and then
in the chapter afterwards and in the last one we will use these algebraic techniques, in
order to work out probabilistic results, and in particular to answer the above questions.
As before, the main notion that we will be interested in is that of a representation:

DEFINITION 13.1. A representation of a compact group G is a continuous group mor-
phism, which can be faithful or not, into a unitary group:

uw:G— Uy

The character of such a representation is the function x : G — C given by
g — Tr(uy)

where Tr is the usual trace of the N x N matrices, Tr(M) =Y. M.

As a basic example here, for any compact group we always have available the trivial
1-dimensional representation, or character, which is by definition as follows:

u:G—-U; , g— (1)
299
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In fact, talking 1-dimensional representations, we already know about these, from
chapter 9, with the summary of our results there being as follows:

THEOREM 13.2. The 1-dimensional representations of G are the morphisms
u:G—T
and we have u = x in this case. These morphisms, or characters, must come via
uw:G—= Gy —T
from the characters Go, — T, which themselves form a group, which is the dual @ab.

Proor. This is indeed self-explanatory, coming in the finite group case from our
discussion from chapter 9, and in general, via a straightforward extension of this. Il

Moving now to higher dimensions, as another class of basic examples, we have:
THEOREM 13.3. Available for any finite group G is its reqular representation
u:G C Sy COn CUy
with N = |G|, obtained via Cayley and permutation matrices, the formula being
ug(en) = egn
with {ex|h € G} being the standard basis of CN. Its character is x(g) = Né1.

Proor. This is again something self-explanatory, coming from our discussion from
chapter 9, on the Cayley theorem, permutation matrices and related topics, and with the
character computation being something elementary too, as follows:

x(g) = Tr(uy)
= Z < ug(ep),en >

heG

= Z<€gh’eh>

heG
— Nég

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

Summarizing, we definitely have interesting illustrations for Definition 13.1, and even
some beginning of theory on the way, based on our material from chapter 9.

What is next? You guessed it right, more examples. Inspired by the above, let us
formulate the following question, which looks like something quite interesting:
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QUESTION 13.4. Given a subgroup G C Uy, besides its fundamental representation
u:GCUy , g—g
we can equally talk about its conjugate fundamental representation
u:GCUy , g—g
and probably about many more, coming via other operations. What exactly are these?

_ To be more precise here, consider the usual conjugation of the unitary matrices,
(U)ij = Ui;. This can be viewed as a group isomorphism, as follows:

Un ~ Uy , U—>U

Now given an embedding u : G C Uy, we can compose it with this isomorphism
Uy =~ Uy, and we obtain another embedding u : G C Uy. And with @ being in general
different from u itself, as the 1D examples, in the context of Theorem 13.2, show.

In order to answer Question 13.4, and see which representations are available, let us
first discuss the various operations on the representations. We have here:

PROPOSITION 13.5. The representations of a given compact group G are subject to the
following operations:

(1) Making sums. Given representations u,v, having dimensions N, M, their sum is
the N + M -dimensional representation u + v = diag(u,v).

(2) Making products. Given representations u, v, having dimensions N, M, their ten-
sor product is the N M -dimensional representation (u ® v)iq jb = WijVab-

(3) Taking conjugates. Given a representation w, having dimension N, its complex
conjugate is the N-dimensional representation (4);; = ;.

(4) Spinning by unitaries. Given a representation u, having dimension N, and a
unitary V € Uy, we can spin u by this unitary, v — VuV*.

PRrOOF. The fact that the operations in the statement are indeed well-defined, among
maps from G to unitary groups, can be checked as follows:

(1) This follows from the trivial fact that if ¢ € Uy and h € Uy, are two unitaries,
then their diagonal sum is a unitary too, as follows:

0
(g h> € Uniu

(2) This follows from the fact that if ¢ € Uy and h € Uy are two unitaries, then
g ® h € Uy is a unitary too. Given unitaries g, h, let us set indeed:

(9 ® h)iajb = ijhap
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This matrix is then a unitary too, as shown by the following computation:

[(g ® h)(g ® h)*]ia,jb = Z(g ® h)ia,kc((g ® h)*)kc,jb

kc

- Z(g &® h)ia,kc(.g &® h)jb,kc
ke

= Z GikPacGjk Rie
k

= > 9Tk ) Pachse
k c
5ij5ab

(3) This simply follows from the fact that if g € Uy is unitary, then so is its complex
conjugate, g € Uy, and this due to the following formula, obtained by conjugating:
g* — g—l — gt — g—l

(4) This is clear as well, because if g € Uy is unitary, and V' € Uy is another unitary,
then we can spin g by this unitary, and we obtain a unitary as follows:

VgV* e Uy
Thus, our operations are well-defined, and this leads to the above conclusions. U
In relation now with characters, we have the following result:
PROPOSITION 13.6. We have the following formulae, regarding characters
Xutv = Xu T Xo 5 Xuwo = XuXv > Xa=Xu 5 XVuV* = Xu
in relation with the basic operations for the representations.

ProOF. All these assertions are elementary, by using the following well-known trace
formulae, valid for any two square matrices g, h, and any unitary V:

Tr(diag(g, h)) =Tr(g) +Tr(h) . Tr(g®h)="Tr(g)Tr(h)
Tr(g)=Tr(g) , Tr(VgV")=Tr(g)
To be more precise, the first formula is clear from definitions. Regarding now the
second formula, the computation here is immediate too, as follows:

Tr(g@h) = Z(g ® h)iaia

= Z Gii haa

= Tr(g)Tr(h)
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Regarding now the third formula, this is clear from definitions, by conjugating. Finally,
regarding the fourth formula, this can be established as follows:
Tr(VgV*)=Tr(gV*V) =Tr(g)
Thus, we are led to the conclusions in the statement. U

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 13.7. Given a closed subgroup G C Uy, its Peter-Weyl representations
are the tensor products between the fundamental representation and its conjugate:

u:GCUy , u:GCUy
We denote these tensor products u®*, with k = oceeo ... being a colored integer, with the
colored tensor powers being defined according to the rules
=y, u® =g, u® = ¥ gy®
and with the convention that u®® is the trivial representation 1 : G — Uj.
Here are a few examples of such Peter-Weyl representations, namely those coming
from the colored integers of length 2, to be often used in what follows:
WP =u®u , uW*=u®u
W =u®u , uT=u®u
In relation now with characters, we have the following result:
PrRoPOSITION 13.8. The characters of Peter-Weyl representations are given by

Xu®k = (Xu)k
with the colored powers of a variable x being by definition given by
X=x 5 xX=x , xM=x
and with the convention that X° equals by definition 1.

Proor. This follows indeed from the additivity, multiplicativity and conjugation for-
mulae established in Proposition 13.6, via the conventions in Definition 13.7. 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 ¥ = xz
are simply the expectations of the characters of various Peter-Weyl representations:

/x'“z/xum
G G

Summarizing, given a closed subgroup G C Uy, we would like to understand its
Peter-Weyl representations, and compute the expectations of the characters of these rep-
resentations. In order to do so, let us formulate the following key definition:
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DEFINITION 13.9. Given a compact group G, and two of its representations,
u:G— Uy , U: G — U

define the linear space of intertwiners between these representations as being

Hom(u,v) = {T € Myx«n(C)|Tuy =v,T,Vg € G}

and we use the following conventions:

(1) We use the notations Fixz(u) = Hom(1,u), and End(u) = Hom(u,u).
(2) We write u ~ v when Hom(u,v) contains an invertible element.
(3) We say that u is irreducible, and write u € Irr(G), when End(u) = C1.

The terminology here is very standard, with Hom and End standing for “homomor-

phisms” and “endomorphisms”, and with Fix standing for “fixed points”.

In practice, it is useful to think of the representations of G as being the objects of
some kind of abstract combinatorial structure associated to G, and of the intertwiners
between these representations as being the “arrows” between these objects. We have in

fact the following result, making the link with this viewpoint, called categorical:

THEOREM 13.10. The following happen:

(1) The intertwiners are stable under composition:
T € Hom(u,v) , S € Hom(v,w) = ST € Hom(u,w)
(2) The intertwiners are stable under taking tensor products:
S € Hom(u,v) , T € Hom(w,t) = S®T € Hom(u®@ w,v ®t)
(3) The intertwiners are stable under taking adjoints:
T € Hom(u,v) = T" € Hom(v,u)

(4) Thus, the Hom spaces form a tensor x-category.
Proor. All this is clear from definitions, the verifications being as follows:
(1) This follows indeed from the following computation, valid for any g € G:

STuy = SvgT = wy ST

(2) Again, this is clear, because we have the following computation:

(S@T)(uy, ®wy) = Suy @ Tw,
= S8 ®t,T
= (v ®t)(S®T)
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(3) This follows from the following computation, valid for any g € G:

Tug = v, I = u;T* = T*v;
= Trv, =u "

(4) This is just a conclusion of (1,2,3), with a tensor x-category being by definition
an abstract beast satisfying these conditions (1,2,3). We will be back to tensor categories
later on, in chapter 14 below, with more details on all this. Il

The above result is quite interesting, because it shows that the combinatorics of a
compact group G is described by a certain collection of linear spaces, which can be in
principle investigated by using tools from linear algebra. Thus, what we have here is a
useful “linearization” idea. We will heavily use this idea, in what follows.

13b. Peter-Weyl theory

In what follows we develop a systematic theory of the representations of the compact
groups GG, with emphasis on the Peter-Weyl representations, in the closed subgroup case
G C Uy, that we are mostly interested in. Let us start with the following fact:

THEOREM 13.11. Given a representation of a compact group u : G — Uy, the corre-
sponding linear space of self-intertwiners

End(u) C My(C)
is a x-algebra, with respect to the usual involution of the matrices.

PROOF. By definition, the space End(u) is a linear subspace of My(C). We know
from Theorem 13.10 (1) that this subspace End(u) is a subalgebra of Mx(C), and then we
know as well from Theorem 13.10 (3) that this subalgebra is stable under the involution
. Thus, what we have here is a *-subalgebra of My (C), as claimed. O

The above result is quite interesting, because it gets us into linear algebra. Indeed,
associated to any group representation u : G — Uy is now a quite familiar object, namely
the algebra End(u) C My(C). In order to exploit this fact, we will need a well-known
result, complementing the basic operator algebra theory from chapter 8, namely:

THEOREM 13.12. Let A C My(C) be a *-algebra.

1) We can write 1 = py + ... + px, with p; € A being central minimal projections.
2) The linear spaces A; = p;Ap; are non-unital x-subalgebras of A.

3) We have a non-unital *-algebra sum decomposition A = A1 & ... D Ag.

4) We have unital x-algebra isomorphisms A; ~ M, (C), with n; = rank(p;).

5) Thus, we have a x-algebra isomorphism A ~ M, (C) & ...® M,, (C).

(
(
(
(
(
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PRrROOF. This is something very standard. Consider indeed an arbitrary x-algebra
of the N x N matrices, A C My(C). Let us first look at the center of this algebra,
Z(A) = AN A’. This center, viewed as an algebra, is then of the following form:

Z(A) ~C*

Consider now the standard basis e;,...,e; € C¥, and let p1,...,pr € Z(A) be the
images of these vectors via the above identification. In other words, these elements
P1,--., Pk € A are central minimal projections, summing up to 1:

pr4+...+pr=1

The idea is then that this partition of the unity will eventually lead to the block

decomposition of A, as in the statement. We prove this in 4 steps, as follows:

Step 1. We first construct the matrix blocks, our claim here being that each of the
following linear subspaces of A are non-unital x-subalgebras of A:

A; = piAp;
But this is clear, with the fact that each A; is closed under the various non-unital

*x-subalgebra operations coming from the projection equations p? = p! = p;.

Step 2. We prove now that the above algebras A; C A are in a direct sum position,
in the sense that we have a non-unital x-algebra sum decomposition, as follows:

A:Al@.u@Ak

As with any direct sum question, we have two things to be proved here. First, by
using the formula p; +. ..+ p; = 1 and the projection equations p? = pf = p;, we conclude
that we have the needed generation property, namely:

As for the fact that the sum is indeed direct, this follows as well from the formula
p1+ ...+ pr =1, and from the projection equations p? = p} = p;.

Step 3. Our claim now, which will finish the proof, is that each of the %-subalgebras
A; = p;Ap; constructed above is in fact a full matrix algebra. To be more precise, with
n; = rank(p;), our claim is that we have isomorphisms, as follows:

In order to prove this claim, recall that the projections p; € A were chosen central
and minimal. Thus, the center of each of the algebras A; reduces to the scalars:

Z(A) =C

But this shows, either via a direct computation, or via the bicommutant theorem, that
the each of the algebras A; is a full matrix algebra, as claimed.
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Step 4. We can now obtain the result, by putting together what we have. Indeed, by
using the results from Step 2 and Step 3, we obtain an isomorphism as follows:

A~M, (C)e®...® M, (C)

In addition to this, a careful look at the isomorphisms established in Step 3 shows
that at the global level, of the algebra A itself, the above isomorphism simply comes by
twisting the following standard multimatrix embedding, discussed in the beginning of the
proof, (1) above, by a certain unitary matrix U € Uy:

M, (C)&...®& M, (C)C My(C)
Now by putting everything together, we obtain the result. O
We can now formulate our first Peter-Weyl theorem, as follows:

THEOREM 13.13 (PW1). Let u : G — Uy be a group representation, consider the
algebra A = End(u), and write its unit as above, as follows:

l=p1+...+px
The representation u decomposes then as a direct sum, as follows,
U=1u+...+ug
with each w; being an irreducible representation, obtained by restricting u to Im(p;).
Proor. This basically follows from Theorem 13.11 and Theorem 13.12, as follows:

(1) As a first observation, by replacing G with its image u(G) C Uy, we can assume
if we want that our representation w is faithful, G C, Uy. However, this replacement will
not be really needed, and we will keep using u : G — Uy, as above.

(2) In order to prove the result, we will need some preliminaries. We first associate to
our representation u : G — Uy the corresponding action map on CV. If a linear subspace
V C CV is invariant, the restriction of the action map to V is an action map too, which
must come from a subrepresentation v C wu. This is clear indeed from definitions, and
with the remark that the unitaries, being isometries, restrict indeed into unitaries.

(3) Consider now a projection p € End(u). From pu = up we obtain that the linear
space V' = I'm(p) is invariant under u, and so this space must come from a subrepresen-
tation v C wu. It is routine to check that the operation p — v maps subprojections to
subrepresentations, and minimal projections to irreducible representations.

(4) To be more precise here, the condition p € End(u) reformulates as follows:
pug =ugp , VgeG
As for the condition that V' = I'm(p) is invariant, this reformulates as follows:

pugp =ugp , VgeG
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Thus, we are in need of a technical linear algebra result, stating that for a projection
P € My(C) and a unitary U € Uy, the following happens:

PUP=UP = PU=UP
(5) But this can be established with some C*-algebra know-how, as follows:
tr[(PU - UP)(PU —UP)*] = tr[(PU—-UP)(U*P — PU")]
= {r[P— PUPU*—UPU"P + UPU"|
= tr[P—-UPU*—-UPU* +UPU"|
= tr[P - UPU"|
=0
Indeed, by positivity this gives PU — UP = 0, as desired.
(6) With these preliminaries in hand, let us decompose the algebra End(u) as in
Theorem 13.12, by using the decomposition 1 = p; + ... + p; into minimal projections.

If we denote by u; C u the subrepresentation coming from the vector space V; = I'm(p;),
then we obtain in this way a decomposition v = u; + ... + ug, as in the statement. [

In order to formulate our second Peter-Weyl theorem, we need to talk about coeffi-
cients, and smoothness. Things here are quite tricky, and we can proceed as follows:

DEFINITION 13.14. Given a closed subgroup G C Uy, and a unitary representation
v: G — Uy, the space of coefficients of this representation is:

Co={fou|f € My(©)}
In other words, by delinearizing, C, C C(G) is the following linear space:
C, = span [g — (vg)l-j]
We say that v is smooth if its matriz coefficients g — (v,):; appear as polynomials in the
standard matriz coordinates g — g;;, and their conjugates g — g;;.

As a basic example of coefficient we have, besides the matrix coefficients g — (vg)4;,
the character, which appears as the diagonal sum of these coefficients:

Xo(9) = Z(Ug)n'

Regarding the notion of smoothness, things are quite tricky here, the idea being that
any closed subgroup G C Uy can be shown to be a Lie group, and that, with this result in
hand, a representation v : G — U, is smooth precisely when the condition on coefficients
from the above definition is satisfied. All this is quite technical, and we will not get into
it. We will simply use Definition 13.14 as such, and further comment on this later on.

Here is now our second Peter-Weyl theorem, complementing Theorem 13.13:
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THEOREM 13.15 (PW2). Given a closed subgroup G C, Uy, any of its irreducible
smooth representations

v:G—= Uy

appears inside a tensor product of the fundamental representation u and its adjoint u.

PROOF. In order to prove the result, we will use the following three elementary facts,
regarding the spaces of coefficients introduced above:

(1) The construction v — C,, is functorial, in the sense that it maps subrepresentations
into linear subspaces. This is indeed something which is routine to check.

(2) Our smoothness assumption on v : G — Uy, as formulated in Definition 13.14,
means that we have an inclusion of linear spaces as follows:

Cv C< gij >

(3) By definition of the Peter-Weyl representations, as arbitrary tensor products be-
tween the fundamental representation v and its conjugate @, we have:

< Gij >= Z Cu®k
k

(4) Now by putting together the observations (2,3) we conclude that we must have an
inclusion as follows, for certain exponents ki, ..., ky:

Cv C Cu®k1 @...euskp

By using now the functoriality result from (1), we deduce from this that we have an
inclusion of representations, as follows:

vCufF @, @ u
Together with Theorem 13.13, this leads to the conclusion in the statement. O

As a conclusion to what we have so far, the problem to be solved is that of splitting
the Peter-Weyl representations into sums of irreducible representations.

13c. Haar integration

In order to further advance, and complete the Peter-Weyl theory, we need to talk
about integration over GG. In the finite group case the situation is trivial, as follows:

PROPOSITION 13.16. Any finite group G has a unique probability measure which is
invariant under left and right translations,

() = u(gk) = n(Eg)

and this is the normalized counting measure on G, given by p(E) = |E|/|G]|.
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PROOF. The uniformity condition in the statement gives, with F = {h}:
p{h}t = p{gh} = p{hg}
Thus p must be the usual counting measure, normalized as to have mass 1. U

In the continuous group case now, the simplest examples, to be studied first, are the
compact abelian groups. Here things are standard again, as follows:

THEOREM 13.17. Given a compact abelian group G, with dual group denoted I' = CA;,
we have an isomorphism of commutative algebras

C(G) ~ C*(T)

and via this isomorphism, the functional defined by linearity and the following formula,

/g:5g1
G

for any g € I, is the integration with respect to the unique uniform measure on G.

Proor. We can indeed apply the Gelfand theorem, from chapter 8, to the group
algebra C*(I"), which is commutative, and this gives all the results. 4

Summarizing, we have results in the finite case, and in the compact abelian case. With
the remark that the proof in the compact abelian case was quite brief, but this result,
coming as an illustration for more general things to follow, is not crucial for us.

Let us discuss now the construction of the uniform probability measure in general.
This is something quite technical, the idea being that the uniform measure y over G can
be constructed by starting with an arbitrary probability measure v, and setting:

: 1 *k
h=fim D v
Thus, our next task will be that of proving this result. It is convenient, for this
purpose, to work with the integration functionals with respect to the various measures on
G, instead of the measures themselves. Let us begin with the following key result:

PROPOSITION 13.18. Given a unital positive linear form ¢ : C(G) — C, the limit

[ £=tim LSt
® k=1

exists, and for a coefficient of a representation f = (1 ® id)v we have

Afzﬂﬂ

where P is the orthogonal projection onto the 1-eigenspace of (id ® p)v.
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PROOF. By linearity it is enough to prove the first assertion for functions of the
following type, where v is a Peter-Weyl representation, and 7 is a linear form:

f=(r®id)v

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)v:

lim —~ ;so (f) =7(P)
In order to prove this latter formula, observe that we have:

P (f) = (r® ™) =1((id ® ¢™)v)
Let us set M = (id ® go)v. In terms of this matrix, we have:

((id® 90 ZO’Lk+1 = Z Migi, . My, = (Mk)ioik+1

i1... 0k

Thus we have the following formula, for any k € N:
(id @ p*)v = M*
It follows that our Cesaro limit is given by the following formula:

JL%ORZ@ T}%;iw):f@%nzw)

Now since v is unitary we have ||v|| = 1, and so ||M|| < 1. Thus the last Cesaro limit
converges, and equals the orthogonal projection onto the 1-eigenspace of M:

1 n
lim — Y MF=p
LD

Thus our initial Cesaro limit converges as well, to 7(P), as desired. U

The point now is that when the linear form ¢ € C(G)* from the above result is chosen
to be faithful, we obtain the following finer result:

PROPOSITION 13.19. Given a faithful unital linear form ¢ € C(G)*, the limit

Lf—ignson2¢

exists, and is independent of ¢, given on coefficients of representations by

(id@/)v:P

where P is the orthogonal projection onto the space Fix(v {f € <C"|v§ f}
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PROOF. In view of Proposition 13.18, it remains to prove that when ¢ is faithful, the
1-eigenspace of the matrix M = (id ® ¢)v equals the space Fiz(v).
“D” This is clear, and for any ¢, because we have the following implication:
vE=¢§ = ME{=¢
“C” Here we must prove that, when ¢ is faithful, we have:
ME=¢§ = vE=¢

For this purpose, assume that we have M¢ = £, and consider the following function:

-y (e o) (5]

We must prove that we have f = 0. Since v is unitary, we have:
- 1 -1, - 1 -
[ = Z”z‘j%kfjfk - N”Z‘jéjfi - Nvikgifk + m&fz‘
ijk
= Y IGP =D vig& =) un&b+ Y l&P
j ij ik i
= [lElP~ < v &> —<v& &>+ ¢
2(/l]1* = Re(< v€,€ >))
By using now our assumption M¢ = &, we obtain from this:

o(f) = 2¢(|[¢]]> — Re(< v, € >))
= 2(|[¢]]> — Re(< M¢,€ >))

= 2(/IEI1° — lI€lP)
= 0
Now since ¢ is faithful, this gives f = 0, and so v€ = £, as claimed. O

We can now formulate a main result about Haar integration, as follows:

THEOREM 13.20. Any compact group G has a unique Haar integration, which can be
constructed by starting with any faithful positive unital state ¢ € C(G)*, and setting:

1 n
= lim = *k
/G n:r&ongw

Moreover, for any representation v we have the formula

(@'d@/G)v:P

where P is the orthogonal projection onto Fix(v) = {5 € (C”|v§ = f}.
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PROOF. We can prove this from what we have, in several steps, as follows:

(1) Let us first go back to the general context of Proposition 13.18. Since convolving
one more time with ¢ will not change the Cesaro limit appearing there, the functional
fgp € C(G)* constructed there has the following invariance property:

[romer[-]

In the case where ¢ is assumed to be faithful, as in Proposition 13.19, our claim is
that we have the following formula, valid this time for any i) € C(G)*:

/@*wzw*/@:wm/w

Moreover, it is enough to prove this formula on a coefficient of a representation:
f=(T®idwv

(2) In order to do so, consider the following two matrices:

o <¢d®[0>v Q= (ide b

We have then the following two computations, involving these matrices:

([D*w)fz (T@/@@d}) (vrs013) = 7(PQ)
(w*/)f: (T@i/}@/@) (v12013) = T(QP)

Also, regarding the term on the right in our formula in (1), this is given by:
vy [ £ =v@)r(p)
©

We conclude from all this that our claim is equivalent to the following equality:

PQ=QP=41)P
(3) But this latter equality holds indeed, coming from the fact, that we know from
Proposition 13.19, that P = (id ® fsa)v equals the orthogonal projection onto Fiz(v).
Thus, we have proved our claim in (1), namely that the following formula holds:

/w*w:w*/w:wu%

(4) In order to finish now, it is convenient to introduce the following abstract operation,
on the continuous functions f, f : C(G) — C on our group:

A(f@ f)(g@h) = f(g)f'(h)
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With this convention, the formula that we established above can be written as:

w(/P®id)A=¢(id®L)A:¢L(.)l

This formula being true for any ¢» € C(G)*, we can simply delete ¢». We conclude
that the following invariance formula holds indeed, with [, = fso:

()= (s )2~ [

But this is exactly the left and right invariance formula we were looking for.

(5) Finally, in order to prove the uniqueness assertion, assuming that we have two
invariant integrals fG, fé, we have, according to the above invariance formula:

</G®/G/)A: (/G,@)/G)A:/G(-)l:/;(-)l

Thus we have [ o= ) é, and this finishes the proof. (|
Summarizing, we can now integrate over G. As a first application, we have:

THEOREM 13.21. Given a compact group G, we have the following formula, valid for
any unitary group representation v : G — Upy:

/G Yo = dim(Piz(v))

In particular, in the unitary matrix group case, G C, Uy, the moments of the main
character x = x. are given by the following formula:

/ V= dim(Fia(u®))
a
Thus, knowing the law of x is the same as knowing the dimensions on the right.

PrROOF. We have three assertions here, the idea being as follows:

(1) Given a unitary representation v : G — Uy, as in the statement, its character x,
is a coeflicient, so we can use the integration formula for coefficients in Theorem 13.20. If
we denote by P the projection onto Fiz(v), that formula gives, as desired:

[ v = Toee)
= dim(Im(P))

= dim(Fix(v))
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(2) This comes from (1) applied to the Peter-Weyl representations, as follows:

/x’“ = /xﬁ
e G
= /Xu@’k
a

= dim(Fiz(u®"))
(3) This follows from (2), and from the standard fact, which follows from definitions,
that a probability measure is uniquely determined by its moments. U

As a key remark now, the integration formula in Theorem 13.20 allows the computation
for the truncated characters too, because these truncated characters are coefficients as
well. To be more precise, all the probabilistic questions about G, regarding characters,
or truncated characters, or more complicated variables, require a good knowledge of the
integration over (G, and more precisely, of the various polynomial integrals over G:

DEFINITION 13.22. Given a closed subgroup G C Uy, the quantities

I — / oo .. gt dg
a
depending on a colored integer k = ey ...ey, are called polynomial integrals over G.

As a first observation, the knowledge of these integrals is the same as the knowledge of
the integration functional over G. Indeed, since the coordinate functions g — g¢;; separate
the points of G, we can apply the Stone-Weierstrass theorem, and we obtain:

C(G) =< gij >

Thus, by linearity, the computation of any functional f : C(G) — C, and in partic-
ular of the integration functional, reduces to the computation of this functional on the
polynomials of the coordinate functions g — g;; and their conjugates g — g;;.

By using now Peter-Weyl theory, everything reduces to algebra, as follows:

THEOREM 13.23. The Haar integration over a closed subgroup G C, Uy is given on
the dense subalgebra of smooth functions by the Weingarten formula

/ g g dg = S 8a()8s ()Wl )
G T,0€Dy

valid for any colored integer k = eq ... ey and any multi-indices 1, 7, where Dy is a linear
basis of Fiz(u®*), the associated generalized Kronecker symbols are given by

(57((2) =< m,e Q... ®6ik >

and Wy, = G " is the inverse of the Gram matriz, Gy,(7,0) =< m,0 >.
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PrOOF. We know from Peter-Weyl theory that the integrals in the statement form
altogether the orthogonal projection P* onto the following space:

Fiz(u®*) = span(Dy)
Consider now the following linear map, with Dy, = {{;} being as in the statement:
E(z)= ) <u,&>&
weDy

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 = span (T7r

7T€Dk>

But this restriction is precisely the linear map given by the matrix Gy, and so W itself
is the linear map given by the matrix Wy, and this gives the result. U

We will be back to this in chapter 16 below, with some concrete applications.

13d. More Peter-Weyl

In order to further develop now the Peter-Weyl theory, which is something very useful,
we will need the following result, which is of independent interest:

ProproOSITION 13.24. We have a Frobenius type isomorphism
Hom(v,w) ~ Fiz(v® w)
valid for any two representations v, w.
PROOF. According to the definitions, we have the following equivalences:
T € Hom(v,w) <= Tv=uwT
p ZTajvﬁ = ZwabTbi,Va,i
j b

On the other hand, we have as well the following equivalences:
TeFiz(vew) <= @Wew)T =¢
<~ Z UiijbTbj = Tai‘v’a, 7
jb

With these formulae in hand, both inclusions follow from the unitarity of v, w. O

We can now formulate our third Peter-Weyl theorem, as follows:
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THEOREM 13.25 (PW3). The norm dense x-subalgebra
C(G) Cc C(G)
generated by the coefficients of the fundamental representation decomposes as
C(G)= P Maimw(C)
velrr(G)

with the summands being pairwise orthogonal with respect to the scalar product

<a,b >:/ab*
G

where fG 1s the Haar integration over G.

PROOF. By combining the previous two Peter-Weyl results, we deduce that we have
a linear space decomposition as follows:

CG)= Y Co= > Maynw(C)

velrr(G) velrr(G)

Thus, in order to conclude, it is enough to prove that for any two irreducible corepre-
sentations v, w € Irr(A), the corresponding spaces of coefficients are orthogonal:

vobw = C, LC,
But this follows from Theorem 13.20, via Proposition 13.24. Let us set indeed:

*
Piojb = / VijWep
G

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. U
Finally, we have the following result, completing the Peter-Weyl theory:

THEOREM 13.26 (PW4). The characters of irreducible representations belong to

C(G)ecntrar = { ] € CG)|F(gh) = F(hg), Y9, h € G}
called algebra of smooth central functions on G, and form an orthonormal basis of it.

PrRoOOF. We have several things to be proved, the idea being as follows:

(1) 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:va

velrr(G)
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The condition f € C(G)centrar States then that for any v € Irr(G), we must have:
fv S C(G)centr(zl

But this means precisely that the coefficient f, must be a scalar multiple of y,, and
so the characters form a basis of C(G)centrar, as stated.

(2) The fact that we have an orthogonal basis follows from Theorem 13.25.
(3) As for the fact that the characters have norm 1, this follows from:

/GXUXZ = izj/c;viiv;j
1
-2

=1

Here we have used the fact, coming from Theorem 13.25, that the integrals [, vivjy
form the orthogonal projection onto the following vector space:

Fiz(v®v) ~ End(v) = C1
Thus, the proof of our theorem is now complete. O

As a key observation now, complementing Theorem 13.26, 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:

flghg™") = f(h),Yg,h € G

Now the point is that this makes the algebra of central functions something quite
easy to compute, via standard algebra, and this puts us on the right track for computing
Irr(G). Or at least, this is how the theory goes, because there are many tricks too.

As a basic illustration for this method, which clarifies some previous considerations
from chapter 9, in relation with our study there of the finite abelian groups, we have:

THEOREM 13.27. For a finite abelian group G the irreducible representations are all
1-dimensional, equal to their own characters,

xX:G—T
and these characters form the dual discrete abelian group G.
PROOF. This comes indeed from the Peter-Weyl theory, as follows:

(1) Since our group G was assumed to be abelian, any function f : G — C is obviously
central, so the algebra of central functions is C(G) itself:

C(G)centml = C(G)
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(2) Thus the decomposition of C(G) from Theorem 13.25 reduces in this case to
the decomposition of C(G)centrar from Theorem 13.26, and in particular, the irreducible
representations u € Irr(G) must be all 1-dimensional, equal to their own characters y,.

(3) Finally, the last assertion is something that we know well from chapter 9, and

with the extra comment that we have in fact an isomorphism G~ G, coming from the
structure theorem for the finite abelian groups, as explained there.

(4) As a final comment on this, observe that G ~ @, or the structure theorem for
the finite abelian groups, do not come from Peter-Weyl for the abelian groups, whose
conclusions reduce to what is said in the statement. Thus, although Peter-Weyl for the
finite abelian groups does part of the job that we did in chapter 9, this is not everything,
and our arithmetic work there remains something needed, going beyond Peter-Weyl. [

Getting now to the non-abelian case, things here can be quite complicated. For the
simplest non-abelian group that we know, namely S3 = D3, the result is as follows:
THEOREM 13.28. The group S3 = D3 has 3 irreducible representations, namely:

(1) The trivial representation, g — 1.
(2) The signature representation, g — £(g).
(3) The 2D representation uw — 1, with u being the standard 3D representation.

PROOF. We certainly have the representations in (1) and (2), which are obviously
irreducible, and non-equivalent. Now let us look at the 3D representation:

UZ[S?,:D3]CO3CU3

Since this representation appears via the permutation matrices, which sum up to 1 on
each row, we conclude that the all-one vector is fixed by this representation:

1
1| € Fiz(u)
1

Thus, we can consider the following representation, which is 2-dimensional:
v=u—1

And we can stop here, because our group being non-abelian, and of order 6, a quick
look at Theorem 13.25 shows that the decomposition there must come from:

6=1+1+4
Thus, 1,¢,v are indeed the irreducible representations, as stated. Il

Regarding now more complicated groups, with a bit more work the ideas in the above
proof extend to all dihedral groups Dy. As for the symmetric groups Sy, the situation
here is more complicated. We will leave some study and learning here as an exercise
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13e. Exercises

There has been a lot of theory on this chapter, and as exercises, we will have some
more theory, namely an introduction to quantum groups. Let us start with:

EXERCISE 13.29. Given a finite group G, setting A = C(G), prove that the maps
A:A—-ARA , e:A—-C , S: A=A

which are transpose to the multiplication m : G x G — G, unit u : {.} — G and inverse
map i : G — G, are subject to the following conditions,

(e®id)A = (id®e)A =id
m(S ®id)A = m(id ® S)A =¢(.)1
in usual tensor product notation, along with the extra condition S? = id.

This does not look difficult, with the conditions in the statement reminding the usual
group axioms, satisfied by m,u,i. Up to you to prove this now, with full details.

EXERCISE 13.30. Given a finite group H, setting A = C*(H), prove that the maps
A:A—>ARA , €:A—>C , S:A— A%

given by the formulae A(g) = g®g, e(g) = 1, S(g) = g~ ! and linearity, are subject to the
same conditions as above, including the extra condition S* = id.

As before with the previous exercise, this does not look very difficult, with most likely
only some elementary algebraic computations being involved.

EXERCISE 13.31. Let us call finite Hopf algebra a finite dimensional C*-algebra, with
maps as follows, called comultiplication, counit and antipode,

A:A—-ARA |, ¢:A—>C |, S:A— A%

satisfying the conditions found above. Prove that if G, H are finite abelian groups, dual
to each other, we have an isomorphism of finite Hopf algebras as follows:

C(G) = C*(H)
Afterwards, based on this, formally write any finite Hopf algebra as
A=C(G)=C"(H)
and call G, H finite quantum groups, dual to each other.

Here the thing to be done, namely to establish the identification in the statement,
looks like something quite routine, related to many things that we already know. As for
the last part, there is nothing to be done here, just enjoying that definition.



CHAPTER 14

Tannakian duality

14a. Tensor categories

We have seen that the representations of a closed subgroup G C Uy are subject to
a number of non-trivial results, collectively known as Peter-Weyl theory. To be more
precise, the main ideas of Peter-Weyl theory were as follows:

(1) The representations of G split as sums of irreducibles, and the irreducibles can
be found inside the tensor products u®* between the fundamental representation
u: G C Uy and its adjoint @ : G C Uy, called Peter-Weyl representations.

(2) The main problem is therefore that of splitting the various Peter-Weyl represen-
tations u®* into irreducibles. Technically speaking, this leads to the question of
explicitly computing the corresponding fixed point spaces Fiz(u®*).

(3) From a probabilistic perspective, in connection with characters and truncated

characters, which require the explicit knowledge of fG, we are led into the same
fundamental question, namely the computation of the spaces Fiz(u®F).

Summarizing, no matter what we want to do with GG, we must compute the spaces
Fiz(u®*). As a first idea now, it is technically convenient to slightly enlarge the class of
spaces to be computed, by talking about Tannakian categories, as follows:

DEFINITION 14.1. The Tannakian category associated to a closed subgroup G C, Uy
is the collection C = (C(k,l)) of vector spaces

C(k,1) = Hom(u®", u®")

where the representations u®* with k = o e @ o ... colored integer, defined by

u =1, u®=u , ¥ =u

and multiplicativity, u®* = u®* @ u®', are the Peter-Weyl representations.

Here are a few examples of such representations, namely those coming from the colored
integers of length 2, to be often used in what follows:

o

WP =u@u , u®

N

oe Uu®
Xe o ®

W =uou , u®

I
I}
N

321
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As a first observation, the knowledge of the Tannakian category is more or less the
same thing as the knowledge of the fixed point spaces, which appear as:

Fiz(u®*) = C(0, k)

Indeed, these latter spaces fully determine all the spaces C(k, 1), because of the Frobe-
nius isomorphisms, which for the Peter-Weyl representations read:

C(k,l) = Hom(u®", u®)
~ Hom(1,u%* ® u®")
= Hom(1,u®")
= Fiz(u®")
In order to get started now, let us make a summary of what we have so far, regarding

these spaces C(k, 1), coming from the general theory developed in chapter 13. In order to
formulate our result, let us start with an abstract definition, as follows:

DEFINITION 14.2. Let H be a finite dimensional Hilbert space. A tensor category over
H is a collection C' = (C(k,l)) of linear spaces

C(k,1) C L(H®" H?)

satisfying the following conditions:

(1) .7 € C implies ST € C.

(2) If S, T € C are composable, then ST € C.

(3) T € C implies T* € C.

(4) Each C(k, k) contains the identity operator.

(5) C(0,k) with k = oe, eo contain the operator R:1— > . ¢; ® e;.

(6) C(kl,lk) with k,l = o, e contain the flip operator ¥ :a @b — b ® a.

Here the tensor powers H®*, which are Hilbert spaces depending on a colored integer
k=oceeo... aredefined by the following formulae, and multiplicativity:

H®=C |, H®*=H , H*=H~H

With these conventions, we have the following result, summarizing our knowledge on
the subject, coming from the results from the previous chapter:

THEOREM 14.3. For a closed subgroup G C, Uy, the associated Tannakian category
C(k,1) = Hom(u®* u®")
is a tensor category over the Hilbert space H = CV.

PROOF. We know that the fundamental representation u acts on the Hilbert space
H = CV, and that its conjugate @ acts on the Hilbert space H = CV. Now by multi-
plicativity we conclude that any Peter-Weyl representation u®* acts on the Hilbert space
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H®* so that we have embeddings as in Definition 14.2, as follows:
C(k,1) C L(H®* H®Y

Regarding now the fact that the axioms (1-6) in Definition 14.2 are indeed satisfied,
this is something that we basically already know, as follows:

(1,2,3) These results follow from definitions, and were explained in chapter 13.
(4) This is something trivial, coming from definitions.
(5

) This follows from the fact that each element ¢ € G is a unitary, which can be
reformulated as follows, with R: 1 — ). e; ® e; being the map in Definition 14.2:

Re Hom(l,g®g) , Re Hom(l,g® g)

Indeed, given an arbitrary matrix g € My (C), we have the following computation:

(geg)(R1)®1) = (Z €ij @ ep & gijgk;l> <Z €a @ €q & 1)

ijkl a
—%
= g €; D er D Gialq
ika

= Z e e ® (gg*)ik
ik

We conclude from this that we have the following equivalence:
Re Hom(l,g®g) <= gg"'=1
By replacing g with its conjugate matrix g, we have as well:
Re Hom(l,j®g) < gg' =1

Thus, the two intertwining conditions in Definition 14.2 (5) are both equivalent to the
fact that ¢ is unitary, and so these conditions are indeed satisfied, as desired.

(6) This is again something elementary, coming from the fact that the various matrix
coefficients g — ¢;; and their complex conjugates g — g;; commute with each other. To
be more precise, with ¥ : a ® b — b ® a being the flip operator, we have:

(geh)(E®id)(e,®e®@1) = (Z €ij @ ey @ gz‘jhkl> (er @eq® 1)

ijkl

= Z e; @ e @ giphia
ik
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On the other hand, we have as well the following computation:

ERid)(h®g)le,@e®1) = (X®id) (Z eij ® er @ hijgkl> (e ®ep®1)

ijkl
= (X®id) (Z e Qe @ hiagkb)
ik
= Z ex @ €; & hiaGrp
ik
= ) € ®ep ® hiagin
ik
Now since functions commute, g;phre = hragip, this gives the result. O
Quite remarkably, we have the following result, coming from Peter-Weyl:

THEOREM 14.4. Given a compact subgroup G C Uy, we have
G = {g e UN‘Tg@“ — ¢¥IT,Vk, VT € C(k, 1)}
where C' = (C(k,l)) is the associated Tannakian category.

ProoOF. This is something quite standard, the idea being as follows:

(1) Consider the set of matrices constructed in the statement, namely:

G= {g c UN’Tg@f — ¢®'T, Wk, I,VT € C(k, 1)}

Our first claim is that G is a group. Indeed, assuming g, h € é, we have gh € 6’, due
to the following computation, valid for any k,! and any 7' € C(k,1):
T(gh)@)kz — Tg®kh®k
— g®lTh®k
— g®lh®lT
(gn)*'T
Also, we have 1 € é, trivially. Finally, assuming g € é, we have:

T(g ") = (¢ H)g®'T)(g )"
= (¢ H¥Tg® (g~ ")="
= (¢ )T

Thus we have g~! € é, and we conclude that G is a group, as claimed.
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(2) Next, observe that this group G appears as a closed subgroup GcU ~, and also

that we have an inclusion G C G, coming from definitions. Thus, what we have is an
intermediate compact group, as follows, that we want to prove to be equal to G:

GcGcUy

(3) In order to prove this, consider the Tannakian category of G , namely:
5kl = {T € £<H®k, H®l) Tg®k = g®lT, Vg € é}

By functoriality, from G C~é we obtain C' C C. On the other hand, according to the
definition of G, we have C' C C'. Thus, we have the following equality:

Cc=C

(4) Assume now by contradiction that G C G is not an equality. Then, at the level of
algebras of functions, the following quotient map is not an isomorphism either:

O(G) = C(Q)

On the other hand, we know from Peter-Weyl that we have decompositions as follows,
with the sums being over all irreducible unitary representations:

c(G) = @vezrr(é)Mdim”(Q , ClG) = @welrr(G)Mdimw(C)

Now observe that each unitary representation v : G — Uy restricts into a certain

representation v’ : G — Ug. Since the quotient map C(G) — C(G) is not an isomorphism,
we conclude that there is at least one representation v satisfying:

velrm(G) , v é¢lIrr(G)
(5) We are now in position to conclude. By using Peter-Weyl theory again, the above
representation v € Irr(G) appears in a certain tensor power of the fundamental represen-
tation u : G C Uy. Thus, we have inclusions of representations, as follows:

veu® | o e

Now since we know that v is irreducible, and that ¢’ is not, by using one more time
Peter-Weyl theory, we conclude that we have a strict inequality, as follows:

dim(C'(k,k)) = dim(End(u®*))
< dim(End(u'®*)
= dim(C(k, k))

But this contradicts the equality C' = C found in (3), which finishes the proof. O
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Our purpose now will be that of showing that we have a correspondence as follows,
between closed subgroups G C Uy, and Tannakian categories C' = (C(k,1)):

G+ C

This correspondence, known as Tannakian duality, is something quite deep, and very
useful. Indeed, the idea is that what we have here is a useful “linearization” of G,
allowing us to do combinatorics, and ultimately reach to very concrete and powerful
results, regarding G itself. And as a consequence, solve our probability questions left.

Speaking linearization of the closed subgroups G C Uy, we should mention that
another way of doing this is by considering the tangent space at the origin g = T1(G),
called Lie algebra of G. In what follows, we will use instead our Tannakian approach.

Getting started now, we want to construct a correspondence G <> C', and we already
know from Theorem 14.4 how the correspondence G — C' appears, namely via:

C(k,1) = Hom(u®", u®")

Regarding now the construction in the other sense, C' — G, this is something very
simple as well, coming from the following elementary result:

THEOREM 14.5. Given a tensor category C = (C(k,1)) over the space H ~ CN,
G= {g c UN‘Tg‘@k = ¢®'T | Vk,IVT € C(kz,l)}
is a closed subgroup G C Uy.

ProOOF. Consider indeed the closed subset G C Uy constructed in the statement. We
want to prove that G is indeed a group, and the verifications here go as follows:

(1) Given two matrices g, h € G, their product satisfies gh € G, due to the following
computation, valid for any &, and any T' € C(k,[):

T(gh)®* = Tg®kpek
— ook
— g®lh®lT
(gh)*'T
(2) Also, we have 1 € G, trivially. Finally, for g € G and T' € C(k, 1), we have:

T(g ") = (¢ Hg®'T)(g )"
= (¢ HTg® (g~ ")="
= (¢ )T

Thus we have ¢! € G, and so G is a group, as claimed. O
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Summarizing, we have so far precise axioms for the tensor categories C' = (C(k, 1)),
given in Definition 14.2, as well as correspondences as follows:

G—>C , C—>dG

We will show in what follows that these correspondences are inverse to each other. In
order to get started, we first have the following technical result:

THEOREM 14.6. If we denote the correspondences in Theorem 14.4 and 14.5, between
closed subgroups G C Uy and tensor categories C' = (C(k,l)) over H=CY, as

G—>Cq , C—=0Ge
then we have embeddings as follows, for any G and C' respectively,
GCGe, , CCCq
and proving that these correspondences are inverse to each other amounts in proving
Ce, CC
for any tensor category C = (C(k,1)) over the space H = CV.

PROOF. This is something trivial, with the embeddings G C G¢, and C' C Cg,, being
both clear from definitions, and with the last assertion coming from this. O

In order to establish Tannakian duality, and more specifically in order to prove the
embedding Cg, C C appearing above, we will need some abstract constructions.
Following Malacarne [68], let us start with the following elementary fact:

PROPOSITION 14.7. Given a tensor category C' = C((k,l)) over a Hilbert space H,

Ee = @C(k,l) C @B(H®k,H®l) C B (@ H®k)

k.l k.l

is a closed x-subalgebra. Also, inside this algebra,

B = P ¢y P BH™ H) =B | P H™

|k, |1<s |kl,J1l<s |k|<s
15 a finite dimensional x-subalgebra.

ProoF. This is clear indeed from the categorical axioms from Definition 14.2, which,
since satisfied, prove that the various linear spaces in the statement are stable under both
the multiplication operation, and under taking the adjoints. Il

Now back to our reconstruction question, we want to prove C' = Cg,, which is the
same as proving Ec = Ec, . We will use a standard commutant trick, as follows:
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THEOREM 14.8. For any *-algebra A C My (C) we have the equality
A — AII
where prime denotes the commutant, X' = {T € MN((C)|T:U =aT,Vx € X}.

Proor. This is a particular case of von Neumann’s bicommutant theorem, which
follows from the explicit description of A worked out in chapter 13, namely:

A=M, (C)®...® M, (C)

Indeed, the center of each matrix algebra being reduced to the scalars, the commutant
of this algebra is as follows, with each copy of C corresponding to a matrix block:

A=Co®...6C

Now when taking once again the commutant, the computation is trivial, and we obtain
in this way A itself, and this leads to the conclusion in the statement. U

By using now the bicommutant theorem, we have:

THEOREM 14.9. Giwen a Tannakian category C', the following are equivalent:

(1) C = Ce,..
(2) Ec = Ecg,..

(3) Eg) = Eéfc);c, for any s € N.
(4) E(Cf)l = Egc);c, for any s € N.
In addition, the inclusions C, C, C, D are automatically satisfied.
ProoF. This follows from the above results, as follows:
(1) <= (2) This is clear from definitions.

(2) <= (3) This is clear from definitions as well.

(3) <= (4) This comes from the bicommutant theorem. As for the last assertion,
we have indeed C' C Cg,, from Theorem 14.6, and this shows that we have as well:

Eo C ECGC

We therefore obtain by truncating E(CS ) ¢ E(Cs();c, and by taking the commutants, this

gives Eg )5 Egcc. Thus, we are led to the conclusion in the statement. U
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14b. The correspondence

Getting to work now, we would like to prove that we have E(Cs ' ng)r‘/c Let us first
study the commutant on the right. As a first observation, we have:

ProposITION 14.10. We have the following equality,

E(ng = End GB u®*

k|<s

between subalgebras of B (@lkISs H®k>.
PRrROOF. We know that the category Cg is by definition given by:
Ca(k,1) = Hom(u®", u®")
Thus, the corresponding algebra Egc); appears as follows:
ES) = @ Homu®™ w®)c @ BH HY)=B|H
|kl,[l]<s kL[l <s |k|<s
On the other hand, the algebra of intertwiners of P, <, u®* is given by:
End @ u®t | = @ Hom(u®", u®") @ B(H®*, H*"Y = B @ HE*
|k|<s |k, <s klll<s k|<s

Thus we have indeed the same algebra, and we are done. O

We have to compute the commutant of the above algebra. For this purpose, we can
use the following general result, valid for any representation of a compact group:

PROPOSITION 14.11. Given a unitary group representation v : G — U, we have an
algebra representation as follows,

To: C(G)* = Mu(C) o = (p(vi))i

whose image is given by Im(m,) = End(v)'.



330 14. TANNAKIAN DUALITY

PROOF. The first assertion is clear, with the multiplicativity claim for 7, coming from
the following computation, where A : C(G) — C(G) ® C(G) is the comultiplication:

(mo(p* )y = (v @¥)A(vy)
= ZSO(UMW(UM)

— Z(m(@))m(%(¢))kj

k
= (m(@)me(¥));
Let us establish now the equality in the statement, namely:
Im(m,) = End(v)’
Let us first prove the inclusion C. Given ¢ € C(G)* and T € End(v), we have:

m(9), T]=0 = > ova)Tiy =) Tup(v),Vi,j

= ¢ (Z Uz‘kaj> = (Z Tz‘k“@‘) Vi,
k

k
= @((WT)i;) = e((T)i;), Vi, j
But this latter formula is true, because T € End(v) means that we have:
vl =Tv

As for the converse inclusion D, the proof is quite similar. Indeed, by using the
bicommutant theorem, this is the same as proving that we have:

Im(m,)" C End(v)
But, by using the above equivalences, we have the following computation:
T € Im(m,) <= [m(9),T]=0,Vp

= o((vT)y) = e((Tv)y), Yo, i, j

— vI'=Tv
Thus, we have obtained the desired inclusion, and we are done. O
By combining the above results, we obtain the following technical statement:
Im(m,), where v is the following direct sum,
v = @ u®*

[k|<s

and where the algebra representation m, : C(G)* — M,(C) is given by ¢ — (p(vij))i;-

/
- =

THEOREM 14.12. We have Eéf)
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Proor. This follows indeed by combining the above results, and more precisely by
combining Proposition 14.10 and Proposition 14.11. O

We recall that we want to prove that we have Eéf) c Egc);c, for any s € N. And for

this purpose, we must first refine Theorem 14.12, in the case G = G¢.

Generally speaking, in order to prove anything about G¢, we are in need of an explicit
model for this group. In order to construct such a model, let < u;; > be the free x-algebra
over dim(H)? variables, with comultiplication and counit as follows:

A(u”) = Zu,k @ ug; 5(uij) = 5,5
k

Following [68], we can model this x-bialgebra, in the following way:

PrOPOSITION 14.13. Consider the following pair of dual vector spaces,
P-@o() | - @n ()
k k

and let fi;, fi; € F™* be the standard generators of B(H)*, B(H)*.
(1) F™* is a x-algebra, with multiplication ® and involution as follows:
Jij < I3

(2) F* is a x-bialgebra, with x-bialgebra operations as follows:
A(fi) = Zfik ® frj - e(fiy) =0y
k

(3) We have a *-bialgebra isomorphism < w;; >~ F*, given by u;; — fi;.
PROOF. Since F* is spanned by the various tensor products between the variables
Jij> [i5, we have a vector space isomorphism as follows:
< (3 >~ ;o Uy — fij , U,);j — ;;

The corresponding *-bialgebra structure induced on the vector space F™ is then the
one in the statement, and this gives the result. U

Now back to our group G¢, we have the following modeling result for it:
PROPOSITION 14.14. The smooth part of the algebra Ac = C(G¢) is given by
AC ~ F*/J

where J C F* s the ideal coming from the following relations, for any i, j,

Z E1~~~il7p1~~-Pka1j1 ®...® fpkjk = Z Tf]1-~~(1l7j1~~jkfi1‘I1 ®...® fimz

P1,---Pk q1,--,q1

one for each pair of colored integers k,l, and each T € C(k,1).
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PROOF. As a first observation, Ac appears as enveloping C*-algebra of the following
universal *-algebra, where u = (u;;) is regarded as a formal corepresentation:

Ac = ((wy)ger,..v|T € Hom(u®™, u™), Vk,LVT € C(k,1) )

With this observation in hand, the conclusion is that we have a formula as follows,
where [ is the ideal coming from the relations T' € Hom(u®* u®'), with T € C(k,1):

.AC =< U > /[

Now if we denote by J C F* the image of the ideal I via the %-algebra isomorphism
< u;; >~ F* from Proposition 14.16, we obtain an identification as follows:

Ac’iF*/J

With standard multi-index notations, and by assuming now that k,/ € N are usual
integers, for simplifying the presentation, the general case being similar, a relation of type
T € Hom(u®*, u®") inside < u;; > is equivalent to the following conditions:

E 1—;1---1'1,191---1)1@“1)13'1 e Upgg = § : Tq1---Q17j1---jkuiIQ1 e Ugyg

P15--Pk q1,--,q1

Now by recalling that the isomorphism of x-algebras < w;; >— F™* is given by
u;; — fij, and that the multiplication operation of F™* corresponds to the tensor product
operation ®, we conclude that J C F™* is the ideal from the statement. O

With the above result in hand, let us go back to Theorem 14.12. We have:
PROPOSITION 14.15. The linear space Ay is given by the formula
g:{aeﬂT%:amNTeC@@}
and the representation
T Ap = B @ HE*
|k|<s

appears diagonally, by truncating, 7, : a — (ag) k-

Proor. We know from Proposition 14.14 that we have an identification of x-bialgebras
Ac ~ F*/J. But this gives a quotient map, as follows:

F*— Ac
At the dual level, this gives A¢ C F. To be more precise, we have:
Ag:{aezwﬂ@:owfej}
Now since J =< fr >, where fr are the relations in Proposition 14.14, we obtain:

g:{aeFVﬂ@:ONTeC}
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Given T € C(k,1), for an arbitrary element a = (ax), we have:

fr(a) =0
— Z Elmil»plnpk (&k)Plupkajln-jk = Z T‘]lnﬂl,jlu-jk(al)i1-~~ihQI~--QL7Vi’j
P15+ Pk q1s---s qi

= (Tar)iyivjrgr = (@T)iy iy gy s Vis J
<~— Ta=aT

Thus, Af is given by the formula in the statement. It remains to compute ,:

T Ag = B @H®k

|k|<s
With a = (a), we have the following computation:
To(@ircipgroge = (Vi i)
= (fip ®..-® fiz,)(a)
= (ak)il,..ik,jl...jk
Thus, our representation 7, appears diagonally, by truncating, as claimed. U

In order to further advance, consider the following vector spaces:
F,=@B#H™) . Fr= B(H)
k| <s |k|<s
We denote by a — a, the truncation operation F' — F;. We have:
PROPOSITION 14.16. The following hold:

(1) EY c F,.

(2) EL CF.

(3) AL = Et.

(4) Im(m,) = (Eg)s-

PROOF. These results basically follow from what we have, as follows:

(1) We have an inclusion as follows, as a diagonal subalgebra:

F,CB @H@f

k| <s

The commutant of this algebra is then given by:

Fl = {b € Flb= (by), by € C,Vk}
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On the other hand, we know from the identity axiom for the category C that we have
F! C Eg). Thus, our result follows from the bicommutant theorem, as follows:

F/ cES — F,oEY
(2) This follows from (1), by taking inductive limits.

(3) With the present notations, the formula of Af, from Proposition 14.15 reads Af, =
F N E. Now since by (2) we have E/, C F, we obtain from this A}, = E[..

(4) This follows from (3), and from the formula of 7, in Proposition 14.15. 0
Following [68], we can now state and prove our main result, as follows:
THEOREM 14.17. The Tannakian duality constructions
C—Gs , G—Cq
are inverse to each other.

PROOF. According to our various results above, we have to prove that, for any Tan-
nakian category C', and any s € N, we have an inclusion as follows:

E) C (Ep),
By taking duals, this is the same as proving that we have:
{r e Bl = 0f < {1 € £y =0}
In order to do so, we use the following formula, from Proposition 14.16:

* /
C_EC

We know from the above that we have an identification as follows:
Ac =F*/J
We conclude that the ideal J is given by the following formula:
J:{feFﬂm%:o}
Our claim is that we have the following formula, for any s € N:

JnE = {1 e F|f 0 =0}

Indeed, let us denote by X, the spaces on the right. The axioms for C' show that these
spaces are increasing, that their union X = U, X} is an ideal, and that:

X,=XNF*

We must prove that we have J = X, and this can be done as follows:



14C. BRAUER THEOREMS

“C” This follows from the following fact, for any 7" € C(k,[) with |k|, |I| < s:

Gy =0 = ()gr =0
= fTGXs

“D” This follows from our description of J, because from E((JS ) ¢ E¢ we obtain:

f\E(CSV =0 = flg, =0

Summarizing, we have proved our claim. On the other hand, we have:

JNFr = {feF*f|E'C=0}ﬂFS*
= {rer|fin, =0}
= {rer|fim. =0}

Thus, our claim is exactly the inclusion that we wanted to prove, and we are done.

335
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Summarizing, we have proved Tannakian duality. We should mention that there are
many other versions of this duality, and for more on this, we refer to the quantum algebra

literature, where Tannakian duality, in all its forms, is something highly valued.

14c. Brauer theorems

As a basic illustration for the Tannakian correspondence, we will work out now Brauer
theorems for Oy, Uy. These are very classical results, and there are many possible proofs

for them. We will follow here the modern approach from [14]. Let us start with:

DEFINITION 14.18. Given a pairing 71 € Py(k,l) and an integer N € N, we can

construct a linear map between tensor powers of CV,
T7r . (CN>®k — (CN)®I

by the following formula, with ey, ..., ex being the standard basis of CV,

T7T<eil®"'®eik):z§ﬂ'(z-l Z.k)eﬁ@...@ejl

J oo

and with the coefficients on the right being Kronecker type symbols,

(5 %) e

whose values depend on whether the indices fit or not.
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To be more precise here, we put the multi-indices i = (iy,...,4) and j = (ji, ..., i)
on the legs of our pairing 7, in the obvious way. In the case where all strings of 7 join
pairs of equal indices of 4, j, we set d.(%) = 1. Otherwise, we set d.(}) = 0.

The point with the above definition comes from the fact that most of the “familiar”
maps, in the Tannakian context, are of the above form. Here are some examples:

PROPOSITION 14.19. The correspondence m — T, has the following properties:
(2) TU = (ei X €; —» (51])
(3) T = id
(4) Ty = (ea @ ep — € @ €q).

ProOF. We can assume that all legs of 7 are colored o, and then:

(1) We have N € Py(0, 00), so the corresponding linear map is as follows:
T:C—o>CVocCV

The formula of this linear map is then, as claimed:

Th(1) = ) dnli jlei®e;
ij
= Z(Sije,;@ej
ij
= Zei®ei

(2) Here we have U € P(0o, (}), so the corresponding linear map is as follows:
T.:CVeCN¥N = C
The formula of this linear form is then as follows:
Trh(e; ®e;) = 0n(i j) = iy
(3) Consider indeed the “identity” pairing ||...|| € Pa(k, k), with k =oo...00. The
corresponding linear map is then the identity, because we have:

TH~~~H(eil R...& eik) = Z 5||...|| ( ! k) €, R...Q €

— Jio--- Jk
J1--Jk

= D GupGuanen ©-.. O¢,

Ji---Jk

= €i1®‘-'®€ik
(4) For the basic crossing X € P(oco, 00), the corresponding linear map is as follows:
T,:CVeC¥ - CVeCV
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This linear map can be computed as follows:

Ty(e; ®@ej) = Zéx (li: ‘Z) er X e
Kl

= Z dadjrer @ €
kl

= €j®€i

Thus we obtain the flip operator X (a ® b) = b ® a, as claimed.

The relation with the Tannakian categories comes from the following key result:

PROPOSITION 14.20. The assignement m — I}. is categorical, in the sense that

T* — Tﬂ-*

? ™

T Ty =Tio) » TuT, = NTIT},
where c¢(m, o) is the number of circles appearing in the middle, when concatenating.

PROOF. The concatenation axiom follows from the following computation:

(Tr @ Ty)(e ®...Q¢€, Dep, @ ... R ey,)

B i ki ...k
— ZZ‘S”<]’1 i)&,(h ZS)ej1®...®ejq®eh®...®els

J1--Jq li..ls
il ce ]{?1 k’r
= Z Zé[mﬂ <]1 jz Iy ... ls>€j1®“'®€jtZ®ell®"'®els
Ji--Jglids

— ﬂwo’](eil®-..®€ip®€kl®...®€kr)
The composition axiom follows from the following computation:

TWTU(&L‘l ®...Q 61',,)

3 i Ao Ja
CTafs D E el Baeon

J1--Jq k1.
_ Z Nemo) s o Oy 2 %
(7] k ... k Chy &+ & Chy
K1k "

— NC(”’U)T[%(% ®... e,
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Finally, the involution axiom follows from the following computation:
T:(Gjl ®... ejq)
— Z <THejp ®...0¢,),eu®...0€, >e; ®...0¢,

i1..ip

= 571— Z.l Z.p €i1®...®€i
— Juo--- Jg P
11...0p
= Tp(en ®...®¢,)
Summarizing, our correspondence is indeed categorical. U

The above result suggests the following general definition, from [14]:

DEFINITION 14.21. Let Py(k,l) be the set of pairings between an upper colored integer
k, and a lower colored integer [. A collection of subsets

D =| |D(k,1)

k.l

with D(k,1) C Py(k,l) is called a category of pairings when it has the following properties:

(
(1) Stability under the horizontal concatenation, (w,0) — [no].

(2) Stability under vertical concatenation (w, o) — [2], with matching middle symbols.
(3) Stability under the upside-down turning *, with switching of colors, o <> e.

(4) Each set P(k,k) contains the identity partition ||...||.

(5) The sets P((),0e) and P((), ®0) both contain the semicircle N.

(6) The sets P(k, k) with |k| = 2 contain the crossing partition .

Observe the similarity with the axioms for Tannakian categories, from the beginning
of this chapter. We will see in a moment that this similarity can be turned into something
very precise, with the categories of pairings producing Tannakian categories.

As basic examples of such categories, that we have already met in the above, we have
the categories P, Py of pairings, and of matching pairings, with the convention that a
matching pairing must pair o — e on the horizontal, and o — o or e — e on the vertical.
There are many other examples, and we will discuss this gradually, in what follows.

In relation with the compact groups, we have the following result:

THEOREM 14.22. Fach category of pairings, in the above sense,

D = (D(k, 1))
produces a family of compact groups G = (Gy), one for each N € N, via the formula

Hom(u®* u®) = span <T7r T E D(k:,l))

and the Tannakian duality correspondence.
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PRrROOF. Given an integer N € N, consider the correspondence m — T}, constructed in
Definition 14.18, and then the collection of linear spaces in the statement, namely:

Ch = span (T7r T e D(k:,l))

According to Proposition 14.20, and to our axioms for the categories of partitions,
from Definition 14.21, this collection of spaces C' = (C};) satisfies the axioms for the
Tannakian categories, from the beginning of this chapter. Thus the Tannakian duality
result 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. Il
The above result is something fundamental, and suggests formulating;:
DEFINITION 14.23. Assuming that a closed subgroup G C,, Uy has the property

Hom(u®* u®") = span (T7r T E D(k’,l))

for a certain category of pairings D = (D(k,l)), we say that G is easy.

This definition, from [14], is motivated by the fact that, from the point of view of
Tannakian duality, the above groups are indeed the “easiest” possible ones. Of course,
this might sound a bit strange, after all the quite complicated things that we did in
this chapter. But hey, there is a beginning for everything. We will get to know better
Tannakian duality and easiness, and their applications, in what follows, and please believe
me, you will reach too to the conclusion that Definition 14.23 is justified.

As another comment, it is possible to talk about more general easy groups, by using
general categories of partitions, instead of just categories of pairings. We will be back to
all this, with a systematic study of easiness, in chapter 15 below.

As a technical remark now, to be always kept in mind, when dealing with easiness,
the category of pairings producing an easy group is not unique, for instance because at
N =1 all the possible categories of pairings produce the same easy group, namely the
trivial group G = {1}. Thus, some subtleties are going on here. More on this later.

Getting back now to concrete things, the point now is that with the above ingredients
in hand, and as a first application of Tannakian duality, we can establish a useful result,
namely the Brauer theorem for the unitary group Uy. The statement is a follows:

THEOREM 14.24. For the unitary group Uy we have

Hom(u®* u®") = span (T7T T € Pok, l))

where Py denotes as usual the category of all matching pairings.
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PROOF. This is something very old and classical, due to Brauer [17], and in what
follows we will present a simplified proof for it, based on the easiness technology developed
above. Consider the spaces on the right in the statement, namely:

Cu = span (Tw m € Po(k, l))

According to Proposition 14.20 these spaces form a tensor category. Thus, by Tan-
nakian duality, these spaces must come from a certain closed subgroup G C Uy. To be
more precise, if we denote by v the fundamental representation of GG, then:

Cr = Hom(v®* v®")

We must prove that we have G = Uy. For this purpose, let us recall that the unitary
group Uy is defined via the following relations:

1

v=ult , dW=ut

But these relations tell us precisely that the following two operators must be in the

associated Tannakian category C":
T, : wm=10,"0
Thus the associated Tannakian category is C' = span(T,|r € D), with:
D=< /[ 6 N>= Po

oce ) @O

Thus, we are led to the conclusion in the statement. U
Regarding the orthogonal group Oy, we have here a similar result, as follows:

THEOREM 14.25. For the orthogonal group Oy we have

Hom(u®* u®") = span (T7r T € By(k, l)>

where Py denotes as usual the category of all pairings.

PROOF. As before with Theorem 14.24, regarding Uy, this is something very old and
classical, due to Brauer [17], that we can now prove by using the easiness technology
developed above. Consider the spaces on the right in the statement, namely:

Ch1 = span <T7r € Py(k, l))

According to Proposition 14.20 these spaces form a tensor category. Thus, by Tan-
nakian duality, these spaces must come from a certain closed subgroup G C Uy. To be
more precise, if we denote by v the fundamental representation of GG, then:

Crw = Hom/(v®* v®")

We must prove that we have G = Op. For this purpose, let us recall that the orthog-
onal group Oy C Uy is defined by imposing the following relations:
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But these relations tell us precisely that the following two operators must be in the
associated Tannakian category C":

T. : wm=},1
Thus the associated Tannakian category is C' = span(T,|m € D), with:
D =<Py{,l >= P,
Thus, we are led to the conclusion in the statement. ]

We will see later, in chapter 16 below, applications of the above results, to integration
problems over Oy, Uy, by using the Peter-Weyl methods from chapter 13.

14d. Clebsch-Gordan rules

As a last piece of representation theory, we are now in position of dealing, in a quite
conceptual way, with SU; and SO3. Regarding SUs, the result here is as follows:

THEOREM 14.26. The irreducible representations of SUy are all self-adjoint, and can
be labeled by positive integers, with their fusion rules being as follows,

T @1 =Tkt +Tk—t42 + -« + Thpt
called Clebsch-Gordan rules. The corresponding dimensions are dimry = 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:

/ < Cy
SUs

But this is something that we know from chapter 12, obtained by using SU, ~ S
and 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:

/ X = dim(Fiz(u®*))
SUs
= dim (span <T7’r

< |NCy(2k)|

Te N@(%)))
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To be more precise, SUs is not exactly easy, but rather “super-easy”, coming from
a different implementation = — 77 of the pairings, involving some signs. And with this
being proved exactly as the Brauer theorem for Oy, with modifications where needed.

(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 , Tp+Tpo=Tr1071]
Indeed, assume that rg,...,ry_1 are constructed, and let us construct r,. We have:
Tp—1+ Tp—3 = Tg—2 & T
Thus rp_1 C rp_o ® r1, and since rp_» is irreducible, by Frobenius we have:
Th—2 C Tp—1 ® T
We conclude there exists a certain representation r; such that:
T+ Th—2 = Tg—1 T

(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®® = ey + Ch_oTh_o + . ..

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 < Cj, and some straightforward combina-
torics, based on the fusion rules, shows that the number on the left is C) as well:

Ci= Y < dim(Bnd(u™)) = /S RGEL

Thus we have equality in our estimate, so our representation r; is irreducible, and
non-equivalent to ry_o,75_4,... Moreover, this representation 7, is not equivalent to
Tk—1,Tk—3, - - . either, with this coming from r, C u®? for any p, and from:

dim(Fix(u®23+1)) — / X25+1 =0
SUs
(6) Thus, we proved our claim. Now since each irreducible representation of SUj
appears into some u®*, and we know how to decompose each u®* into sums of represen-
tations 7y, these representations r; 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 14.27. The irreducible representations of SOs are all self-adjoint, and can
be labeled by positive integers, with their fusion rules being as follows,

Th @Tp = Tp—i] + V=41 + -+ Thy
also called Clebsch-Gordan rules. The corresponding dimensions are dimry = 2k + 1.

PROOF. As before with SUs, 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 SUs,:

(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 = Cj
SO3

But this is something that we know from chapter 12, coming from Euler-Rodrigues.
Alternatively, 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 7y, of
irreducible, self-adjoint and distinct representations of SOj, satisfying:

ro=1 , m=u—1 |, 7T+ +Th2=1r187m

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:

Th—1,Tk—2 C Tk—1 ® 11
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 SOs. Finally, the dimension formula is clear. U

There are of course many other things that can be said about SU; and SO;. For
instance, with the proof of Theorem 14.26 and Theorem 14.27 done in a purely algebraic
fashion, by using the super-easiness property of SU; and SO3, 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.
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14e. Exercises

With the technology presented above, we can work out a few interesting particular
cases of the Tannakian duality. Let us start with something quite elementary:

EXERCISE 14.28. Check the Brauer theorems for Oy, Uy, which are both of type
Hom(u®* u®") = span (T7r 7 € D(k, l))

for small values of the global length parameter, k +1 € {1,2,3}.

The idea here is to prove these results that we already know directly, by double
inclusion, with the inclusion in one sense being something quite elementary.

EXERCISE 14.29. Write down Brauer theorems for the bistochastic groups
BN - ON s ON C UN
by identifying first the partition which produces them, as subgroups of Oy, U.

This is actually something that will be discussed later on in this book, but without
too much details, so the answer “done in the book” will not do.

EXERCISE 14.30. Look up the original version of Tannakian duality, stating that G
can be recovered from the knowledge of its full category of representations R¢, viewed as
subcategory of the category H of the finite dimensional Hilbert spaces, with each m € Rg
corresponding to its Hilbert space H, € H, and write down a brief account of this.

As already mentioned in the above, the idea is that the group G appears as the group
of endomorphisms of the embedding functor Rg C H. Time to understand this.

EXERCISE 14.31. Look up the Doplicher-Roberts and Deligne theorems, stating that
the compact group G can be in fact recovered from the sole knowledge of the category R,
with no need for the embedding into H, and write down a brief account of this.

This is obviously something more advanced, and the proof is quite tricky.

EXERCISE 14.32. Gwen a closed subgroup G C, Uy, understand and then briefly
explain, in a short piece of writing, why the x-algebras
C(k, k) = End(u®")

form a planar algebra in the sense of Jones, and then comment as well on the various

formulations of Tannakian duality, in the planar algebra setting.

This is actually quite difficult. And as a final, bonus exercise, try learning as well
some Lie algebras, and their relation with the above, and report on what you learned.



CHAPTER 15

Diagrams, easiness

15a. Easy groups

We have seen in the previous chapter that the Tannakian duals of the groups Oy, Uy
are very simple objects. To be more precise, the Brauer theorem for these two groups
states that we have equalities as follows, with D = P, Py respectively:

Hom/(u®* u®) = span <T7r T E D(k,l))

Our goal here will be that of axiomatizing and studying the closed subgroups G C Uy
which are of this type, but with D being allowed to be, more generally, a category of
partitions. Let us start our discussion with the following key definition:

DEFINITION 15.1. Given a partition w € P(k,l) and an integer N € N, we define
T7r . (CN>®k N (CN)®Z

by the following formula, with e, ..., ex being the standard basis of CV,

Tﬂ(6i1®"'®6ik): Zéw(l-l Z.k)€j1®...®€jl

Juo--o
and with the coefficients on the right being Kronecker type symbols.

To be more precise here, in order to compute the Kronecker type symbols 57r(§-) €
{0,1}, we proceed exactly as in the pairing case, namely by putting the multi-indices
i = (i1,...,9) and j = (J1,...,7;) on the legs of m, in the obvious way. In case all the
blocks of 7 contain equal indices of 4, j, we set d-(%) = 1. Otherwise, we set 0-(}) = 0.

With the above notion in hand, we can now formulate the following key definition,
from [14], motivated by the Brauer theorems for Oy, Uy, as indicated before:

DEFINITION 15.2. A closed subgroup G C Uy is called easy when

Hom(u®* u®) = span (T7r TE D(k,l))

for any two colored integers k,l = oeoe ..., for certain sets of partitions
D(k,l) C P(k,l)
where m — T, is the standard implementation of the partitions, as linear maps.

345
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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.

As basic examples, the orthogonal and unitary groups Oy, Uy are both easy, coming
respectively from the following collections of sets of partitions:

Py=| |P(kl) . Pa=||Pa(k,])
k,l k,l

In the general case now, as an important theoretical remark, in the context of Defini-
tion 15.2, consider the following collection of sets of partitions:

D =| | D(k,1)
k,l
This collection of sets D determines (G, but the converse is not true. Indeed, at N =1
for instance, both D = P, Py produce the same easy group, namely G = {1}.

Coming next, again inspired from what we did in chapter 14, let us formulate:

DEFINITION 15.3. 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)

k,l
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 (7, 0) — [2], with matching middle symbols.
) Stability under the upside-down turning %, with switching of colors, o <+ e.
) Each set P(k,k) contains the identity partition ||...||.
) The sets P((), 0e) and P((), o) both contain the semicircle M.

) The sets P(k, k) with |k| = 2 contain the crossing partition .

(1
(2
(3
(4
(5
(6

As before, this is something that we already met in chapter 14, but for the pairings
only. Observe the similarity with the axioms for Tannakian categories, also from chapter
14. 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)yen,
one for each N € N, via the formula in Definition 15.1, and Tannakian duality.

As basic examples, that we have already met in chapter 14, in connection with the
representation theory of Oy, Uy, we have the categories P, P, of pairings, and of matching
pairings. Further basic examples include the categories P, P.,., of all partitions, and of
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.
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The relation with the Tannakian categories comes from the following result:
PROPOSITION 15.4. The assignement ™ — T, is categorical, in the sense that
Tr@T, =Tno) » ToT,=NUTITo | 15 =T
where c(m,0) are certain integers, coming from the erased components in the middle.

Proor. This is something that we already know for the pairings, from chapter 14,
and the proof in general is similar, with the only axiom where some slight changes appear
being the composition one. Here the computation is as follows, as before for pairings,
with ¢(m, o) € N counting the middle components, which are not necessarily circles:

TwTo(eil ®...Q Gip)

B i o g
ST D E Do

J1---Jq ky..kr
_ Z Nemo) s o T
— [7”,] k‘l k? 6k1®...®€kr
ky...kr "
= NC(W’U)ﬂg}(eil ® o .. ® 6117)
Thus, our correspondence is indeed categorical, as claimed. Il

Time now to put everyting together. All the above was pure combinatorics, and in
relation with the compact groups, we have the following result:

THEOREM 15.5. 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

Hom/(u®* u®) = span (T7r T E D(k,l))

and the Tannakian duality correspondence.

PROOF. Given an integer N € N, consider the correspondence m — 7). constructed in
Definition 15.1, and then the collection of linear spaces in the statement, namely:

Ciu = span (T,r T e D(k,l))

According to the formulae in Proposition 15.4, and to our axioms for the categories
of partitions, from Definition 15.3, this collection of spaces C' = (C};) satisfies the axioms
for the Tannakian categories, from chapter 14. Thus the Tannakian duality result there
applies, and provides us with a closed subgroup Gy C Uy such that:

Cru = Hom(u®* u®")
Thus, we are led to the conclusion in the statement. U

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:
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THEOREM 15.6. A closed subgroup G C Uy is easy precisely when

Hom/(u®* u®) = span (Tw T E D(k,l))

for any colored integers k,l, for a certain category of partitions D C P.
Proo¥r. This basically follows from Theorem 15.5, as follows:

(1) In one sense, we know from Theorem 15.5 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 (T7r T E D(k:,l))

But these groups G C Uy are indeed easy, in the sense of Definition 15.2.

(2) In the other sense now, assume that G C Uy is easy, in the sense of Definition
15.2, coming via the above Hom space formula, from a collection of sets as follows:

D =| |D(k,1)

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
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 (T,r T E ﬁ(k’,l))

Thus, our group G C Uy can be viewed as well as coming from 13, and so appearing
as particular case of the construction in Theorem 15.5, and this gives the result. Il

As already mentioned above, Theorem 15.6 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.

The notion of easiness goes back to the results of Brauer in [17] regarding the orthog-
onal group Oy, and the unitary group Uy, which reformulate as follows:
THEOREM 15.7. 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.

PRroOF. This is something that we already know, from chapter 14, based on Tannakian
duality, the idea of the proof being as follows:



15A. EASY GROUPS 349

(1) The group Uy being defined via the relations u* = u=!, u! = @', the associated
Tannakian category is C' = span(T,|r € D), with:
D=< [ 0>=pP,

ce 7’ €0

(2) The group Oy C Uy being defined by imposing the relations w;; = w;;, the
associated Tannakian category is C' = span(T,|m € D), with:

D =< Pz,f,l >= P2
Thus, we are led to the conclusion in the statement. Il

There are many other examples of easy groups, and we will gradually explore this. To
start with, we have the following result, dealing with the groups By, Cy:
THEOREM 15.8. 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 15.7. 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=¢ , uf=¢§

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. : w=},1{
Thus the associated Tannakian category is C' = span(T,|r € D), with:
D =< Py, },} >=Pio
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 =CnN Oy

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:< P127P2 >:P12

Thus, we are led to the conclusion in the statement. U
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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:
THEOREM 15.9. The basic unitary and bistochastic groups,

CN 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:

P12 Py
Pro 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.

15b. 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 15.10. The symmetric group Sy, regarded as group of unitary matrices,
Sy C Oy C Un

via the permutation matrices, is easy, coming from the category of all partitions P.
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PRrROOF. 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) = eq(i)
In order to prove the result, consider the one-block “fork” partition, namely:
@) O
o S
S
o
The linear map associated to p is then given by the following formula:
Tu(ei ® ej) = dyje;
In order to do the computations, we use the following formulae:
u=(ug)y = (wgu)img 5 T = (Oik)ige
By using these formulae, we obtain the following equality:

(T ign = D (T)iim (W™ i jr = i

lm

On the other hand, we have as well the following equality:
(Wl )ige = ) wa(Tugn = g
l

We therefore conclude that we have an equivalence, as follows:
T, € Hom(u®* u) < wjug = dpuqy, Vi, j, k

In other words, the elements wu;; must be projections, which must be pairwise orthog-
onal on the rows of u = (u;;). But this reformulates into the following equality:

C(Sn) = C’(ON)/<TH € Hom(u®2,u)>

According now to our general conventions for easiness, this means that the symmetric
group Sy is easy, coming from the following category of partitions:

D=<py>=P
Thus, we are led to the conclusion in the statement. U
Next, regarding the hyperoctahedral group Hpy, we have the following result:
THEOREM 15.11. The hyperoctahedral group Hy, regarded as group of matrices,

Hy COn C Uy

is easy, coming from the category of partitions with even blocks Pyep,.
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PRrooOF. This follows as usual from Tannakian duality. To be more precise, consider
the following one-block partition x € P(2,2), which looks like a x letter:
@) @)
o S
X = |
N
@) @)
The linear map associated to this partition is then given by:
Tx(ei ® €j) = (51-]-61- ® e;

By using this formula, we have the following computation:

(T\ ®@id)u®*(e, @ ey) = (T, ®id) (Z €ij ® e & Uz‘j“kl) (eq ® €p)
ijkl

= (1), ®id) (Z e Qe & Uz‘aukb>
ik
= Z e; @ €; Q UijgUsp

On the other hand, we have as well the following computation:

u®2(TX &® Zd) (ea ® 65) = (5ab (Z €ij X e X uijukl> (ea &® 6a)

ijkl
= Gap ) € ® e ® Uiglig
ij
We conclude from this that we have the following equivalence:
T, € End(u®?) <= Splliqtip = OaplliaUpa, Vi, k, a,b

But the relations on the right tell us that the entries of u = (u;;) must satisfy o5 =0
on each row and column of u, and so that the corresponding closed subgroup G C Oy
consists of the matrices ¢ € Oy which are permutation-like, with 4+1 nonzero entries.
Thus, the corresponding group is G = Hy, and as a conclusion to this, we have:

C(Hy) = C(ON)/<TX c End(u®2)>

According now to our conventions for easiness, this means that the hyperoctahedral
group Hy is easy, coming from the following category of partitions:

D =< x>= P.yen

Thus, we are led to the conclusion in the statement. U
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Next, regarding the full reflection group Ky, we have the following result:

THEOREM 15.12. The full reflection group Ky = TSy, regarded as subgroup
KN C UN
comes from Poyen, the partitions satisfying #o = #e, weighted equality, in each block.

Proor. We are now dealing with unitary matrices, so we must use colored partitions.
Consider the following partition x € P(ce,e0), that we already met above, uncolored:

O [ J
o
X = |

N
[ J O

Our computations from the previous proof, for the group Hpy, modify into:

(T, ® id)(u @ 1) (eq @ e) = Z e; @ e; @ Uiglisy
(@ u)(Ty ®@id)(eq @ €p) = Ogp Z e ® e ® UjqUpg
ij
We conclude from this that we have the following equivalence:
T, € Hom(u® 4, ®@ u) <= diyliqlip = OgpUiqUka, Vi, k, a,b

But the relations on the right tell us that the entries of u = (u;;) must satisfy o5 =0
on each row and column of u, and as a conclusion to this, we have:

C(Ky) = C(Uy) / <TX € Hom(u® @, ® u)>
Thus the group Ky is easy, coming from the following category of partitions:
D =< X >= Peven
We are therefore led to the conclusion in the statement. U
More generally now, we have in fact the following grand result:

THEOREM 15.13. The complex reflection group HyY, = Z1SN 1s easy, the corresponding
category P® consisting of the partitions satisfying the condition
o =# e (s)
as a weighted sum, in each block. In particular, we have the following results:

(1) Sy s easy, coming from the category P.
(2) Hy = 721 Sy is easy, coming from the cateqory Pryep.
(3) Ky =TSy is easy, coming from the category Peyen-
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PRroOF. This is something coming at s = 1,2, 00 from Theorems 15.10, 15.11 and
15.12, as indicated in (1,2,3), with this to be discussed in a moment, and in general, the
proof is similar. Consider indeed the following partition, with s + 2 legs:

@) @) O O [ ]

Observe that, up to rotation and some discussion regarding the colors, this coincides
with the partitions u, y that we used before at s = 1,2. In general now, we have:

Te=) &
J
Our claim, which will prove the result, is that we have the following formula:
C(HY) = (J(KN)/<T§ € Fiz(u® ' ® a)>
Indeed, by using the above formula of T, we have the following computation:

<u®s+1 ® ﬂ,)(Tg X 1) = Z €, R...Q 6i5+2 X Uy - - uisﬂjﬂi”?]-
ij

= Zei®...®ei®us“ﬂ1~j

ij
ij

- e (T
i J
We conclude that, for a subgroup of Ky, we have the following equivalence:

T; € Fiz(u® ' @ 1) +— Zusﬂﬂj =1
J

i L/

Now the conditions on the right being those defining the subgroup HyY C Ky, we
conclude that we have the equality announced above, namely:

C(HS) = C(Ky) / <TE € Piz(u®* ® a)>

But with this, we can finish the proof of the main assertion. Indeed, it follows that
the group HY; is easy, coming from the following category of partitions:

D =< Pe’uen,é >= P°

Summarizing, theorem proved, and in what regards the particular cases, which gener-
alize what we knew from Theorems 15.10, 15.11 and 15.12, these are as follows:

(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.
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(2) At s = 2 we know that we have HY¥ = Hy. Regarding now the corresponding
category, here the condition #o = # e (2) reformulates as follows:

#o+ 4o =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:

Ho = e
But this is the condition defining Pe.yern, and so P> = Peyep, 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 15.14. 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.

Proor. 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 PQ
Peven P2
Thus, we are led to the conclusion in the statement. Il

Summarizing, most of the groups that we investigated in this book are covered by
the easy group formalism. One exception is the symplectic group Spy, but this group is
covered as well, by a suitable extension of the easy group formalism. See [22].

15c. Basic operations

All the above is quite encouraging, so time now to take easiness very seriously, and
develop some general abstract theory for the easy groups. Let us first discuss some basic
composition operations. We will be mainly interested in the following operations:
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DEFINITION 15.15. 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 15.16. Assuming that we have presentation results as follows,
CH)=C(Uy)/I , CK)=C(Uy)/J
the groups H N K and < H, K > are given by the following formulae,
CHNK)=CWUyn)/ <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. O

In what follows we will need Tannakian formulations of the above two operations. The
result here, coming from the general Tannakian duality result established in chapter 14,
and that we have in fact already used a couple of times in the above, is as follows:

THEOREM 15.17. The intersection and generation operations N and < ,> can be con-
structed via the Tannakian correspondence G — Cg, as follows:

(1) Intersection: defined via Cony =< Cq,Cy >.
(2) Generation: defined via C<g gs = Cec N Ch.

PRrOOF. This follows from Proposition 15.16, 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(Uy) / <T e Hom(u®*, u®)|Vk, VI, VT € Hom(v®k,u®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 15.18. 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.
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PRrROOF. We have indeed the following computation:
Cung = <Cq,Cg >
= < span(Dy), 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 15.19. 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 N Cxk D span(Dy N D)
where {H, K} is the easy group having as category of partitions Dy N Dy.

Proor. This follows from the definition and properties of the generation operation,
explained above, and from the following computation:

Cengs = CpNnCg
= span(Dy) N span(Dk)
D span(Dy N D)
Indeed, by Tannakian duality we obtain from this all the assertions. O
It is not clear when the inclusions in Proposition 15.19 are isomorphisms or not, and
this even under a supplementary N >> 0 assumption. Technically speaking, the problem
comes from the fact that the operation 7 — 7T, 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 chapter 16 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 15.20. The intersection and easy generation operations N and {,} can be
constructed via the Tannakian correspondence G — Dg, as follows:

(1) Intersection: defined via Dgny =< 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 15.18.

(2) This is more of an empty statement, coming from Proposition 15.19. O
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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 15.14, as follows:

THEOREM 15.21. 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.

Proor. We know from Theorem 15.14 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 15.20, this reformulates into the fact that the corresponding diagram of
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 group theory book [8].

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:

GcGcUy

With this notion in hand, Proposition 15.19 can be refined into a result stating that
given two easy groups H, K, we have inclusions as follows:

<H K>C<HK>C{H K}

In order to discuss all this, let us start with the following definition:
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DEFINITION 15.22. A closed subgroup G C Uy is called homogeneous when
Sy CGCUy
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 15.23. The homogeneous groups Sy C G C Uy are in one-to-one corre-
spondence with the intermediate tensor categories

span <T7r

T e 772> C C' C span (Tw

WEP)

where P is the category of all partitions, Po is the category of the matching pairings, and
m — Ty is the standard implementation of partitions, as linear maps.

Proor. This follows from Tannakian duality, and from the Brauer type results for
Sy, Un. 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«Q::0@@0/<T%;Hmn@®hu@)meVTe(ka»

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 15.23, 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 15.24. Given a homogeneous group Sy C G C Uy, with associated
Tannakian category C' = (C(k,1)), the sets

D%hwz{wep@@

ﬂeO@ﬁ}

form a category of partitions, in the sense of Definition 15.5.

ProOF. 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;:
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Together with the fact that C' is a tensor category, we deduce from these formulae
that we have the following implication:

r,oe D! —= T, T,cC
- T.T,C
= Tpe€C
= [ro] € D!
On the other hand, we have as well the following implication:
roeD! = T, T,eC
- T, T,eC
= TIgedl
= [7]e D!
Finally, we have as well the following implication:
reD! —= T,.eC
== 1redC
— T.ec(C
= €D
Thus D! is indeed a category of partitions, as claimed. U

We can further refine the above observation, in the following way:

PROPOSITION 15.25. 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.

Proor. All this is elementary, the proofs being as follows:

(1) We know that the Tannakian category of G! is given by:
C}, = span (T,r

© e DY(k, l))
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:
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DEFINITION 15.26. 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

DY(k, 1) = {7? e P(k,1)|T, € O(k, l)}

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 12, 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:

PROPOSITION 15.27. 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:

Cesy> =CcNCsy
We conclude from this that for any m € P(k,[) we have:
T. € C<G,SN>(k57l) — T, € C(;(k‘, 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 15.28. Given a compact group Sy C G C Uy, and an integer p € N, we
construct the family of linear spaces

EP(k,1) = {me +.. .40, T, €Ck Do eCm 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 15.25. Thus the group G*' constructed
above coincides with the “easy envelope” of G, from Definition 15.26.
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In the general case, p € N, the family EP = (E?(k,[)) 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 15.28 is often something quite complicated,
and it is convenient to use the following observation:

PROPOSITION 15.29. The category CP constructed above is generated by the spaces
W@:{mﬂﬁmnﬂwheOmmeCmeP@}
where C(1) = C(0,1), P(l) = P(0,1), with | ranging over the colored integers.

Proor. We use the well-known fact, that we know from chapter 13, 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(kl)

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,l). According to the
above definition of the spaces EP(k,[), this induces an isomorphism as follows:

EP(k,1) ~ EP(KI)

We deduce from this that for any partitions m,...,m, € C(k,[), having rotated ver-
sions py, ..., pp, € C(kl), and for any scalars g, ..., q, € C, we have:

i Try + ...+ Ty, € Clk,1) <= anTp + ...+ 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 15.30. Given a compact group Sy C G C Uy, the compact groups GP
constructed above form a decreasing family, whose intersection is G:

G= ("
peN

Moreover, G is easy when this decreasing limit is stationary, G = G*.
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PROOF. By definition of E?(k,1), and by using Proposition 15.29, 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
peEN
At the compact group level now, we obtain the decreasing intersection in the statement.
Finally, the last assertion is clear from Proposition 15.29. U

As a main consequence of the above results, we can now formulate:
DEFINITION 15.31. We say that a homogeneous compact group
Sy C G CUn
15 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 group theory book [8].

15d. Classification results

Let us go back now to plain easiness, and discuss some classification results, following
the old paper [14], and then the more recent paper of Tarrago-Weber [84]. In order to
cut from the complexity, we must impose an extra axiom, and we will use here:

THEOREM 15.32. For an easy group G = (Gy), coming from a category of partitions
D C P, the following conditions are equivalent:

(1) Gny-1 = Gy N Un_1, via the embedding Uyx_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.
PrROOF. We use the general easiness theory explained above, as follows:

(1) <= (2) This is something standard, coming from the inclusion Sy C Gy, 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®),V¥a' € P(K),n' C =
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In order to prove this, we must study the condition on the left. We have:
&n € Fi1?<v®k) — (v®k€ﬂ')i1...ik = (§x)iy.ip, Vi
= Z ®k z'1 AksJ1--Jk (gﬂ)jlmjk = (£7r>i1mik7Vi

< 2(5 jl,...,]k U“Jl...vik]‘k:(57r(7:1,...,ik),v7;

Now let us recall that our representatlon 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 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:

Z(S ]1,...,jk ( /)Z/j/:(sﬂ(il,...,ik),V’i

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 ¢, as follows:

Case 1. Assume that the index set {a|i, = N} corresponds to a certain subpartition
7' C 7. In this case, the N values will not matter, and our formula becomes:

25 ]1""7jk/ ( /)1/]‘/:671-(2./1,...77;2:/)

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 & € Fiz(v®), for any subpartition 7’ C 7, as claimed.
Now with this claim in hand, the result follows from Tannakian duality. U
We can now formulate a first classification result, as follows:
THEOREM 15.33. The uniform orthogonal easy groups are as follows,
By On

SN Hy

and this diagram is an intersection and easy generation diagram.
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ProoOF. We know that the various orthogonal 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 groups, as stated. Regarding 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:
PBCDCP

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. Following [14], our claim is that the admissible sets are as follows:

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:

klel k>l = k—lel
kel k>2 — 2%k—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:

oo JM T
E7Y12 ..k



366 15. DIAGRAMS, EASINESS

For k > [, we can write by_; in the following way:

I
po_ 12 11+l Lk
T w oo |

In other words, we have the following formula:
ey = (b @ |** )by,

Since all the terms of this composition are in P, 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 {l,2,00}
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¢lL

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:
2pel = 4p—-2¢€L
= 4p—-2<2p
= pe€{l,o0}

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 Zs, that can be added, while keeping the easiness
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property still true. To be more precise, in the real case, as explained in [14], we have
exactly 6 solutions, which are as follows, with the convention Gy = Gy X Zs:

BN Bf]\f ON

Sy St Hy

In the unitary case now, the classification is quite similar, but more complicated, as
explained in the paper of Tarrago-Weber [84]. In particular we have:

THEOREM 15.34. The uniform easy groups which are purely unitary, in the sense that
they appear as complexifications of real easy groups, are as follows,

ON UN

SN

Ky
and this diagram is an intersection and easy generation diagram.

ProoOF. We know from the above that the groups in the statement are indeed easy
and uniform, the corresponding categories of partitions being as follows:

PlQ

P

P

Peven

Since this latter diagram is an intersection and generation diagram, we conclude that
we have an intersection and easy generation diagram of groups, as stated. As for the
uniqueness result, the proof here is similar to the proof from the real case, from Theorem
15.33, by examining the possible sizes of the blocks of the partitions in the category, and
doing some direct combinatorics. For details here, we refer to Tarrago-Weber [84]. u

Finally, let us mention that the easy quantum group formalism can be extended into
a “super-easy” group formalism, covering as well the symplectic group Spy. This is
something a bit technical, and we refer here to the paper of Collins-Sniady [22].
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15e. Exercises
In relation with the notion of easy envelope, we have the following exercise:
EXERCISE 15.35. Compute the easy envelope of general complex reflection groups
H = {U e H3|(OUy = 1}

with the symbol [0 denoting, as usual, the product of nonzero entries.

This is something which does not look very difficult, and you have the choice here,
either by using combinatorics, or the universality property of the easy envelope.

EXERCISE 15.36. Work out the super-easiness property of the symplectic group
Spn C Uy
defined for N € N even, then try as well the groups SUs and SOs.

This is actually a quite difficult exercise. Many things to be done here.

EXERCISE 15.37. Prove that when lifting the uniformity assumption, the groups
BN B;\f ON

Sn S Hy
with the convention G\ = G X Zgy, are the only easy real groups.
This is something quite standard, briefly discussed in the above.

EXERCISE 15.38. Prove that the uniform, purely unitary easy groups are
CN UN

Sn Ky

with a suitable definition for the notion of pure unitarity.

As before, this is something quite standard, briefly discussed in the above, the idea
being that of adapting the proof of the classification from the real uniform case.



CHAPTER 16

Weingarten calculus

16a. Weingarten formula

Time now to put everything together. We will discuss here applications of the theory
developed above, to the computation of the laws of characters, and truncated characters,
as to solve the various questions left open in Part III, for the continuous groups. Generally
speaking, all these questions require a good knowledge of the integration over G, and more
precisely, of the various polynomial integrals over GG, defined as follows:

DEFINITION 16.1. Given a closed subgroup G C Uy, the quantities

Ik - / gl'e1lj1' gluk dg
G

depending on a colored integer k = ey .. .ey, are called polynomial integrals over G.

As a first observation, the knowledge of these integrals is the same as the full knowledge
of the integration functional over G. Indeed, since the coordinate functions g — g;;
separate the points of G, we can apply the Stone-Weierstrass theorem, and we obtain:

C(G) =< gij >

Thus, by linearity, the computation of any functional f : C(G) — C, and in partic-
ular of the integration functional, reduces to the computation of this functional on the
polynomials of the coordinate functions g — g;; and their conjugates g — g;.

The point now is that, by using Peter-Weyl, everything reduces to linear algebra, and
more specifically to a matrix inversion question, due to the following result:

THEOREM 16.2. The Haar integration over a closed subgroup G C Uy is given on the
dense subalgebra of smooth functions by the Weingarten type formula

/ glljl ° glk]k dg = Z 5 Wk(ﬂ— O-)
7,0€ Dy

valid for any colored integer k = ey ... e, and any multi-indices i, j, where Dy is a linear
basis of Fiz(u®*), the associated generalized Kronecker symbols are given by

0r(i) =<m e, ®...Qe, >
and Wy, = G " is the inverse of the Gram matriz, Gy,(7,0) =< m,0 >.

369
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PRrROOF. This is something that we know from chapter 13, the idea being that the
above integrals form altogether the orthogonal projection P* onto the following space:
Fiz(u®*) = span(Dy)
Consider now the following linear map, with Dy = {{} being as in the statement:

=) <r&>6

weDy

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:

Kzspan( WWEDk)

But this restriction is the linear map given by the matrix Gy, and so W is the linear
map given by the inverse matrix W, = G,;l, and this gives the result. Il

In the easy case now, we have the following more precise result:

THEOREM 16.3. For an easy group G C Uy, coming from a category of partitions
D = (D(k,1)), we have the Weingarten integration formula

€1 _
/um.1 .. 'Lk]k = Z 0 ( () Win(m,0)
G m,oeD(k)

for any multi-indices i,j and any exponent k = ey ...ex, where D(k) = D(0,k), the 6
numbers are the usual Kronecker type symbols, and Wiy = G,;ﬁ,, with

Gin(m, o) = NI™vel
where |.| is the number of blocks.

PROOF. We use the abstract Weingarten formula, from Theorem 16.2. According to
our easiness conventions, the Kronecker symbols are given by:

5, (i) = <&rey®...Qe, >

= <Z(5 (J1, - Jn)ejs @ .. ®ejk,e“®...®eik>

= 0x(i1,...,0)
The Gram matrix being as well the correct one, we obtain the result. U

Generally speaking, the above result is something quite powerful, because the main
computation there, that of the inverse matrix Wiy = G;&,, can be run on an ordinary
laptop, after implementing the formula of the Gram matrix, namely Gy (7, o) = N7Vl
which is something quite easy to do. Thus, you can prove theorems about integrals over
easy groups just by smoking cigars, and letting your computer do the work.
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Let us also mention that there is a long story behind the above results. Generally
speaking, such things have been known since ever, and more precisely, since the old work
of Weyl [94] and Brauer [17]. However, in what regards the applications of the Weingarten
formula, to various questions in mathematics or physics, and the interest in this formula
in general, things here have evolved over the time with several ups and lows:

(1) In modern times, this formula has been quite popular among physicists since the
1978 paper of Weingarten [92], who was motivated by physics, and among mathemati-
cians, since the 2003 paper of Collins [19], who was motivated by physics too.

(2) A key step was the 2006 paper of Collins-Sniady [22], with this formula clearly
explained, for the unitary, orthogonal, and symplectic groups as well, and made ready to
use, for everyone willing to do so, be them mathematicians or physicists.

(3) This technology has always been something rival to the Lie algebra theory, and a
further increase in popularity came from the series of papers [9], [10], [11], [14], extending
this formula to the quantum group setting, where no Lie theory is available.

(4) Finally, at the level of the applications, there are many of them, but probably
the most popular ones, in recent times, came from quantum information theory work of
Collins-Nechita, [21] and subsequent papers, heavily relying on this formula.

Back to work now, as a first illustration for Theorem 16.3, let us discuss the computa-
tion of the Weingarten function for Sy. For this purpose, we can use the following result,
which actually shows that the Weingarten formula is not really needed for Sy:

THEOREM 16.4. Consider the symmetric group Sy C Oy, with coordinates given by:
9ij = X <U € SN‘U(j) = Z)

The products of these coordinates span then the algebra of functions C(Sy), and the
arbitrary integrals over Sy are given, modulo linearity, by the formula

/ i Goin = W if keri = kerj
sy T 0 otherwise

where ker i denotes as usual the partition of {1,. .., k} whose blocks collect the equal indices
of i, and where |.| denotes the number of blocks.

ProoOF. This is something that we know from chapter 11, the idea being that, ac-
cording to the formula of the coordinates g;;, the polynomial integrals are given by:

1 . ) ) .
/ Girjr - - Jipjn = ﬁ# {0 € SN‘U(jl) =i1,...,0(jk) = zk}
SN )



372 16. WEINGARTEN CALCULUS

Now observe that the existence of o € Sy as above requires:
im = in = jm = Jn
Thus, the above integral vanishes when the following happens:
ker ¢ # ker j
Regarding now the case keri = ker j, if we denote by b € {1,...,k} the number of

blocks of this partition keri = ker j, we have N — b points to be sent bijectively to N — b

points, and so (N — b)! solutions, and the integral is (NJ\?!b)!, as claimed. U

The above result shows that the integration over Sy is something quite trivial, and no
surprise here, and so that the computation of the Weingarten function should be something
quite trivial too. In practice now, in order to compute the Weingarten function for Sy,
by using the above result, we will need some combinatorics, and more specifically the
Mobius inversion formula. Let us begin with some standard definitions, as follows:

DEFINITION 16.5. Let P(k) be the set of partitions of {1,...,k}, and let 7,0 € P(k).

(1) We write m < o if each block of 7 is contained in a block of o.
(2) We let 7V o € P(k) be the partition obtained by superposing 7, o.

As an illustration here, at k = 2 we have P(2) = {||,M}, and we have:
| <
Also, at k = 3 we have P(3) = {|[||,M],]1, 1,7}, and the order relation is as follows:
<, fm <
Observe also that we have the following inequalities:
m,o<mVo

In fact, the partition w V ¢ is by construction the smallest possible one with this
property. Due to this fact, this partition 7 V ¢ is called supremum of 7, o.

We can now introduce the Mobius function, as follows:

DEFINITION 16.6. The Modbius function of any lattice, and so of P, is given by

1 itr=o0
o) =< =3 o u(mT) ifmr<o
0 ifrLo

with the construction being performed by recurrence.
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As an illustration here, let us go back to the set of 2-point partitions, P(2) = {||,M}.
We have here, by definition of the Mcbius function:

ulll 1) = p(m,m) =1

Also, we know that we have || < M, with no intermediate partition in between, and so
the above recurrence procedure gives the following formulae:

pdl, 1) = —p(l, 1)) = -1

Finally, we have M £ ||, and so p(M,||) = 0. Thus, as a conclusion, the M6bius matrix
Mo = p(m, o) of the lattice P(2) = {||,M} is as follows:

1 -1
u=(o )
The interest in the Mobius function comes from the Mobius inversion formulas:

flo) =Y g(x) = glo) = u(m a)f(m)

<o <o

In linear algebra terms, the statement and proof of this formula are as follows:

THEOREM 16.7. The inverse of the adjacency matrixz of P, given by

A = 1 ?fwga
0 ifrLo

is the Mdébius matriz of P, given by My, = p(mw, o).

PRrooOF. This is well-known, coming for instance from the fact that A is upper trian-
gular. Indeed, when inverting, we are led into the recurrence from Definition 16.6. U

As a first illustration, for P(2) the formula M = A~! appears as follows:
1 -1\ (1 1\
0 1) \01

Also, for P(3) = {|], M|, M, M, M} the formula M = A~! reads:

-1

1 -1 -1 -1 2 11111
o1 0 0 -1 01001
o 0 1 0 —-1]=1001P901
o 0 0 1 -1 00011
0O 0 0 0 1 0 00O01

With the above results in hand, we can now compute the Weingarten function of Sy,
and also find a precise estimate for it, as follows:
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THEOREM 16.8. For Sy the Weingarten function is given by
(N —|7])!
WkN(,/ra 0_) = Z M(Ta W)M(Ta U)T

T<TAC

and satisfies the folowing estimate,
Win(m,0) = N (u(x Ao, m)u(n Ao,o) + O(NY)
with p being the Mdébius function of P(k).
PRrROOF. The first assertion follows from the Weingarten formula, namely:
/ Uiyt =S :(0)0,() Wi (7, 0)
SN m,0eP(k)

Indeed, in this formula the integrals on the left are known, from the explicit integration
formula over Sy that we established above, namely:

[ e = Ol i Kerd =er j
Sy T 0 otherwise

But this allows the computation of the right term, via the Mébius inversion formula,
explained above. As for the second assertion, this follows from the first one. See [13]. O

As an illustration, let us record the formulae at k = 2,3. At k = 2, with indices ||, M,
and with the convention that &~ means componentwise dominant term, we have:

N—2 _N—2
Won =~ (_N—Q N-1 )
At k = 3 now, with indices |||, |7, 1|, 11T, and same meaning for ~, we have:

N3 —-N3 —_N3 —_N3 2N3
-N3 N2 N3 N3 N2
Way=~ | -N3 N3 N2 N3 —_N?
-N3 N3 N3 N2 —-N?
2N3 —-N2 —-N2 —_N2 NI

We will be back to all this later, with results about the orthogonal group Oy and
about some other easy groups as well, where the Weingarten function is in general not
explicitly computable, but where some useful estimates are still possible.
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16b. Laws of characters

As a first concrete application of the above, let us discuss now the computation of the
asymptotic laws of truncated characters. We have the following result, to start with:

THEOREM 16.9. Assuming that G C Uy is easy, coming from a category of partitions
D = (D(k,1))

the moments of the main character are given by the formula
/ * = dim (span (fﬂ-|7T € D(k)) )
a

where D(k) = D(0,k), and where for m € D(k) we use the notation &, = T.

PrOOF. We recall that for an easy group G C Uy, coming from a category of partitions
D = (D(k,1)), we have by definition equalities as follows:

Hom(u®* u®) = span <T7r T E D(k,l))

By interchanging %k <+ [ in this formula, and then setting [ = (), we obtain:
Fiz(u®*) = span (&r e D(k))

Now since by the Peter-Weyl theory integrating a character amounts in counting the
fixed points, we are led to the conclusion in the statement. U

In order to investigate the linear independence questions for the vectors &,, we will
use the Gram matrix of these vectors. We have the following result, to start with:

PROPOSITION 16.10. The Gram matriz Gy (7, 0) =< &,,&, > is given by
GkN<7T, O') = Nlﬂ-vg‘
where |.| is the number of blocks.

PROOF. According to the formula of the vectors &,, we have:

<& > = Y balin, k)0, (i, k)

01...0k

— Z 57r\/0(i17 o ,ik)

i1

— N|7r\/a|
Thus, we have obtained the formula in the statement. U

Next in line, we have the following key result:
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ProOPOSITION 16.11. The Gram matriz is given by Gxny = AL, where

L(r.o) = N(N—-1)...(N—|n|+1) ifo<m
0 otherwise

and where A = M~ is the adjacency matriz of P(k).

PRrROOF. We have indeed the following computation:
Nlmvel = #{il,...,ike{1,...,N}’kerz’27r\/a}
= Z#{il,...,ike{1,...,N}‘keri=7}

T>mNo

= Y N(N-1)...(N-|r|+1)

T>1mNVo

According to Proposition 16.10 and to the definition of A, L, this formula reads:

(Gk)N)ﬂO' - ZLTO'

T>T

= Z Aﬂ'TL’TO'
= (AL)o
Thus, we obtain in this way the formula in the statement. O

As an illustration for the above result, at k = 2 we have P(2) = {||,M}, and the above
formula Gy = AL appears as follows:

N? N\ (1 1\ (N*-N 0
N NJ) \0 1 N N
At k = 3 now, we have P(3) = {|||,N],11,|M, M1}, and the Gram matrix is:

N3 N2 N2 N2 N
N2 N> N N N
Gs=|N> N N2 N N
N2 N N N2 N
N N N N N

Regarding L3, this can be computed by writing down the matrix E5(m, o) = dy<x|7],
and then replacing each entry by the corresponding polynomial in N. We reach to the
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conclusion that the product AsLs is as follows, producing the above matrix Gj:

11111 N3 —3N? 42N 0 0 0 0
01001 N2 - N N2 - N 0 0 0
AsL; =0 0 1 0 1 N?—-N 0 N2 - N 0 0
000T1°1 N2 - N 0 0 N2—N 0
00001 N N N N N

In general, the formula G}, = AL, appears a bit in the same way, with A; being
binary and upper triangular, and with L, depending on N, and being lower triangular.

With the above result in hand, we can now investigate the linear independence prop-
erties of the vectors £,;. We have here the following result of Lindstém [67]:

THEOREM 16.12. The determinant of the Gram matriz Gyy is given by

N!
det(GkN): H m

weP (k)
and in particular, for N >k, the vectors {&:|m € P(k)} are linearly independent.

PROOF. According to the formula in Proposition 16.11, we have:
det(Gry) = det(A) det(L)

Now if we order P(k) as above, with respect to the number of blocks, and then
lexicographically, we see that the matrix A is upper triangular, and that L is lower
triangular. Thus det(A) can be computed simply by making the product on the diagonal,
and we obtain 1. As for det(L), this can computed as well by making the product on the
diagonal, and we obtain the number in the statement, with the technical remark that in
the case N < k the convention is that we obtain a vanishing determinant. U

Now back to the laws of characters, we can formulate:

THEOREM 16.13. 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.

Proor. This follows indeed from the general formula from Theorem 16.9, by using
the linear independence result from Theorem 16.12. U

Our next purpose will be that of understanding what happens for the basic classes of
easy groups. We have here the following result, to start with:
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THEOREM 16.14. In the N — oo limit, the law of the main character

N
Xu = Zuzz
i=1

for the orthogonal and unitary groups is as follows:
(1) For Oy we obtain a real Gaussian law g .

(2) For Uy we obtain a complex Gaussian law G;.

PROOF. These results follow indeed from the general formula in Theorem 16.13, by
using the knowledge of the associated categories of partitions, as follows:

(1) For Oy the associated category of partitions is P», so the asymptotic moments of
the main character are as follows, with the convention k!'! = 0 when k is odd:

My, = #Py(k) = k!l
Thus, we obtain the real Gaussian law, as stated.

(2) For Uy the associated category of partitions is Ps, so the asymptotic moments of
the main character, with respect to the colored integers, are as follows:

My, = #Ps(k)
Thus, we obtain the complex Gaussian law, as stated. U

More generally now, we have the following result:

THEOREM 16.15. With N — oo, the laws of main character is as follows:

(1) For On we obtain the Gaussian law g.

(2) For Uy we obtain the complex Gaussian law GY.
(3) For Sy we obtain the Poisson law p .

(4) For Hy we obtain the Bessel law b,.

(5) For Hj; we obtain the generalized Bessel law b5.
(6) For Ky we obtain the complex Bessel law By .

Also, for By,Cy and for Spy we obtain modified Gaussian laws.

Proor. We already know the results for Oy and for Uy, from Theorem 16.14. In
general, the proof is similar, by counting the partitions in the associated category of
partitions, and then doing some calculus, based on the various moment results for the
laws in the statement, coming from the general theory developed in the above. All this is
of course a bit technical, and for details we refer to [9], [22] and related papers. O
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16c. Truncated characters

In order to fully solve the various questions left open in Part III, we still have to
discuss now the more advanced question of computing the laws of truncated characters.
First, we have the following formula, in the general easy group setting:

PROPOSITION 16.16. The moments of truncated characters are given by the formula
/ (911 + ...+ gss)k = TT(WkNGks)
G

where Gy and Wyn = G,;ﬁ, are the associated Gram and Weingarten matrices.

Proor. We have indeed the following computation:

/G(911+...+gss)k = Z"'Z/Ggilil"‘gikik

i1=1  ip=1

= Z WkN(W7U)Z...Z(5W(i)5g<i)

moeD(k) 11=1 =1
= Z Win (7, 0)Gys(o, )
moeD(k)
= Tr(WinGps)
Thus, we have obtained the formula in the statement. Il

In order to process now the above formula, and reach to concrete results, we can
impose the uniformity condition from chapter 15, originally used there for some technical
classification purposes. Let us recall indeed from there that we have:

DEFINITION 16.17. An easy group G = (Gx), coming from a category of partitions
D C P, s called uniform if it satisfies the following equivalent conditions:

(1) Gn_o1 = 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 Uy
(3) D is stable under the operation which consists in removing blocks.

Here the equivalence between the above three conditions is something standard, ob-
tained by doing some combinatorics, and this was discussed in chapter 15. We refer as
well to chapter 15 for examples and counterexamples of such groups, the idea here being
that the most familiar easy groups G = (Gy) that we know are indeed uniform.

In what follows we will be mostly interested in the condition (3) above, which makes
the link with our computations for truncated characters, and simplifies them. To be more
precise, by imposing the uniformity condition we obtain:
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THEOREM 16.18. For a uniform easy group G = (Gy), we have the formula
lim XF = Z Il
N=eeJay reD(k)

with D C P being the associated category of partitions.

PrROOF. We use the general moment formula from Proposition 16.16, namely:

/ (911 +...+ gss)k - TT(Wk;NGks)
G

By setting s = [tN], with ¢ > 0 being a given parameter, this formula becomes:

/ Xi = Tr(WinGrpn)
GnN

The point now is that in the uniform case the Gram and Weingarten matrices are
asymptotically diagonal, and this leads to the formula in the statement. See [11]. U

We can now improve our character results, as follows:

THEOREM 16.19. With N — oo, the laws of truncated characters are as follows:

(1) For On we obtain the Gaussian law g;.

(2) For Uy we obtain the complex Gaussian law Gy.
(3) For Sy we obtain the Poisson law p;.

(4) For Hy we obtain the Bessel law by.

(5) For Hj; we obtain the generalized Bessel law bs.
(6) For Ky we obtain the complex Bessel law B.

Also, for By,Cy and for Spy we obtain modified normal laws.

PRrROOF. We use the formula that we found in Theorem 16.18, namely:
li k= Il
dm o 2
meD(k)
By doing now some combinatorics, for instance in relation with the cumulants, this

gives the results. We refer here to [11] and various related papers. O

All the above is quite interesting in relation with questions from theoretical probability.
Let us recall indeed that we have 4 main limiting results in probability, namely real and
complex, and discrete and continuous, which are as follows:

CPLT¢ CCLT

CPLTy —CLT
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We also know from chapter 12 that the limiting laws in these main limiting theorems
are the real and complex Gaussian and Bessel laws, which are as follows:

B, ——G,

bp ————

Moreover, we have also seen in the above that at the level of the moments, these come
from certain collections of partitions, as follows:

Peven - PZ

Peven—P2

The point now is that, according to our general easiness philosophy, and also to Theo-
rem 16.19, there are some Lie groups behind all this probability theory, namely the basic
real and complex rotation and reflection groups, which as follows:

Ky —Uxn

Hy — On

To be more precise, these Lie groups correspond via easiness to the categories of
partitions given above, and the corresponding measures can be recaptured as well, as
being the asymptotic laws of the corresponding truncated characters, as explained in
Theorem 16.19. As for the main probabilistic limiting results themselves, these are of
course related too to these Lie groups, but this is something a bit more technical.

All this is very nice. With all this in hand, we are now at a rather advanced level
in theoretical probability, and with this knowledge, you can virtually read any article or
book in theoretical probability, that you might want to. With our recommendations here
being the article of Diaconis-Shahshahani [26], and other texts by Diaconis, which are all
quite magic, and no wonder here, because Diaconis used to be a professional magician
before doing mathematics, then the classical and lovely random matrix book by Mehta
[70], and then some fancy theoretical physics from Collins-Nechita [21].
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16d. Standard estimates

We have seen in the above that the Weingarten calculus is something very efficient
in dealing with various probability questions over the easy groups G C Uy. We discuss
now, as a continuation of this, a number of more advanced aspects of the Weingarten
function combinatorics. We will be mostly interested in the case G = Op. To be more
precise, we will be interested in the computation of the polynomial integrals over Oy.
These polynomial integrals are best introduced in a “rectangular way”, as follows:

DEFINITION 16.20. Associated to any matriz a € M,y ,(N) is the integral
P g
I(a) = H H ;) du
ON =1 j=1
with respect to the Haar measure of Oy, where N > p, q.

As a first observation, we can of course complete our matrix with 0 values, as to
always deal with square matrices, a € My(N). However, the parameters p,q are very
useful, because they measure the “complexity” of the problem, so we will keep them.

In order to get familiar with the above integrals, let us do some computations. With
the convention z!! = (z — 1)(z — 3)(x — 5) ..., with product ending at 1 or 2, we have:

THEOREM 16.21. At p =1 we have the formula
(N — Dllay! .. a,l!

where € = 1 if all a; are even, and € = 0 otherwise.

I(ar ... ag) =¢-

Proor. This follows from the fact that the first slice of Oy is isomorphic to the real
sphere S'~!. Indeed, this gives the following formula:

I(ar ... ay) :/gglx(fl...xqux
But this latter integral can be computed by using polar coordinates, via the various
formulae from chapters 5-6, and we obtain the formula in the statement. O

Another instructive computation, as well of trigonometric nature, is the one at N = 2.
We have here the following result, which completely solves the problem in this case:

THEOREM 16.22. At N = 2 we have the formula

I(Z b)zg_ (a+d)!'(b+ )

d (a+b+c+d+ 1)

where ¢ = 1 if a,b,c,d are even, e = —1 is a,b,c,d are odd, and € = 0 otherwise.
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PrROOF. When computing the integral over Oy, we can restrict the integration to
SOy =T, then further restrict the integration to the first quadrant. We get:

a b 2 2 atd(; b+c
I =c-— (cost)*™(sint)” ¢ dt

c d ™ Jo
By using now the formulae for trigonometric integrals from chapters 5-6, this gives

the formula in the statement, with our previous convention for the double factorials. [J

The above computations might tend to suggest that I(a) always decomposes as a
product of factorials. However, this is far from being true, but in the 2 x 2 case it is
known that /(a) decomposes as a quite reasonable sum of products of factorials. This is
something quite technical, from [12], and we will be back to this, later on.

Let us discuss now the representation theory approach to the computation of I(a).
The Weingarten formula reformulates, in “rectangular form”, as follows:

THEOREM 16.23. We have the Weingarten formula
[(a) = Z 5#(&1)5a<ar)WkN(7r> U)

where k = Xa;;/2, and where the multi-indices a;/a, are defined as follows:
(1) Start with a € M,y,(N), and replace each ij-entry by a;; copies of i/j.
(2) Read this matriz in the usual way, as to get the multi-indices a;/a,..

Proor. This is simply a reformulation of the Weingarten formula. Indeed, according
to our definitions, the integral in the statement is given by:

>

ail ai2

[(a)—/ ull...unjylg...ulg...upq...upgdu
n
Apq

Thus, what we have here is an integral exactly as in the usual Weingarten formula,
the multi-indices which are involved being as follows:

aq = (1...101...1...p...
1 ({ x , p---p)
ail a12 apq
a = (1...12...2...q...9)
ail a2 apq
With this in hand, the result follows now from the Weingarten formula. U

We are now in position of deriving a first general result from our study. This extends
the various vanishing results appearing before, as follows:

PROPOSITION 16.24. We have I(a) = 0, unless the matriz a is “admissible”, in the
sense that all p + q sums on its rows and columns are even numbers.
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PRrOOF. Observe first that the left multi-index associated to a consists of k1 = Yay;
copies of 1, ky = Yay; copies of 2, and so on, up to k, = Xa,; copies of p. In the case
where one of these numbers is odd we have d,(a) = 0 for any 7, and this gives:

I(a) =0

A similar argument with the right multi-index associated to a shows that the sums on
the columns of @ must be even as well, and we are done. U

A natural question now is whether the converse of Proposition 16.24 holds, and if so,
the question of computing the sign of I(a) appears as well. These are both quite subtle
questions, and we begin our investigations with a N — oo study. We have here:

THEOREM 16.25. The Weingarten matrixz is asymptotically diagonal, in the sense that:
Win(m,0) = N~ (0 + O(N™))
Moreover, the O(N~Y) remainder is asymptotically smaller that (2k/e)*N~1L.

PROOF. It is convenient, for the purposes of this proof, to drop the indices k£, N. We
know that the Gram matrix is given by G(m, o) = NI™?I so we have:

NF¥ form=o0
G(m,0) =
(m,0) {N,Nz,...,Nk_l form# o

Thus the Gram matrix is of the following form, with ||H||, < N7%:
G = N*1+ H)

Now recall that for any K x K complex matrix X, we have the following lineup of
standard inequalities, which are all elementary:

X oo < [IX] < [IXT]2 < K[ Xl
In the case of our matrix H, the size is K = (2k)!!, and we obtain in this way:
1H[ < KN~
In order to advance, we can use now the following basic inversion formula:
1+H) '=1-H+H*-H*+ ...

We conclude from this that we have the following estimate:

- [IH]]
1=+ H) <
1—[[H]|
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By putting now everything together, we obtain the following estimate:
11— N 11— (1+H) "l
11— (1+H)|
1A [/ (1= [[H]])
KN7'/(1—-KN™)
K/(N - K)
Together with the Stirling estimate K = (2k)!! ~ (2k/e)¥, this gives the result. O

INIA A

As a continuation of this, regarding this time integrals over Oy, we have:
THEOREM 16.26. We have the estimate
p q
I(a)=N"F (H [+ O(N-1)>
i=1 j=1
when all a;; are even, and I(a) = O(N~F1) otherwise.

ProOF. By using the above results, we obtain the following estimate:

I(a) = 25 a;)0,(a ) Win (m, o)
= _kz5 (a1)05(a,)(6z5 + O(N™1))
~ N* (# {7|oclar) = 6:(a)) = 1} + O(N))

In order to count the partitions appearing in the set on the right, it is convenient to
view the multi-indices a;, a, in a rectangular way, as follows:

1...1 ...

1...1 ... 1...1 . , q..-94
all alq ail aiq

al: 5 CLT:
p.---P p...p . , p.-..p
ap1 Qpgq apl Qpq

In other words, the multi-indices a;/a, are now simply obtained from the matrix a by
“dropping” from each entry a;; a sequence of a;; numbers, all equal to i/j. These two
multi-indices, now in matrix form, have total length 2k = Ya;;. We agree to view as well
any pairing of {1,...,2k} in matrix form, by following the same convention. With this
picture, the pairings 7 which contribute are simply those interconnecting sequences of
indices “dropped” from the same a;;, and this gives the following results:

(1) In the case where one of the entries a;; is odd, there is no pairing that can contribute
to the leading term under consideration, so we have I(a) = O(N=*"1), and we are done.
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(2) In the case where all the entries a;; are even, the pairings that contribute to the
leading term are those connecting points inside the pg “dropped” sets, i.e. are made out
of a pairing of a;; points, a pairing of a;2 points, and so on, up to a pairing of a,, points.
Now since an z-point set has z!! pairings, this gives the formula in the statement. O

In order to further advance, let us formulate a key definition, as follows:

DEFINITION 16.27. The Brauer space Dy is defined as follows:
(1) The points are the Brauer diagrams, i.e. the pairings of {1,2,...,2k}.
(2) The distance function is given by d(mw,0) =k — |7V o|.

It is indeed well-known, and elementary to check, that d satisfies the usual axioms for
a distance function. This is something standard, and heavily used in probability theory,
and for some comments and examples here, we refer to [11], [22] and related papers.
Now the point is that we have a series expansion of the Weingarten function in terms of
paths on the Brauer space, originally found by Collins in [19] in the unitary case, then
by Collins and Sniady [22] in the orthogonal case. We present here a slightly modified
statement, along with a complete proof, by using a somewhat lighter formalism:

THEOREM 16.28. The Weingarten function Wiy has a series expansion in N1,

Win (7, 0) = N~k-dmo) Z K (m,o)N™7
g=0
where the objects on the right are defined as follows:

(1) A path from w to o is a sequence p =1t =719y # 11 # ... # T, = 7).

(2) The signature of such a path is + when r is even, and — when r is odd.
(3) The geodesicity defect of such a path is g(p) = Xi_,d(1i_1,7;) — d(m,0).
(4) K, counts the signed paths from w to o, with geodesicity defect g.

PROOF. Let us go back to the proof of our main estimate so far, established in the
above. We can write the Gram matrix in the following way:

Grn = N7F(1 + H)
In terms of the Brauer space distance, the formula of H is simply:
0 form=o0
H =
(m,0) {Nd(”"’) form £ 0o

Consider now the set P,.(m, o) of r-paths between 7 and o. According to the usual
rule of matrix multiplication, the powers of H are given by:

H"(m,0) Z H(ro,71) ... H(Tp1,7) = Z N—dmo)=g(p)

pEP(m,0) pEP(m,0)
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We can use now the following standard inversion formula:
(1+H) ' '=1-H+H>-H+

By using this formula, we obtain the following equality:

Win(m,0) = kz V' H"(m,0)

_ N—k—d(ﬂ,a) Z Z

r=0 peP,(m,0)

Now by rearranging the various terms of the double sum according to their geodesicity
defect g = g(p), this gives the following formula:

Win(m,0) = N-k=dmo) Z Ky(m,o)N™7
g=0
Thus, we have obtained the formula in the statement. U

In order to discuss now the I(a) reformulation of the above result, it is convenient to
use the total length of a path, defined as follows:

= Z d(Ti—1,7;)
i=1
Observe that, in terms of this quantity, we have the following formula:

d(p) = d(w,0) + g(p)
With these conventions, we have the following result:

THEOREM 16.29. The integral I(a) has a series expansion in N=' of the form

=N*Y " Hy(a)N™*
d=0

where the coefficient on the right can be interpreted as follows:

(1) Starting from a € My,y,(N), construct the multi-indices a;, a, as usual.
(2) Call a path “a-admissible” if its endpoints satisfy d,(a;) =1 and d,(a,) = 1.
(3) Then Hgy(a) counts all a-admissible signed paths in Dy, of total length d.

PROOF. We can combine first the above results, in the following way:

Zé Cll CLT WkN(7T O')

g N_k Z 57r(al)5o-(ar) Z Kg (7-(-’ O—)N_d(ﬂ',o')—g
e 9—0
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Let us denote by Hy(w, o) the number of signed paths between 7 and o, of total length
d. In terms of the new variable d = d(m, o) + g, the above expression becomes:

I(a) = N> 6:(a)do(ar) > Hy(m o) N~

d=0

- N_kio: (Z 5ﬂ(al)5a(ar)Hd(7r,a)) N

0

We recognize in the middle the quantity Hy(a), and this gives the result. O

We derive now some concrete consequences from the abstract results in the previous
section. First, let us recall the following result, due to Collins and Sniady [22]:

THEOREM 16.30. We have the estimate
Win(m,0) = N~ (u(m,0) + O(N7))
where w is the Mébius function.
Proor. We know from the above that we have the following estimate:
Win (m,0) = N~k (K (7, 0) + O(N7Y))

Now since one of the possible definitions of the Mobius function is that this counts
the signed geodesic paths, we have Ky = u, and we are done. U

Let us go back now to our integrals I(a). We have the following result:
THEOREM 16.31. We have the estimate
I(a) = N™@(u(a) + O(N))
where the objects on the right are as follows:

(1) e(a) = min {d(r,0)|7, 0 € Dy, d-(a)) = 6,(a,) = 1}.
(2) p(a) counts all a-admissible signed paths in Dy, of total length e(a).

Proor. We know that we have an estimate of the following type:
I(a) = N™""“(Hc(a) + O(N71))

Here, according to the various notations above, e € N is the smallest total length of
an a-admissible path, and H.(a) counts all signed a-admissible paths of total length e.
Now since the smallest total length of such a path is of course attained when the path is
just a segment, we have e = e(a) and H.(a) = p(a), and we are done. O

At a more advanced level now, and still on the same topic, integration over Oy, we
have the following result, due to Collins-Matsumoto [20] and Zinn-Justin [99]:
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THEOREM 16.32. We have the formula

DNk 1) <k XA (L)wN (7o)

where the various objects on the right are as follows:

(1) The sum is over all partitions of {1,...,2k} of length [(\) < k.
(2) w* is the corresponding zonal spherical function of (Sox, Hy).
(3) x* is the character of Soy associated to 2)\ = (2X\1,2)\s, .. .).
(4) The product is over all squares of the Young diagram of A.

Win(m,0) =

Proor. This is something quite technical, that we will not attempt to explain here,
and for details on all this, we refer to the papers [20], [99]. O

It is of course possible to deduce from this a new a formula for the integrals I(a), just
by putting together the various formulae that we have. Let us just record here:

THEOREM 16.33. The possible poles of I(a) can be at the numbers
—(k—=1),—(k—2),...,2k — 1,2k
where k € N, associated to the admissible matriz a € M,.,(N) is given by k =) a;;/2.
PRrROOF. We know from the above that the possible poles of I(a) can only come from
those of the Weingarten function. On the other hand, Theorem 16.32 tells us that these

latter poles are located at the numbers of the form —2j + i + 1, with (7, j) ranging over
all possible squares of all possible Young diagrams, and this gives the result. O

As a last topic, let us discuss Gram determinants. In what regards the symmetric
group Sy, we have the following result, that we already know, from the above:

THEOREM 16.34. The determinant of the Gram matrix of Sy is given by

N!
det(GkN): H m

neP(k)
with the convention that in the case N < k we obtain 0.

ProoF. This is something that we know, the idea being that Gy naturally decom-
poses as a product of an upper triangular and lower triangular matrix. Il

Let us discuss now the case of the orthogonal group Oy . Here the combinatorics is that
of the Young diagrams. We denote by |.| the number of boxes, and we use quantity f*,
which gives the number of standard Young tableaux of shape X\. With these conventions,
the result, which is something quite technical, is then as follows:
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THEOREM 16.35. The determinant of the Gram matriz of Oy is given by

det(Gew) = [ AV

IX|=k/2

where the quantities on the right are fn(A) = [[; jea(N +2j —i—1).
PRroOF. This follows from the results of Zinn-Justin in [99]. Indeed, it is known from

there that the Gram matrix is diagonalizable, as follows:

Giv = Y [n(\)Po

I\|=k/2

Here 1 = ) P, is the standard partition of unity associated to the Young diagrams
having k/2 boxes, and the coefficients fy(A) are those in the statement. Now since we
have Tr(Py) = f?*, this gives the result. See [13], [99]. O

Finally, since it is late, and time to sleep, and no algebra book would be complete
without some quantum groups at the end, let us discuss this. Unfortunately, we are here,
with our Gram determinants, into quite advanced things, so we will have to trick a bit,
and take some dirty shortcuts. Let us start with a definition, informal as they come:

DEFINITION 16.36. In analogy with the fact that Sy, On are easy, coming from P, Ps,
let us denote by Sy, O the formal objects associated to NC, NCs.

Observe that Sy, 0% cannot be groups, because NC, NC5 do not contain the basic
crossing X, and so are not categories of partitions in the sense of chapter 15. This being
said, the axiom stating that X must be in the category was coming from the fact that the
coordinates u;; : G — C of a compact Lie group G C,, Uy commute, so in the lack of
this axiom, we can only have some kind of “quantum groups”, which are beasts a bit like
groups, save for the fact that the coordinates u;; : G — C do not longer commute.

Anyway. Getting now to business, we would like to compute the Gram determinants
for Sy, O%. Following Di Francesco [25], let us begin with some examples:

PROPOSITION 16.37. At k = 2 the set of partitions for Sy is NC(2) = {||,N}, and
the corresponding Gram matriz and its determinant are:

N2 N
da(N N):N%N—n

Also, at k = 4 the set of partitions for OF; is NCy(4) = {11, (A}, and the corresponding
Gram matriz and its determinant are:

2
dmcx_$>:NWW—U

PRrROOF. This is something which is indeed clear from definitions. U
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With a few tricks, we can work out as well the next computation, as follows:

PROPOSITION 16.38. At k = 3 the partition set for Sy is NC(3) = {|||,n|,mq, |, M},
and the corresponding Gram matriz and its determinant are:

N3 N? N2 N? N
N2 N> N N N
det [ N2 N N2 N N|=N(N-1D%N-2)
N> N N N? N
N N N N N

Also, at k = 6 the set of partitions for O is NCy(6) ~ NC(3), and the corresponding
Gram matriz and its determinant are:
N3 N2 N? N2 N
N? N3 N N N?
det |[ N2 N N3 N N?2| =N°(N?*-1)*N?-2)
N? N N N3 N?
N N? N? N2 N3
PrRoOOF. We have two formulae to be proved, the idea being as follows:

(1) In what regards S}, the set of partitions here is NC(3) = P(3), and so the
corresponding Gram matrix is the one in the statement, exactly as for Sy. By using the
Lindstom formula, from Theorem 16.12, the determinant of this matrix is, as claimed:

N!
e = w=mm

TEP(3)

N! N 5 NI
~ (N -3) <(N—2)!> (N —1)!

= N(N—1)(N—-2)N*(N —1)*N
= N°(N —1)*N —2)

(2) Regarding now O, the set of partitions here is NC5(6), and by using the fatten-
ing/shrinking identification NCy(6) ~ NC(3), we obtain, by using (1):
1 1
det = ——— x NON? —1)*(N? - 2) x
e X VOV = DAV =) x
= N°(N?—-1)*N?*-2)

Thus, we have obtained the formula in the statement. Il

In general now, following [25], we have the following result:
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THEOREM 16.39. The determinant of the Gram matriz for O}, is given by
[k/2]
det GkN H P dk/Q’T

where P, are the Chebycheff polynomials, given by
P():l 5 PIZX y PT‘“”I:XPT_P/I"*l
and di, = fir — frr+1, with fy, being the following numbers, depending on k,r € Z,
2k 2k
Jir = <k—r> B (k—r—l)
with the convention f,. =0 for k ¢ 7.

PROOF. This is something quite heavy, and we refer here to Di Francesco [25]. O

Also following [25], we have as well the following result:

THEOREM 16.40. The determinant of the Gram matriz for Sy is given by

det(GkN ak H P d’”

where di, = frr — fort1, With fi, being the followmg numbers, depending on k,r € Z,
2k 2k
Jir = (k—r) a (/{;—7’—1)
with the convention fi, =0 for k ¢ Z, and where ai, =3 pq, (2|7| — k).
PROOF. Again, heavy mathematics, and we refer here to Di Francesco [25]. i
We refer to [13], [25], for a further discussion on these topics.

16e. Exercises

Congratulations for having read this book, and no exercises for this final chapter. But
you can try instead to read some of the books and articles referenced below.
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