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ABSTRACT. This is an introduction to the laws of various types of matrices, and their
computation, with all the needed preliminaries included. We first review the basics of
probability theory, notably with the binomial and Poisson laws and their versions, and
with a look into central limits too. Then we discuss the laws of the usual scalar matrices,
which correspond to discrete probability theory, with theory and numerous examples.
We then discuss the case of the random matrices, notably with the asymptotic results of
Wigner and Marchenko-Pastur, and their versions. Finally, we have a look into operator
algebras and free probability, and we discuss a number of more abstract matrices, having
as entries random variables over various quantum spaces.



Preface
This is an introduction to the laws of various types of matrices, and their computation,
with all needed preliminaries included. The book is organized in 4 parts, as follows:

I. We first review the basics of probability theory, notably with the binomial and
Poisson laws and their versions, and with a look into central limits too.

II. Then we discuss the laws of the usual scalar matrices, which correspond to discrete
probability theory, with theory and numerous examples.

ITT. We then discuss the case of the random matrices, notably with the asymptotic
results of Wigner and Marchenko-Pastur, and their versions.

IV. Finally, we have a look into operator algebras and free probability, and we discuss
matrices having as entries random variables over various quantum spaces.

Many thanks to my cats, for some help with navigating the quantum spaces.

Cergy, September 2025
Teo Banica
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Part 1

Discrete laws






CHAPTER 1

Binomial laws

la. Coins and dice

You surely know a bit about random variables f : X — R, their means, also called
expectations, E(f) € R, and about their variances V(f) = E(f?) — E(f)? > 0 too. We
will be talking about such things, and their generalizations, in this book.

Getting started now, there are many possible entry points to probability, with a quite
standard one, focusing on the discrete case, which is the simplest, being as follows:

DEFINITION 1.1. A discrete probability space is a set X, usually finite or countable,
whose elements x € X are called events, together with a function

P:X —[0,00)
called probability function, which is subject to the condition
> Pa)=1
zeX
telling us that the overall probability for something to happen is 1.
As a first comment, our condition ) _. P(x) = 1 perfectly makes sense, and this

even if X is uncountable, because the sum of positive numbers is always defined, as a
number in [0, oo], and this no matter how many positive numbers we have.

As a second comment, we have chosen in the above not to assume that X is finite
or countable, and this for instance because we want to be able to regard any probability
function on N as a probability function on R, by setting P(z) =0 for = ¢ N.

As a third comment, once we have a probability function P : X — [0,00) as above,
with P(z) € [0, 1] telling us what the probability for an event x € X to happen is, we can
compute what the probability for a set of events Y C X to happen is, by setting:

P(Y)=Y) Py

But more on this, mathematical aspects of discrete probability theory, later, when
further building on Definition 1.1. For the moment, what we have above will do.

11



12 1. BINOMIAL LAWS

With this discussed, let us explore now the basic examples, coming from the real life.
And here, there are many things to be learned. As a first example, we have:

ExXAMPLE 1.2. Flipping coins.

Here things are simple and clear, because when you flip a coin the corresponding
discrete probability space, together with its probability measure, is as follows:

1
X = {heads, tails} , P(heads) = P(tails) = 3

In the case where the coin is biased, as to land on heads with probability 2/3, and on
tails with probability 1/3, the corresponding probability space is as follows:

2 1
X = {heads, tails} , P(heads) = 3 P(tails) = 3

More generally, given any number p € [0, 1], we have an abstract probability space as
follows, where we have replaced heads and tails by win and lose:

X = {Win, 1ose} , P(win)=p , P(lose)=1—p

Finally, things become more interesting when flipping a coin, biased or not, several
times in a row. We will be back to this in a moment, with details.

ExXAMPLE 1.3. Rolling dice.

Again, things here are simple and clear, because when you throw a die the correspond-
ing probability space, together with its probability measure, is as follows:
1
X={1,....,6} , P() =5 Vi
As before with coins, we can further complicate this by assuming that the die is biased,
say landing on face ¢ with probability p; € [0, 1]. In this case the corresponding probability
space, together with its probability measure, is as follows:

Also as before with coins, things become more interesting when throwing a die several
times in a row, or equivalently, when throwing several identical dice at the same time. In
this latter case, with n identically biased dice, the probability space is as follows:

X={1,...,6}" , Plii...i) =pi---Din pizO,Zpi:1
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Observe that the sum 1 condition in Definition 1.1 is indeed satisfied, and with this
proving that our dice modeling is bug-free, due to the following computation:

d P(i) = Y Pliy...iy)

i€X 14eenyin

= 1x...x1
= 1

Getting back now to theory, in the general context of Definition 1.1, we can see that
what we have there is very close to the biased die, from Example 1.3. Indeed, in the
general context of Definition 1.1, we can say that what happens is that we have a die with
| X'| faces, which is biased such that it lands on face ¢ with probability P(7).

Which is something quite interesting, allowing us to have some intuition on what is
going on, in discrete probability. So, let us record this finding, as follows:

CONCLUSION 1.4. Discrete probability can be understood as being about throwing a
general die, having an arbitrary number of faces, and which s arbitrarily biased too.

Finally, no discussion about games and probability would be complete without playing
cards too. We have here the following result, of key importance in the real life:

THEOREM 1.5. The probabilities at poker are as follows:

(1) One pair: 0.533.

(2) Two pairs: 0.120.
(3) Three of a kind: 0.053.
(4) Full house: 0.006.
(5) Straight: 0.005.
(6) Four of a kind: 0.001.
(7) Flush: 0.000.

(8) Straight flush: 0.000.

PROOF. Let us consider indeed our deck of 32 cards:
{77 87 97 107 J7 Qa Ka A} X {&7 <>7 Q?v .}
The total number of possibilities for a poker hand is:

<32) ~32-31-30-29-28

—32.31.929.
5 2-3-4-5 32:3 9.7
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(1) For having a pair, the number of possibilities is:

() () e

Thus, the probability of having a pair is:
8-6-35-64 6-5-16 480
~32.31.20.7  31.20 809 0

(2) For having two pairs, the number of possibilities is:

- () () -mws

Thus, the probability of having two pairs is:

28 . 36 - .

8-36-24 :363:@:0.120
32-31-29-7 31-29 899

(3) For having three of a kind, the number of possibilities is:

= () () v

Thus, the probability of having three of a kind is:
8-4-21-16 3-16 48
~32.31.20.7 3129 809 0

(4) For having full house, the number of possibilities is:

()

Thus, the probability of having full house is:
8-4-7-6 6 6

P =

= = = — =0.006
32-31-29-7 31-29 899
(5) For having a straight, the number of possibilities is:
nt
N:4[(1) —4]:16-63
Thus, the probability of having a straight is:
16 - 63 9 9
P = 0.005

T32.31-29-7 2-31-29 1798
(6) For having four of a kind, the number of possibilities is:

(-0
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Thus, the probability of having four of a kind is:
8-7-4 1 1
= = = — =10.001
32-31-29-7 31-29 899

(7) For having a flush, the number of possibilities is:

ea[()-ve

Thus, the probability of having a flush is:
B 4 - 66 B 33 9
©32:-31-29-7  4-31-29-7 25172
(8) For having a straight flush, the number of possibilities is:

= (0.000

N=4-4
Thus, the probability of having a straight flush is:
4-4 1 1
P = = = = 0.000
32-31-29-7 2-31-29-7 12586
Thus, we have obtained the numbers in the statement. Il

So far, so good, but you might argue, what if we model our problem as for our poker
hand to be ordered, do we still get the same answer? In answer, sure yes, but let us check
this. The probability for having four of a kind, computed in this way, is then:

8:-5-4-3-2-28 1 1
©32-31-30-29-28  31-29 899

To be more precise, here on the bottom 32-31-30-29 - 28 stands for the total number
of possibilities for an ordered poker hand, 5 out of 32, and on top, exercise for you to
figure out what the above numbers 8, 5, then 4 - 3 - 2, and 28, stand for.

P(four of a kind)

1b. Variables, laws

Moving ahead now, let us go back to the context of Definition 1.1, which is the most
convenient one, technically speaking. As usual in probability, we are mainly interested in
winning. But, winning what? In case we are dealing with a usual die, what we win is
what the die says, and on average, what we win is the following quantity:

14243444546
E:++Jg++:3.5

In case we are dealing with the biased die in Example 1.3, again what we win is what
the die says, and on average, what we win is the following quantity:
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With this understood, what about coins? Here, before doing any computation, we
have to assign some numbers to our events, and a standard choice here is as follows:
[+ {heads, tails} - R , f(heads)=1 , f(tails)=0
With this choice made, what we can expect to win is the following quantity:
E(f) = f(heads) x P(heads) + f(tails) x P(tails)

1 1
= 1x-=-4+0x-
2Jr 2
B 1
2

Of course, in the case where the coin is biased, this computation will lead to a different
outcome. And also, with a different convention for f, we will get a different outcome too.
Moreover, we can combine if we want these two degrees of flexibility.

In short, you get the point. In order to do some math, in the context of Definition
1.1, we need a random variable f : X — R, and the math will consist in computing the
expectation of this variable, E(f) € R. Alternatively, in order to do some business in
the context of Definition 1.1, we need some form of “money”, and our random variable
f X — R will stand for that money, and then E(f) € R, for the average gain.

Let us axiomatize this situation as follows:

DEFINITION 1.6. A random variable on a probability space X is a function
f: X =R
and the expectation of such a random variable is the quantity
E(f) =) f(z)P(z)
zeX
which s best thought as being the average gain, when the game is played.

Here the word “game” refers to the probability space interpretation from Conclusion
1.4. Indeed, in that context, with our discrete set of events X being thought of as
corresponding to a generalized die, and by thinking of f as representing some sort of
money, the above quantity F(f) is what we win, on average, when playing the game.

We have already seen some good illustrations for Definition 1.6, so time now to get into
more delicate aspects. Imagine that you want to set up some sort of business, with your
variable f : X — R. You are of course mostly interested in the expectation E(f) € R,
but passed that, the way this expectation comes in matters too. For instance:

(1) When your variable is constant, f = ¢, you certainly have E(f) = ¢, and your
business will run smoothly, with not so many surprises on the way.
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(2) On the opposite, for a complicated variable satisfying E(f) = ¢, your business will
be more bumpy, with wins or loses on the way, depending on your skills.

In short, and extrapolating now from business to mathematics, physics, chemistry and
everything else, we must complement Definition 1.6 with something finer, regarding the
“quality” of the expectation F(f) € R appearing there. And the first thought here, which
is the correct one, goes to the following number, called variance of our variable:

V(f) = E((f-E()?)
= B(f*) - E(f)?
However, let us not stop here. For a total control of your business, be that of financial,

mathematical, physical or chemical type, you will certainly want to know more about your
variable f : X — R. Which leads us into general moments, constructed as follows:

DEFINITION 1.7. The moments of a variable f : X — R are the numbers
M, = B(f*)
which satisfy My = 1, then My = E(f), and then V(f) = My — M?.
And, good news, with this we have all the needed tools in our bag for doing some
good business. To put things in a very compacted way, M, is about foundations, M is

about running some business, M, is about running that business well, and M3 and higher
are advanced level, about ruining all the competing businesses.

As a further piece of basic probability, coming this time as a theorem, we have:
THEOREM 1.8. Given a random variable f : X — R, if we define its law as being

p=>y_ P)dw

zeX

regarded as probability measure on R, then the moments are given by the formula

E(f*) = /Ry’“du(y)

with the usual convention that each Dirac mass integrates up to 1.

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

(1) To start with, given a random variable f : X — R, we can certainly talk about
its law p, as being the formal linear combination of Dirac masses in the statement. Our
claim is that this is a probability measure on R, in the sense of Definition 1.1. Indeed,
the weight of each point y € R is the following quantity, which is positive, as it should:

du(y) = Y P(z)

f(z)=y
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Moreover, the total mass of this measure is 1, as it should, due to:

D dply) = > P(a)

y€eR YER f(z)=y

= Y P(x)

rzeX
= 1

Thus, we have indeed a probability measure on R, in the sense of Definition 1.1.

(2) Still talking basics, let us record as well the following alternative formula for the
law, which is clear from definitions, and that we will often use, in what follows:

p=>Y_ P(f=y)s,
yeR

(3) Now let us compute the moments of f. With the usual convention that each Dirac
mass integrates up to 1, as mentioned in the statement, we have:

E(f*) = ) P(z)f(x)*

rzeX

= > v ) P

yeR  f(z)=y

= /R y du(y)

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

The above theorem is quite interesting, because we can see here a relation with inte-
gration, as we know it from calculus. In view of this, it is tempting to further go this way,
by formulating the following definition, which is something purely mathematical:

DEFINITION 1.9. Given a set X, which can be finite, countable, or even uncountable,
a discrete probability measure on it is a linear combination as follows,

W= Z A0y
zeX
with the coefficients \; € R satisfying A\; > 0 and Y, \; = 1. For f: X — R we set
| f@dnt) = 3" rf@)
X reX

with the convention that each Dirac mass integrates up to 1.
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Observe that, with this, we are now into pure mathematics. However, and we insist on
this, it is basic probability, as developed before, which is behind all this. Now by staying
abstract for a bit more, with Definition 1.9 in hand, we can recover our previous basic
probability notions, from Definition 1.1 and from Theorem 1.8, as follows:

THEOREM 1.10. With the above notion of discrete probability measure in hand:

(1) A discrete probability space is simply a space X, with a discrete probability mea-
sure on it v. In this picture, the probability function is P(x) = dv(z).

(2) Each random variable f : X — R has a law, which is a discrete probability
measure on R. This law is given by p = f.v, push-forward of v by f.

Proor. This might look a bit scary, but is in fact a collection of trivialities, coming
straight from definitions, the details being as follows:

(1) Nothing much to say here, with our assertion being plainly clear, just by comparing
Definition 1.1 and Definition 1.9. As a interesting comment, however, in the general
context of Definition 1.9, a probability measure yt = Y __ A0, as there depends only on
the following function, called density of our probability measure:

e: X—=>R | o=\

And, with this notion in hand, our equation P(x) = dv(x) simply says that the
probability function P is the density of v. Which is something which is good to know.

(2) Pretty much the same story here, with our first assertion being clear, just by
comparing Theorem 1.8 and Definition 1.9. As for the second assertion, consider more
generally a probability space (X,v), and a function f : X — Y. We can then construct
a probability measure u = f,v on Y, called push-forward of v by f, as follows:

V:Z)‘mér:,u:z Z)\x dy
(z)=y

zeX yeY \f

Alternatively, at the level of the corresponding measures of the parts Z C Y, we have
the following abstract formula, which looks more conceptual:

W(Z) = v(f7(2))

In any case, one way or another we can talk about push-forward measures u = f,v,
and in the case of a random variable f : X — R, we obtain in this way the law of f. [

Very nice all this, and needless to say, welcome to measure theory. In what follows we
will rather go back to probability theory developed in the old way, as in the beginning
of the present chapter, and keep developing that material, because we still have many
interesting things to be learned. But, let us keep Definition 1.9 and Theorem 1.10, which
are quite interesting, somewhere in our head. We will be back to these later.
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1c. Independence

Let us talk now about the key notion in probability, which is independence. This
appears for instance when flipping a coin k£ times in a row, and we first have here:
ProrosIiTION 1.11. When flipping a coin k times, the following happen,

(1) The probability of you winning $k is 1/2F.

(2) The probability of you winning $k — 1 is 0.

(3) The probability of you winning $k — 2 is k /2%,

(4) The probability of you winning $k — 3 is again 0.

(5) The probability of you winning $k — 4 is k(k — 1)/2~+1.

and so on, with the probability increasing, up to the tie situation, and then decreasing.
Proor. This follows indeed from some simple mathematics, as follows:

(1) You winning $k means you winning every time, over k attempts, so your probability
here is P = (1/2) x ... x (1/2), with k terms in the product, which reads P = 1/2*.

(2) The point here is that you cannot win $k — 1, exactly. Indeed, you must lose at
least once, and so you profit will be < (k—1) —1=F% — 2.

(3) Here we have a similar computation as in (1). For winning $& — 2 you need to lose
exactly once, and since there are k possibilities of losing exactly once, P = k/2F.

(4) Here the situation is similar to that in (2). Indeed, for winning exactly $k — 3 you
would certainly need to lose twice, so you profit will be < (k —2) —2 =k — 4.

(5) With the same reasoning as in (3), here you need to lose exactly twice, and since
there are k(k — 1)/2 possibilities of losing exactly twice, P = k(k — 1)/2F L.

(6) Finally, regarding the last assertion, which is a bit informal, we will leave the
clarification here, both statement and proof, to you, as an instructive exercise. U

Obviously, some interesting mathematics is going on here, that needs to be better
understood. We have the following result, generalizing Proposition 1.11:

THEOREM 1.12. When flipping a coin k times what you can win are quantities of type
$k — 2s, with s = 0,1, ..., k, with the probability for this to happen being:

Pk —2s) = 2—1k (’z)

Geometrically, your winning curve starts with probability 1/2% of winning —$k, then in-
creases up to the tie situation, and then decreases, up to probability 1/2% of winning $k.
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Proor. All this is quite clear, by fine-tuning our various observations from Proposi-
tion 1.11 and its proof, the point here being that, in order for you to win k£ — s times and
lose s times, over your k attempts, the number of possibilities is:

(L) =0

Thus, by dividing now by 2*, which is the total number of possibilities, for the whole
game, we are led to the probability in the statement, namely:

Shall we doublecheck this? Sure yes, doublecheking is the first thing to be done, when
you come across a theorem, in your mathematics. As a first check, the sum of probabilities
that we found should be 1, which is intuitive, right, and 1 that is, as shown by:

()

Mpr

> Plk—2s) = ik

s=0 S=
k
1
— 2_k: < )181k—s
1
= U
1
= 2_k X 2k
= 1

But shall we really trust this. Imagine for instance that you play your game for $1000
instead of $1 as basic gain, your life is obviously at stake, so all this is worth a second
doublecheck, before being used in practice. So, as second doublecheck, let us verify that,
on average, what you win is exactly $0, which is something very intuitive, the game itself
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obviously not favoring you, nor your partner. But this can be checked as follows:

> Plk—2s)x (k—2s) = o

= 0

Summarizing, we have a good theorem here, proved, doublechecked and triplechecked,
as per the highest scientific standards, ready to be used in practice. U

Motivated by the above, let us formulate now the following definition:
DEFINITION 1.13. Given p € [0, 1], the Bernoulli law of parameter p is given by:
P(win) =p , P(lose)=1—p
More generally, the k-th binomial law of parameter p, with k € N, is given by

P ==t (")

S

with the Bernoulli law appearing at k =1, with s = 1,0 here standing for win and lose.

Let us try now to understand the relation between the Bernoulli and binomial laws.
Indeed, we know that the Bernoulli laws produce the binomial laws, simply by iterating
the game, from 1 throw to & € N throws. Obviously, what matters in all this is the
“independence” of our coin throws, so let us record this finding, as follows:

THEOREM 1.14. The following happen, in the context of the biased coin game:

(1) The Bernoulli laws ppe, produce the binomial laws i, by iterating the game
k € N times, via the independence of the throws.

(2) We have in fact pym = p;¥, with % being the convolution operation for real
probability measures, given by o, * 0y = 01y, and linearity.

ProoOF. Obviously, this is something a bit informal, but let us prove this as stated, and
we will come back later to it, with precise definitions, general theorems and everything. In
what regards the first assertion, nothing to be said there, this is what life teaches us. As
for the second assertion, the formula py;, = u;*. there certainly looks like mathematics,
so job for us to figure out what this exactly means. And, this can be done as follows:
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(1) The first idea is to encapsulate the data from Definition 1.13 into the probabil-
ity measures associated to the Bernoulli and binomial laws. For the Bernoulli law, the
corresponding measure is as follows, with the § symbols standing for Dirac masses:

Hoer = (1 - p)(SO +p51

As for the binomial law, here the measure is as follows, constructed in a similar way,
you get the point I hope, again with the ¢ symbols standing for Dirac masses:

k
k
o S(1 __ \k—s
bin s§:0p<1 P) (S>5S

(2) Getting now to independence, the point is that, as we will soon discover abstractly,
the mathematics there is that of the following formula, with * standing for the convolution
operation for the real measures, which is given by 9, * d, = .4, and linearity:

Hoin = Hver * - .. % [per
—_—

k terms

(3) To be more precise, this latter formula does hold indeed, as a straightforward
application of the binomial formula, the formal proof being as follows:

e = ((1=p)do +P51)*k

b k
S AR (I LAt
S
s=0
k
- Sra-n(t)s
s=0

=  Huin

(4) Summarizing, save for some uncertainties regarding what independence exactly
means, mathematically speaking, and more on this in a moment, theorem proved. Il

Getting to formal mathematical work now, let us start with the following straightfor-
ward definition, inspired by what happens for coins, dice and cards:

DEFINITION 1.15. We say that two variables f,g: X — R are independent when
P(f=z9=y)=P(f=x)P(g=y)
happens, for any x,y € R.

As already mentioned, this is something very intuitive, inspired by what happens for
coins, dice and cards. As a first result now regarding independence, we have:
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THEOREM 1.16. Assuming that f,g: X — R are independent, we have:

E(fg) = E(f)E(g)
More generally, we have the following formula, for the mized moments,
E(f*q") = E(f*)E(d")
and the converse holds, in the sense that this formula implies the independence of f,g.

ProOF. We have indeed the following computation, using the independence of f, g:

E(ffg") = > aM'P(f=2,9=1y)
= Y MP(f=x)P(g=y)

= > *P(f=2)) y'Plg=y)

= B(f")E(9)
As for the last assertion, this is clear too, because having the above computation work,
for any k,l € N, amounts in saying that the independence formula for f, g holds. U

Regarding now the convolution operation, motivated by what we found before, in
Theorem 1.14, let us start with the following abstract definition:

DEFINITION 1.17. Given a space X with a sum operation +, we can define the con-
volution of any two discrete probability measures on it,

o= Z CLZ‘(SIZ. s V= Z bjéyj
( J
as being the discrete probability measure given by the following formula:

H* V= Z aibjémﬁyj
ij
That is, the convolution operation * is defined by 0, * 0, = 05y, and linearity.

As a first observation, our operation is well-defined, with p * v being indeed a discrete
probability measure, because the weights are positive, a;b; > 0, and their sum is:

Zaibj:Zaiijzl x1l=1

Also, the above definition agrees with what we did before with coins, and Bernoulli
and binomial laws. We have in fact the following general result:
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THEOREM 1.18. Assuming that f,g: X — R are independent, we have
Hf+g = Hf* Hg
where x is the convolution of real probability measures.

PrRoOOF. We have indeed the following straightforward verification, based on the in-
dependence formula from Definition 1.15, and on Definition 1.17:

Hrvg = Y P(f+9=1),

z€eR
= Z P(f:y,g:Z)5y+Z
y,2€R
= > P(f=y)P(g==2)5,*0.
y,2€R
= (Z P(f= y)5y) * (Z Pg= 2)5z>
yeR z€R
= My * g
Thus, we are led to the conclusion in the statement. Il

Before going further, let us attempt as well to find a proof of Theorem 1.18, based on
the moment characterization of independence, from Theorem 1.16. For this purpose, we
will need the following standard fact, which is of certain theoretical interest:

THEOREM 1.19. The sequence of moments

M, = / a*dp(x)
R
uniquely determines the law.

PROOF. Indeed, assume that the law of our variable is as follows:
The sequence of moments is then given by the following formula:

But it is then standard calculus to recover the numbers \;, x; € R, and so the measure
i, out of the sequence of numbers M;. Indeed, assuming that the numbers z; are 0 <
r1 < ... <z, for simplifying, in the £k — oo limit we have the following formula:

k
Mk ~ )\nxn
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Thus, we got the parameters \,, z, € R of our measure y, and then by substracting
them and doing an obvious recurrence, we get the other parameters \;,z; € R as well.
We will leave the details here as an instructive exercise, and come back to this problem
later in this book, with more advanced and clever methods for dealing with it. O

Getting back now to our philosophical question above, namely recovering Theorem
1.18 via moment technology, we can now do this, the result being as follows:

THEOREM 1.20. Assuming that f,g: X — R are independent, the measures
Fft+g 5 Hf*Hg
have the same moments, and so, they coincide.

PRrROOF. We have the following computation, using the independence of f, g:
My(f+9) = E((f+29)")

- ¥ (H)eurs

T

= (k) M,(f) My (9)

T

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

/X rd(pg * p1g)(z) = /X (o9 gy )

_ Z(i) /X o’ dys(z) /X Yy dpg(y)
= X (D)

r

Thus, job done, and theorem proved, or rather Theorem 1.18 reproved. U

Getting back now to the basic theory of independence, here is now a second result,
coming as a continuation of Theorem 1.18, which is something more advanced:

THEOREM 1.21. Assuming that f,g: X — R are independent, we have
Frg = Iyl

where Fy(x) = E(e'f) is the Fourier transform.
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PRrROOF. We have the following computation, using Theorem 1.18:

Froa) = [ e%dupial)
= [ g )2

= [ )au
XxX

— /Xe"“duf(z)/Xemd/ig(t)
= Fi(x)F,(z)

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

As a comment here, you might wonder what that i € C number in the definition of
the Fourier transform is good for. Good question, which will be answered, in due time.

1d. Binomial laws

Let us do now some computations. We recall from the above that the k-th binomial
law of parameter p € (0,1), with k£ € N, is given by the following formula:

As a first concrete result about these laws, we have:

THEOREM 1.22. The mean of the k-th binomial law of parameter p € (0,1) is:
E=kp

As for the variance and higher moments, these are given by similar formulae.



28

1. BINOMIAL LAWS

PRrROOF. In what regards the mean, this can be computed as follows:

E

r=0
kp(p+ (1 —p)) !
kp

As for the higher moments, these can be computed in a similar way.

Exercises:

EXERCISE 1.23.
EXERCISE 1.24.
EXERCISE 1.25.
EXERCISE 1.26.
EXERCISE 1.27.
EXERCISE 1.28.
EXERCISE 1.29.
EXERCISE 1.30.

Bonus exercise.

le. Exercises



CHAPTER 2

Poisson laws

2a. Poisson laws
At a more advanced level, we have the Poisson Limit Theorem (PLT), that we would
like to explain now. Let us start with the following definition:

DEFINITION 2.1. The Poisson law of parameter 1 is the following measure,

L5
e &~ k!

keN

p1 =

and the Poisson law of parameter t > 0 is the following measure,

with the letter “p” standing for Poisson.

As a first observation, the above laws have indeed mass 1, as they should, due to the
following key formula, which is actually the key formula of all mathematics:

t tk
e :ZE

We will see in the moment why these measures appear a bit everywhere, in discrete
contexts, the reasons for this coming from the Poisson Limit Theorem (PLT). Let us first
develop some general theory. We first have the following result:

THEOREM 2.2. We have the following formula, for any s,t > 0,

Ds * Pt = Ps+t

so the Poisson laws form a convolution semigroup.

29
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PROOF. By using d; * ; = dx4; and the binomial formula, we obtain:

Kk l
s S _ t
Ps*pt = ¢€ E yék*etg ﬁ5l
— K !
k;tl

= thS k0

n k+l=n

= e tzn; Z kl[l

k+l=n

_ —s—t (8+t)
R Dt

n

= DPs+t

Thus, we are led to the conclusion in the statement.
Next in line, we have the following result, which is fundamental as well:
THEOREM 2.3. The Poisson laws appear as formal exponentials

tk(51 o 50)*1:
p— Y MO

k

with respect to the convolution of measures *.
PROOF. By using the binomial formula, the measure on the right is:

”:Z_Z rusl’"

r4+s=k

357’
B Ztk Z B T!s!

r4+s=k

= Dt

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

2b. Poisson limits

Regarding now the Fourier transform computation, this is as follows:
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THEOREM 2.4. The Fourier transform of p; is given by

Fy(y) = exp ((¢¥ = 1)t)
for any t > 0.

Proor. We have indeed the following computation:

Iy, (y) = e’ Z HF% (y)

= exp(—t) exp(e™t)
= exp ((e” — 1)t)
Thus, we obtain the formula in the statement. O

Observe that the above formula gives an alternative proof for Theorem 2.2, by using
the fact that the logarithm of the Fourier transform linearizes the convolution. As another
application, we can now establish the Poisson Limit Theorem, as follows:

THEOREM 2.5 (PLT). We have the following convergence, in moments,
t t *n
(- )as )
n n

PROOF. Let us denote by v, the measure under the convolution sign, namely:

Up = (1—£)(50+£51
n n

We have the following computation, for the Fourier transform of the limit:

' t t .
Fi(y) =™ — Fun(y):(l__)+—e’y
n n

=  Fa(y) = ((1— %) +%eiy)n
== F(y) = (1+@)n

= F(y) =exp ((e¥ — 1)t)

Thus, we obtain indeed the Fourier transform of p;, as desired. U

for any t > 0.
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2c. Moments, partitions

At the level of moments now, things are quite subtle for Poisson laws. We first have
the following result, dealing with the simplest case, where the parameter is t = 1:

THEOREM 2.6. The moments of p; are the Bell numbers,

Mi(p1) = [P (k)]
where P(k) is the set of partitions of {1,...,k}.

PRrROOF. The moments of p; are given by the following formula:
1 r*
My = — —
e Z 7l
We therefore have the following recurrence formula for these moments:

,',._I_lk‘+1
My = —Z T 1)

- 3 ()

s

With this done, let us try now to find a recurrence for the Bell numbers:
By = |P(h)

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:

B = (’Z) By,

s

Thus, our moments M}, satisfy the same recurrence as the numbers By. Regarding
now the initial values, in what concerns the first moment of p;, we have:

Mlzézgzl
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Also, by using the above recurrence for the numbers My, we obtain from this:

1
M2ZZ<S)MM:1+1:2

s

On the other hand, By = 1 and B, = 2. Thus we obtain M, = By, as claimed.

More generally now, we have the following result, dealing with the case t > 0:

THEOREM 2.7. The moments of p, with t > 0 are given by

— 3 4

weP (k)

where |.| is the number of blocks.

PROOF. The moments of the Poisson law p; with t > 0 are given by:
trrk

M = eitz r!

r

We have the following recurrence formula for these moments:

trH(r 4 1)k
(r+1)!

- grtlpk 1 k
= e tz T!T (14—;)
tr—Hk
- X ()
k‘ B tT—HTk s
_ Z(S>'€ DIfana

T

- (e

Regarding now the initial values, the first moment of p; is given by:

B tr B t"
My=et Y r=e tz(r—m:t

T T

Mk+1 =

Now by using the above recurrence we obtain from this:

1
M, ztz (S>Mk_3:t(1+t) =t+t

33
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On the other hand, consider the numbers in the statement, namely:

Sp=Y_ "

weP(k)

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 =1 Sk—s
As for the initial values of these numbers, these are S; = t, Sy = t + t2. Thus the

initial values coincide, and so these numbers are the moments of p;, as stated. Il

Summarizing, we have so far a quite good understanding of discrete probability theory.
Of course, this is just the beginning of things, and we will be back to this, later.

2d. Cumulants, inversion

We have seen a lot of interesting combinatorics in this chapter, but this is not the end
of the story. Following Rota, let us formulate now the following definition:

DEFINITION 2.8. Associated to any real probability measure p = iy is the following
modification of the logarithm of the Fourier transform F,(¢) = E(e®/),

K,(€) = log B(e™)

called cumulant-generating function. The Taylor coefficients k,(u) of this series, given by

Kul€) = Ykl )

are called cumulants of the measure . We also use the notations kg, K¢ for these cumu-
lants and their generating series, where f is a variable following the law p.

In other words, the cumulants are more or less the coefficients of the logarithm of
the Fourier transform log F},, up to some normalizations. To be more precise, we have
K, (&) =log F,(—i€), so the formula relating log F), to the cumulants k,,(x) is:

log Fj(—i&) =Y kn(p) %
n=1 :

Equivalently, the formula relating log F}, to the cumulants k,,(x) is:

log €)= 3 k)

We will see in a moment the reasons for the above normalizations, namely change of
variables ¢ — —i&, and Taylor coefficients instead of plain coefficients, the idea being that
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for simple laws like gy, p;, we will obtain in this way very simple quantities. Let us also
mention that there is a reason for indexing the cumulants by n = 1,2, 3,... instead of
n=20,1,2,..., and more on this later, once we will have some theory and examples.

As a first observation, the sequence of cumulants ki, ko, k3, ... appears as a modifica-
tion of the sequence of moments My, My, M3, ..., the numerics being as follows:

PROPOSITION 2.9. The sequence of cumulants kq, ko, ks, ... appears as a modification
of the sequence of moments My, My, M3, ..., and uniquely determines . We have

kl - Ml
ky = —M}+ M,
ks = 2M; — 3M; My + Ms
ky = —6M} + 12M7? My — 3MZ — 4M, M + M,

in one sense, and in the other sense we have
M, =k
My = k3 + ky
Mz = k3 + 3kiko + ks
My = ki + 6kiky + 3k3 + 4k k3 + ky

with in both cases the correspondence being polynomial, with integer coefficients.

Proor. We know from Definition 2.8 that the cumulants are given by:
o0 fs
log B(e!) = 3 k() S
s=1

By exponentiating, we obtain from this the following formula:

B(eff) = exp (Z k() 5—,)

Now by looking at the terms of order 1,2, 3,4, this gives the above formulae. O

The interest in cumulants comes from the fact that log F),, and so the cumulants &, (1)
too, linearize the convolution. To be more precise, we have the following result:

THEOREM 2.10. The cumulants have the following properties:
(1) kn(cf) = c"kn(f).
(2) ki(f+d) =ki(f) +d, and k,(f +d) = k,(f) forn > 1.
(3) kn(f +9) = knlf) + knlg), if f, g are independent.
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PROOF. Here (1) and (2) are both clear from definitions, because we have:
Kepra(§) = log B(eHI*D)
= log[egd . E(egcf)]
= &d+ Ky(cf)

As for (3), this follows from the fact that the Fourier transform Fy(¢) = E(e7)
satisfies the following formula, whenever f, g are independent random variables:

Ff+g(§> - Ff(g)Fg(g)
Indeed, by applying the logarithm, we obtain the following formula:
log Fy4(§) = log Fy(§) + log Fy (&)
With the change of variables & — —i£, we obtain the following formula:

Kp14(§) = K(§) + Ky(€)
Thus, at the level of coefficients, we obtain k,(f + ¢) = kn(f) + kn(g), as claimed. O

In order to get familiar with the cumulants, let us work out some examples. In what
regards the basic probability measures, that we know so far, the cumulants are always
given by simple formulae, as shown by the following result:

THEOREM 2.11. The sequence of cumulants ki, ko, ks, ... is as follows:

(1) For u =9, the cumulants are ¢,0,0, ...
(2) For u = g, the cumulants are 0,t,0,0,. ..
(3) For u = p; the cumulants are t,t,t, ...

PrRoOOF. We have 3 computations to be done, the idea being as follows:
(1) For p = 6. we have the following computation:

Ku(§) = log B(e)

= log(e®)
= Cé-
But the plain coefficients of this series are the numbers ¢, 0,0, ..., and so the Taylor
coefficients of this series are these same numbers ¢, 0,0, ..., as claimed.

(2) For pn = g; we have the following computation:
Ku() = log Fy(—i€)
= logexp [—t(—i&)*/2]
= t&)/2

But the plain coefficients of this series are the numbers 0,¢/2,0,0,..., and so the
Taylor coefficients of this series are the numbers 0,¢,0,0,..., as claimed.
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(3) For pn = p; we have the following computation:

Ku(g) = log Fu(_ig)
= logexp [(ei(_ig) — 1)t]
(ef — 1)t

But the plain coefficients of this series are the numbers ¢ /n!, and so the Taylor coeffi-
cients of this series are the numbers ¢,¢,¢, ..., as claimed. U

Getting back now to general theory, the sequence of cumulants ki, ks, k3, ... appears
as a modification of the sequence of moments My, My, Mj, ..., and understanding the re-
lation between moments and cumulants will be our next task. We recall from Proposition
2.9 that we have the following formulae, for the cumulants in terms of moments:

ki = M,
ky = —M} + M,
ks = 2M; — 3M; My + Ms
ky = —6M} + 12M7 My — 3MZ — 4M, M3 + M,

Also, we have the following formulae, for the moments in terms of cumulants:
My, =k
My = ki + ks
Mz = k3 + 3kiko + ks
My = ki + 6k3ky + 3k3 + 4k1ks + ky

In order to understand what exactly is going on, with moments and cumulants, which
reminds a bit the Mobius inversion formula, we need to do some combinatorics, in relation
with the set-theoretic partitions. We first have the following definition:

DEFINITION 2.12. The Mobius function of any lattice, and so of P, is given by

1 ifr=v
p(mv) =9 = i, im,7) if T <v
0 ifrLv

with the construction being performed by recurrence.
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As an illustration here, for P(2) = {||,M}, we have by definition:
ulll 1) = p(m,m) =1
Also, || < M, with no intermediate partition in between, so we obtain:
pulll,7) = =pdl ) = -1
Finally, we have M £ ||, and so we have as well the following formula:
(M, [1) =0
Thus, the Mébius matrix My, = u(m, v) of the lattice P(2) = {||,M} is as follows:
1 -1
=0 )
At k = 3 now, we have the following formula for the Mébius matrix M,, = p(r,v),
once again written with the indices picked increasing in P(3) = {|||, M|, 7, |1, T}
1 -1 -1 -1 2

o 1 0 0 -1
M=10 0 1 0 -1
o 0 0 1 -1

o 0 0 0 1

The main interest in the Md6bius function comes from the Mobius inversion formula,
which in linear algebra terms can be stated and proved as follows:

THEOREM 2.13. We have the following implication,

fm) =Y gv) = g(m=> uwm)f@)

v<m v<m

valid for any two functions f,qg: P(n) — C.
Proor. Consider the adjacency matrix of P, given by the following formula:
o {h g
Our claim is that the inverse of this matrix is the Mobius matrix of P, given by:
Mz, = pu(m,v)

Indeed, the above matrix A is upper triangular, and when trying to invert it, we are
led to the recurrence in Definition 2.12, so to the M6bius matrix M. Thus we have:

M=A"

Thus, in practice, we are led to the inversion formula in the statement. U
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As a first illustration, for P(2) the formula M = A~! appears as follows:
(1 —1) _ (1 1)‘1
0 1 01
At k = 3 now, the formula M = A~! for P(3) reads:

-1

1 -1 -1 -1 2 11111
o 1 0 0 -1 01001
0o 0 1 0 —-1]=]0012071
o 0 0 1 -1 00011
o 0 0 0 1 0 00O01

In general, the inversion formula M = A~! looks quite similar.

With these ingredients in hand, let us go back to probability. We first have:
DEFINITION 2.14. We define quantities M, (f), k-(f), depending on partitions
m € P(k)
by starting with M, (f), k.(f), and using multiplicativity over the blocks.

To be more precise, the convention here is that for the one-block partition 1,, € P(n),
the corresponding moment and cumulant are the usual ones, namely:

Mln(f) = Mn(f) ) kln(f) = kn(f)

Then, for an arbitrary partition 7 € P(k), we decompose this partition into blocks,
having sizes by, ..., bs, and we set, by multiplicativity over blocks:

M (f) = My, (f) .- My (f)  ka(f) =k, () K, (f)

With this convention, following Rota and others, we can now formulate a key result,
fully clarifying the relation between moments and cumulants, as follows:

THEOREM 2.15. We have the moment-cumulant formulae

Mo(f)= > k(f) » k()= D nlv,1,)M,(f)

veP(n) veP(n)

or, equivalently, we have the moment-cumulant formulae

M(f) = k() o kalf) =D plr,m)M,(f)

v<mw v<mw

where i is the Mébius function of P(n).
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PROOF. There are several things going on here, the idea being as follows:

(1) According to our conventions above, the first set of formulae is equivalent to the
second set of formulae. Also, due to the Mobius inversion formula, in the second set
of formulae, the two formulae there are in fact equivalent. Thus, the 4 formulae in the
statement are all equivalent. In what follows we will focus on the first 2 formulae.

(2) Let us first work out some examples. At n = 1,2,3 the moment formula gives the
following equalities, which are in tune with the findings from Proposition 2.9:

M1:k|:k'1
M2:k||+k|—|:k%+k2
Ms = kjj| + kry + ko + ko 4 km = k7 + 3kiky + ks

At n = 4 now, which is a case which is of particular interest for certain considerations
to follow, the computation is as follows, again in tune with Proposition 2.9:

M, = k‘|‘|+(k?r||‘—f—...)+(l€|—m+...)+(k‘|—[—||+...)—|—/{:r|—|—|
6 t 3 terms 4t

= ki + 6k7ky + 3k3 + 4k1ks + ky

As for the cumulant formula, at n = 1,2,3 this gives the following formulae for the
cumulants, again in tune with the findings from Proposition 2.9:

ki = M, = M,
ke = (=1)M|| + Mn = —M7 + M,
ks = 2M)| + (=1)Mnj + (=1)Mn+ (=1)Mjn + M = 2M} — 3My My + M;

Finally, at n = 4, after computing the Mobius function of P(4), we obtain the following
formula for the fourth cumulant, again in tune with Proposition 2.9:

ki = (=6)M+2(Mq)+...)+ (1) (Mnn+...)+ (-1)(Mm|+...) + M
6 t 3 terms 4 ¢

= —6M;] 4+ 12M2My — 3MZ — 4M M + M,

(3) Time now to get to work, and prove the result. As mentioned above, the formulae
in the statement are all equivalent, and it is enough to prove the first one, namely:

Zk

veP(n

In order to do this, we use the very deﬁmtlon of the cumulants, namely:

log E(e*)) Z/{:
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By exponentiating, we obtain from this the following formula:

B(e) = exp (Z k(f) 5—,)

(4) Let us first compute the function on the left. This is easily done, as follows:

B(e) = E (fj “jﬁ”) S uns

n=0
(5) Regarding now the function on the right, this is given by:

o s 0 0o £5\P
exp (stm%) = Z(Zsﬂ’;(f) 1)

p=0
B 00 1 o 551 00 gsp
— pzoﬁslzlk81(f)5_1! ...... ;ksp(f)s_p!
0o 1 0 [e's) 631+...+8p

But the point now is that all this leads us into partitions. Indeed, we are summing
over indices si,...,s, € N, which can be thought of as corresponding to a partition of
n =51+ ...+ 5. 50, let us rewrite our sum, as a sum over partitions. For this purpose,
recall that the number of partitions v € P(n) having blocks of sizes si,...,s, is:

< n ) n!
51,35 P!l

Also, when resumming over partitions, there will be a p! factor as well, coming from
the permutations of si,...,s,. Thus, our sum can be rewritten as follows:

e POLE D 9 7 I S e

n=0 p= 0 Csi+.. A+sp=n

=Zn.2p, > (81"7’873)1651(1‘“)-~~k‘sp(f)

S1t+...+sp=n

— &
DI
n=0 veP(n)
(6) We are now in position to conclude. According to (3,4,5), we have:

S =30 3

veP(n
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Thus, we have the following formula, valid for any n € N:

M) = S k()
)

veEP(n
We are therefore led to the conclusions in the statement.
2e. Exercises

Exercises:

EXERCISE 2.16.

EXERCISE 2.17.

EXERCISE 2.18.

EXERCISE 2.19.

EXERCISE 2.20.

EXERCISE 2.21.

EXERCISE 2.22.

EXERCISE 2.23.

Bonus exercise.



CHAPTER 3

Advanced laws

3a. Pascal distributions

We would like to discuss now some technical generalizations of the main laws that we
saw so far, namely the binomial ones and the Poisson ones. Let us start with:

THEOREM 3.1. We have the generalized binomial formula
= /a
14 2)" = zF
=32 (1)

with the generalized binomial coefficients being given by

(Z) :a(a—l)..l.d(a—k:—i—l)

valid for any exponent a € Z, and any |x| < 1.
Proor. This is something quite tricky, the idea being as follows:

(1) For exponents a € N, this is something that we know well, and which is valid for
any x € R, coming from the usual binomial formula, namely:

(1+z)" = ; <Z)xk

(2) For the exponent a = —1 this is something that we know well too, coming from
the following formula, valid for any |z| < 1:

=1l—ao+a?—2>+...

1+
Indeed, this is exactly our generalized binomial formula at « = —1, because:
“1\  (D(=2)... (=R .
= = —1
()= e

43
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(3) Let us discuss now the general case a € —N. With ¢ = —n, and n € N, the
generalized binomial coefficients are given by the following formula:

(—n) C(=m)(=n—1)...(-n—k+1)

k k!
B cnn+1)...(n+k—1)
_ (_1)k(n+k—1)!
(n— 1)!k!
+k—1
— (=1)F("
(Y
Thus, our generalized binomial formula at a = —n, and n € N, reads:
1 = n+k—1
— -1 k k
(14 t)" kZ:O( )< n—1 )t

(4) In order to prove this formula, it is convenient to write it with —¢ instead of ¢, in
order to get rid of signs. The formula to be proved becomes:

We prove this by recurrence on n. At n = 1 this formula definitely holds, as explained
in (2) above. So, assume that the formula holds at n € N. We have then:

1 1 1

(IT—t)t — 1—¢t (1—¢t)m

SR ()
n—1
k=0 =0
()
= o\l
On the other hand, the formula that we want to prove is:
1 L+ s\
- t
=2 ()

Thus, in order to finish, we must prove the following formula:

(- ()
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(5) In order to prove this latter formula, we proceed by recurrence on s € N. At s =0
the formula is trivial, 1 = 1. So, assume that the formula holds at s € N. In order to
prove the formula at s + 1, we are in need of the following formula:

(n+s> <n+s) (n—i—s—i—l)

-+ =

n n—1 n

But this is the Pascal formula, that we know well, and we are done. Il

Getting now to probability, we can talk about Pascal laws, and their properties.

3b. Compound Poisson

In relation with Poisson laws, we have work to do too. Indeed, we have the following
notion, extending the Poisson limit theory developed in the previous section:

DEFINITION 3.2. Associated to any compactly supported positive measure v on C, not
necessarily of mass 1, is the probability measure

t 1 *7
p, = lim ((1 — —) 0o + —1/)
n—o0 n n

where t = mass(v), called compound Poisson law.

In what follows we will be mainly interested in the case where the measure v is discrete,
as is for instance the case for v = td; with t > 0, which produces the Poisson laws. The
following standard result allows one to detect compound Poisson laws:

PROPOSITION 3.3. Forv =Y., t;0,, witht; >0 and z; € C, we have

Fyu(y) = exp (Z ti(e — 1>>

where ' denotes the Fourier transform.

PROOF. Let 1, be the measure in Definition 3.2, under the convolution sign:

t 1
nn:(l——)50+—y
n n

We have then the following computation:

t I . ¢ 1<, "
=1 i=1
= I, (y) =exp (Z t;(e — 1)>
=1

Thus, we have obtained the formula in the statement. U
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We have as well the following result, providing an alternative to Definition 3.2, and
which will be our formulation here of the Compound Poisson Limit Theorem:

THEOREM 3.4 (CPLT). Forv =3%_, 0, witht; >0 and z; € C, we have

p, = law (i ziai>
i=1

where the variables o; are Poisson (t;), independent.

PRrROOF. Let a be the sum of Poisson variables in the statement, namely:

S
o = Z 2107
i=1
By using some standard Fourier transform formulae, we have:

Fo,(y) = exp(ti(e” —1)) = Fia,(y) = exp(ti(e”™ — 1))

—  Fu(y) = exp (Z ti(e — 1))

Thus we have indeed the same formula as in Proposition 3.3, as desired. U
At the level of main examples of compound Poisson laws, we have:
DEFINITION 3.5. The Bessel law of level s € NU{oco} and parameter t > 0 is
by = Pte,
with €4 being the uniform measure on the s-th roots of unity. The measures
by=b |, B, =0b"
are called real Bessel law, and complex Bessel law.

In practice now, we can study the above measures 0] in our standard way, meaning
density, moments, Fourier, semigroup property, limiting theorems, and other aspects. In
what regards limiting theorems, the measures 0] appear by definition via the CPLT, so
done with that. As a consequence of this, however, let us record the following fact:

PROPOSITION 3.6. The Bessel laws are given by

b = law (Z wkak>
k=1
where ay, .. .,as are Poisson (t) independent, and w = e*™/*,

PRroor. This follows indeed from Theorem 3.4. O

As a first basic theoretical result about the Bessel laws, we have:
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THEOREM 3.7. The generalized Bessel laws b; have the property
so they form a truncated one-parameter semigroup with respect to convolution.

Proor. This follows indeed from the Fourier transform formula from Proposition 3.3,
because for the Bessel laws, the log of this Fourier transform is linear in . U

Regarding now the moments, the result here is as follows:

THEOREM 3.8. 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
o = # o (s)

as a weighted sum, in each block.

Proor. We already know that the formula in the statement holds indeed at s = 1,
where b} = p; is the Poisson law of parameter ¢t > 0, and where P* = P is the set of all
partitions. At s = 2 we have P2 = P,,.,, and the result is elementary as well, from what
we have in the above. In general, this follows by doing some standard combinatorics. [

We would like to develop now some more theory for the Bessel laws. First, it is
convenient to introduce as well modified versions of these laws, as follows:

DEFINITION 3.9. The Bessel and modified Bessel laws are given by

b = law (Z wkak> , l;f = law <Z wkak>
k=1 k=1
where aq,...,as are independent random variables, each of them following the Poisson

law of parameter t/s, and w = ™/,

As a first remark, at s = 1 we get the Poisson law of parameter ¢:

(e 9]

- tr
151 —t v
bl =0 =e ZH@
r=0
We will need in our computations the level s exponential function, given by:
.~ Zsk
exXp, 2 = Z —(sk)!
k=0

We have the following formula, in terms of root of unity w = e>/*:

1 S
exp, 2z = — E exp(wz)
s
k=1
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Observe also that at s = 1,2 we have the following formulae:
exp; = exp , exp, = cosh

We have the following result, regarding both the plain and modified Bessel laws, which
is a more explicit version of Proposition 3.3, for the Bessel laws:

THEOREM 3.10. The Fourier transform of b is given by
log F(2) = ¢ (exp, = — 1)
so in particular the measures b} are additive with respect to t.

Proor. Consider, as in Proposition 3.6, 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

— Zg (exp(w®z) — 1)

k=1

But this gives the following formula, in terms of the above function exp,:

logF,(2) =t ((% Zexp(wkz)) - 1)

= t(exp,(2) — 1)
Now since 0; is the law of a, this gives the formula in the statement. U
Let us study now the densities of b, b5. We have here the following result:

THEOREM 3.11. We have the formulae

THPRE I pa (t)pl*““’s S (Z . )

=e . g wp

i — pil...ops! \s — g

B 00 o0 1 ¢ p1+...+Dps S s
s k=1

=0 ps=0

2mi/s

where w = e , and the 0 symbol is a Dirac mass.
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PROOF. It is enough to prove the formula for bf. For this purpose, we compute the
Fourier transform of the measure on the right. This is given by:

) = Z Z (E>p1+...+ps s (; wkm) )

p1=0 pO

o] o0 1 ¢ p1+...+ps S
= ¢! Z e Z T (—> exp (Z wkpkz)
S_Opl....ps. S —

p1=0 Ps=
= ey (1) 3 i)
c ; (8 E;T P! opg!

We multiply by e!, and we compute the derivative with respect to ¢:

erey - SE(1) 3 ol
- (Y) 2 (o) )

_ 100 fr ZZ eXPZk1wka)
- s/ \s .. Ds!

— 1!
Sprmr =1 (o= 1)pral

By using the variable u = r — 1, we get:

(e'F(2)) = %g(é) Z Zexp sz;k L whgrz)

Yqgi=u l=1 q$'
1< =\ exp (35— wharz
_ (E;exp(wl2)> (Z; (;) ZZ p(qll...qslq )>
= (exp,z)(e'F(2))

On the other hand, consider the following function:

O (t) = exp(t exp, 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)
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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(exp,z — 1)
Thus, we are led to the formulae in the statement.
3c. Hypergeometric laws

We can talk about hypergeometric laws. Again, we will be back to this.

3d. Beta distributions
Finally, we can talk about beta distributions. We will be back to this.

3e. Exercises

Exercises:

EXERCISE 3.12.
EXERCISE 3.13.
EXERCISE 3.14.
EXERCISE 3.15.
EXERCISE 3.16.
EXERCISE 3.17.
EXERCISE 3.18.
EXERCISE 3.19.

Bonus exercise.



CHAPTER 4

Central limits

4a. Central limits

We have seen that some interesting theory can be developed for the discrete measures,
notably with a lot of exciting results regarding the Poisson laws, and their versions.

However, we cannot leave basic probability without talking, in one form or another,
about central limits. You have certainly heard about bell-shaped curves, and perhaps
even observed them in physics or chemistry class, because any routine measurement leads
to such curves. Mathematically, here is the question that we would like to solve:

QUESTION 4.1. Given random wvariables fi, fo, f3,..., say taken discrete, which are
i.9.d., centered, and with common variance t > 0, do we have

1 n
= Z Ji~ g
Vi
in the n — oo limit, for some bell-shaped density g; ¢ And, what is the formula of g; ¢

Observe that this question perfectly makes sense, with the probability theory that we
know, by assuming that our random variables f1, fo, f3, ... are discrete, as said above. As
for the 1/4/n factor, there is certainly need for a normalization factor there, as for things
to have a chance to converge, and the good factor is 1/4/n, as shown by:

PROPOSITION 4.2. In order for a sum of the following type to have a chance to con-
verge, with f1, fo, f3,... being i.1.d., centered, and with common variance t > 0,

S=) fi
i=1

we must normalize this sum by a 1/\/n factor, as in Question 4.1.

PROOF. The idea here is to look at the moments of S. Since all variables f; are
centered, E(f;) = 0, so is their sum, E(S) = 0, and no contradiction here. However,
when looking at the variance of S, which equals the second moment, due to E(S) = 0,

51
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things become interesting, due to the following computation:

V(S) = E(S?)
- E(Zﬁﬂ)
= ZElJ(fifj)
- iE(f?)—i-;E(fi)E(fj)
= Z:E(fﬂ ]

= nt

Thus, we are in need a normalization factor «, in order for our sum to have a chance
to converge. But, repeating the computation with S replaced by oS gives:

V(aS) = a’nt
Thus, the good normalization factor is « = 1/4/n, as claimed. U

So far, so good, we have a nice problem above, and time now to make a plan, in order
to solve it. With the tools that we have, from this book so far, here is such a plan:
PLAN 4.3. In order to solve our central limiting question, we have to:

(1) Apply Fourier and let n — oo, as to compute the Fourier transform of g;.
(2) Do some combinatorics and calculus, as to compute the moments of g;.
(3) Recover g; out of its moments, again via combinatorics and calculus.

Getting to work now, let us start with (1). Things are quickly done here, by using the
standard linearization results for convolution, which lead to:

THEOREM 4.4. Given discrete variables f1, fa, f3,..., which are i.i.d., centered, and
with common variance t > 0, we have

1 n
%Zlfi”\“gt

tz? /2

with n — oo, with g; being the law having F(x) = e~ as Fourier transform.

PROOF. There are several things going on here, the idea being as follows:
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(1) Observe first that in terms of moments, the Fourier transform of an arbitrary
random variable f : X — R is given by the following formula:

Fy(z) = B(e")

B
— (i) E(f")
>

k=0

f: i* M (f) ok
k!
k=0
(2) In particular, in the case of a centered variable, E(f) = 0, as those that we are
interested in, the Fourier transform formula that we get is as follows:

M) M)
: !

Moreover, by further assuming that the Fourier variable is small, z ~ 0, the Fourier
transform formula that we get, that we will use in what follows, becomes:

Ms(f)
2

(3) In addition to this, we will also need to know what happens to the Fourier transform
when rescaling. But the formula here is very easy to find, as follows:

Fop(z) = E(e™)
= E(eio‘xf)
= Fylax)

(4) Good news, we can now do our computation. By using the above formulae in (2)
and (3), the Fourier transform of the variable in the statement is given by:

o - (o)

Ff(l’) =1

Fp(z)=1— -2® + O(z?)

2 n
ta? "
= |[1-=—+0(n"?
0]
N ta2]"
o 2n
—ta? /2
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(3) We are therefore led to the conclusion in the statement, modulo the fact that
we do not know yet that a density g, having as Fourier transform F'(x) = e t7%/2 really
exists, plus perhaps some other abstract issues, related to the continuous measures, to be
discussed too. But too late to go back, both cat and sailors are happy, we will go ahead.
So, theorem proved, modulo finding that law g¢;, which still remains to be done. U

Getting now to step (2) of our Plan 4.3, that is easy to work out too, via some
elementary one-variable calculus, with the result here being as follows:

THEOREM 4.5. The “normal” law g, having as Fourier transform
F(z) = e /2
must have all odd moments zero, and its even moments must be the numbers
My (g;) = t°/% x k!
where k!l = (kK —1)(k —3)(k —5)..., for k € 2N.
PROOF. Again, several things going on here, the idea being as follows:

(1) To start with, at the level of formalism and notations, in view of Question 4.1 and
of Theorem 4.4, we have adopted the term “normal” for the mysterious law g; that we
are looking for, the one having F'(x) = e~t7*/2 as Fourier transform.

(2) Getting towards the computation of the moments, as a first useful observation,

according to Theorem 4.4 this normal law g, must be centered, as shown by:

n
fi = centered — Z fi = centered
i=1

1 n
= — fi = centered
— ¢; = centered

Moreover, the same argument works by replacing “centered” with “having an even
function as density”, and this shows, via some standard calculus, that we will leave here
as an exercise, that the odd moments of our normal law must vanish:

Myi11(g:) =0
Thus, first assertion proved, and we only have to care about the even moments.

(3) As a comment here, as we will see in a moment, our study below of the moments
computes in fact the odd moments too, as being all equal to 0, this time without making
reference to Theorem 4.4. Thus, definitely no worries with the odd moments.
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—tx?/2

(4) Getting to work now, we must reformulate the equation F(z) = e , in terms

of moments. We know from the proof of Theorem 4.4 that we have:

k=0 )

On the other hand, we have the following formula, for the exponential:

o)

21T
ftz2/2 o . rt x
¢ n Z( 1 2rr!

r=0

—tx?/2

Thus, our equation F(x) =e takes the following form:

(e 9] [e.9]

ZkMk:(gt) . Ttrl‘2r
D D e

k=0 ) r=0

(5) As a first observation, the odd moments must vanish, as said in (2) above. As for
the even moments, these can be computed as follows:
tk/2
X _—
2K/2(k /2)!
k!
2K/2(k/2)!
2.3-4...(k—1)-k
2-4-6... (k—2)-k
= t"2%x3.5. . (k=3)(k—1)
= "2 x kll

A4k(gt) = k!
= th2x

= F/2 %

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

The moment formula that we found is quite interesting, and before going ahead with
step (3) of our Plan 4.3, let us look a bit at this, and see what we can further say.

To be more precise, in analogy with what we know about the Poisson laws, and about
the Bessel laws too, making reference to interesting combinatorics and partitions, when
it comes to moments, we have the following result, regarding the normal laws:

THEOREM 4.6. The moments of the normal law g; are given by
Mi(g:) = 72| Py(k)|
for any k € N, with Py(k) standing for the pairings of {1,...,k}.
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PRrROOF. This is a reformulation of Theorem 4.5, the idea being as follows:

(1) We know from Theorem 4.5 that the moments of the normal law M, = M;(g:)
that we are interested in are given by the following formula, with the convention k!! =0
for k odd, and k!! = (k — 1)(k — 3)(k — 5) ... for k even, for the double factorials:

Mi(ge) = t*% x kIl

Now observe that, according to our above convention for the double factorials, these
are subject to the following recurrence relation, with initial data 1! = 0,2!! = 1:

kI = (k — 1)(k — 2)!

We conclude that the moments of the normal law M) = M;(g;) are subject to the
following recurrence relation, with initial data M; = 0, My = t:

M, = t(k — 1)M_s

(2) On the other hand, let us first count the pairings of the set {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
for the number P, of such pairings, with the initial data P, =0, P, = 1:

P,=(k—1)Po

Now by multiplying by t*/2, the resulting numbers N, = t*/2P, will be subject to the
following recurrence relation, with initial data Ny = 0, Ny = ¢:

Ny, = t(k — 1)Ny_s

(3) Thus, the moments M;, = Mj,(g;) and the numbers N, = t*/2P, are subject to the
same recurrence relation, with the same initial data, so they are equal, as claimed. O

Still in analogy with what we know about the Poisson laws, and about the Bessel laws
too, we can further process what we found in Theorem 4.6, and we are led to:

THEOREM 4.7. The moments of the normal law g; are given by
My(g:) = Z ¢l
TEP> (k)

where Py(k) is the set of pairings of {1,...,k}, and |.| is the number of blocks.

Proor. This is a quick reformulation of Theorem 4.6, with the number of blocks of
a pairing of {1,...,k} being trivially k£/2, independently of the pairing. O

It is possible to do some more combinatorics here, again in relation with what we
know about the Poisson laws, for instance by looking at cumulants, and we have:
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THEOREM 4.8. The cumulants of the normal law g, are the following numbers:
0,t,0,0,...
In particular, the normal laws satisfy gs * g = gs1¢, for any s,t > 0.
PrROOF. We have two assertions here, the idea being as follows:
(1) For the normal law g; we have the following computation:
Ku(§) = logFu(—if)
= logexp [—t(—i€)*/2]

= t£%/2
But the plain coefficients of this series are the numbers 0,¢/2,0,0,..., and so the
Taylor coefficients of this series are the numbers 0,¢,0,0,..., as claimed.

(2) As for the last assertion, regarding the semigroup property of the normal laws,
this actually follows from Theorem 4.4, the log of the Fourier transform being linear in ¢,
but is best seen by looking at the cumulants, which are obviously linear in ¢.

(3) However, as a technical remark here, the linearization results for the convolution
that we have, be them in terms of the Fourier transform, or of the cumulants, were
formally established before only for the discrete measures. So, instead of further thinking
at all this, let us pull out a third, elementary proof for gs * g; = gs1s-

(4) In order to do this, consider, as in Theorem 4.4, on one hand i.i.d. centered vari-
ables f1, f2, f3, ... having variance s > 0, and on the other hand i.i.d. centered variables
hi, ho, hs, ... having variance ¢ > 0. According to Theorem 16.4, we have:

R~ 1 <
ﬁ;fwvgs ) ﬁ;hi'\“gt

Now let us sum these formulae. Assuming that the variables fi, fo, f3, ... that we used
were independent from the variables hq, ho, hs, ..., we obtain in this way:

1 n
7n Z(fz + i) ~ gs * gy
i—1

On the other hand, yet another application of Theorem 4.4, with the remark that by
independence, the variance of f; + h; is indeed s + ¢, gives the following formula:

1 n
= Z(fz + hi) ~ Gore
Vi 5
Thus, we are led to the semigroup formula g, * g; = gs1¢, as desired. O

As a philosophical conclusion now to all this, let us formulate:
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CONCLUSION 4.9. The normal laws g; have properties which are quite similar to those
of the Poisson laws p;, and combinatorially, the passage

Pt — 9t
appears by replacing the partitions with the pairings.

Which sounds quite conceptual, and promising, hope you agree with me. In the
meantime, however, we still need to know what the density of g, is.

4b. Normal laws

So, let us get now to step (3) of our Plan 4.3. This does not look obvious at all, but
some partial integration know-how leads us to the following statement:

THEOREM 4.10. The normal laws are given by

1 6—x2/2tdl,

gt = \/ﬂ ] I
with the constant on the bottom being I = fR e dx.
ProoOF. This comes from partial integration, as follows:

(1) Let us first do a naive computation. Consider the following quantities:

Mk—/xkemzdx
R

It is quite obvious that by partial integration we will get a recurrence formula for these
numbers, similar to the one that we have for the moments of the normal laws. So, let us
do this. By partial integration we obtain the following formula, for any k£ € N:

1 /
M, = ——/xk_l (e_x2> dx
2 Jr

1
= 5/(!{—1)1"“26’”2613:
R
kE—1
AL VA
5 k—2

(2) Thus, we are on the good way, with the recurrence formula that we got being the
same as that for the moments of g, /5. Now let us fine-tune this, as to reach to the same
recurrence as for the moments of g,. Consider the following quantities:

Ny = /xke_xQ/Qtdx
R
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By partial integration as before, we obtain the following formula:

/
N, = /(txk_l) (—e‘x2/2t> dx
R
= /t(k — )2k 2" 2y
R
= tlk— 1)/xk_26_“32/2td$
R
- t(k’ - 1)Nk_2

(3) Thus, almost done, and it remains to discuss normalization. We know from the
above that we must have a formula as follows, with I; being a certain constant:

1
gr=—-e "y

I

But the constant I, must be the one making g; of mass 1, and so:
I, = / e %1% 4y
R
= / e 22 \/2dy
R
= V2t / e_dey
R
Thus, we are led to the formula in the statement. Il

What we did in the above is good work, and it remains to compute the constant I
appearing in Theorem 4.10, given by the following formula, and called Gauss integral:

I:/e”czd:c
R

With some advanced integration know-how, this can be done, as follows:

THEOREM 4.11. We have the following formula,

/e_mgdx =7
R

called Gauss integral formula.
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PROOF. As already mentioned, this is something which is nearly impossible to prove,
with bare hands. However, this can be proved by using two dimensions, as follows:

//e‘”Q_yzdxdy = 4/ / 6_$2_y2d$dy
R JR

/ vy ydtdy
2(1+¢2)
/ ) dydt
(+62)\
/ B 1+t2 dydt

1+t2

o
o
S
e

= 2/ (arctant)’dt
0
=7
Thus, we are led to the conclusion in the statement. U

Very nice, so as a final conclusion to our study, started long ago, in the beginning of
this chapter, we can now formulate the Central Limit Theorem (CLT), as follows:

THEOREM 4.12 (CLT). Given discrete random variables fi, fo, f3, ..., which are i.i.d.,
centered, and with common variance t > 0, we have

1 n
%Zlfif\“gt

in the n — oo limit, in moments, with the limiting mesure being
1

e = \ 27t

called normal, or Gaussian law of parameter t > 0.

)
e~ /2td$

Proor. This follows indeed from our various results above, and more specifically from
Theorem 4.4, Theorem 4.5 for the terminology, Theorem 4.10 and Theorem 4.11. U

Let us study now more in detail the laws that we found. Normally we already have
everything that is needed, but it is instructive at this point to do some computations,
based on the explicit formula of g, found above, and on Theorem 4.11. We first have:

PROPOSITION 4.13. We have the variance formula

Vig:) =
valid for any t > 0.
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PRrROOF. We already know this, but we can establish this as well directly, starting from
our formula of ¢g; from Theorem 4.12. Indeed, the first moment is 0, because our normal
law g; is centered. As for the second moment, this can be computed as follows:

1 2
My, = / zle ™ Py
2 V27t Jr

- /(ta:) (—6‘“"’2/%),(13:
V2t Jr
1 2
= te= " 2 dy
V27t /R

=t

We conclude from this that the variance is V' = M, = t, as claimed. Il

More generally, we can recover in this way the computation of all moments:
THEOREM 4.14. The even moments of the normal law are the numbers
My (ge) = t*/% x kIl
where k' = (k—1)(k —3)(k —5) ..., and the odd moments vanish.

PROOF. Again, we already know this, but we can establish this as well directly, start-
ing from our formula above of ¢;. Indeed, we have the following computation:

1 2
M, = ke=v™ /2t
FT ot /Ry Y

1 _ _ /
T Vont /R(tyk ) <_6 y%) dy
1

— tHk — 1)y*2e v /2
oo /R ( )y y

1 2
= t(k—1)x / h2emv /2
(k—1) N Y
= tlk—1)My_»
Thus by recurrence, we are led to the formula in the statement. O

Here is another result, which is the key one for the study of the normal laws:
THEOREM 4.15. We have the following formula, valid for any t > 0:

(l’) _ eftx2/2

F,

gt

In particular, the normal laws satisfy gs * g = gs14, for any s,t > 0.
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PROOF. As before, we already know this, but we can establish now the Fourier trans-
form formula as well directly, by using the explicit formula of g;, as follows:

1 2 jouti
F (r _ e Y /2t+zmyd
gt( ) \/2_71't /]R Y
_ _l_/g<Wﬂtwmm2wm@
V27t Jr
1 _ 27t 2/2
= e~ T2/t
V2t /R
1 e / _,2
- /2 =
= e e " dz
VT R
eftx2/2
As for the last assertion, this follows from the fact that log F}, is linear in t. U

Observe that, thinking retrospectively, the above computation formally solves the
question raised by Theorem 4.4, and so could have been used there, afterwards. However,
and here comes the point, all this is based on Theorem 4.11, and also, crucially, on our
work from Theorem 4.10, which in turn was based on moments and so on.

4c. Complex variables

Let us discuss now the complex analogues of all the above, with a notion of complex
normal, or Gaussian law. To start with, we have the following definition:

DEFINITION 4.16. A complex random variable is a variable f : X — C. In the discrete
case, the law of such a variable is the complex probability measure

,u:Zozﬁzi , ;>0 Z%’Zl , z €C

given by the following formula, with P being the probability over X,

p=>_ P(f=2).

zeC

with the sum being finite or countable, as per our discretness assumption.

In order to understand the precise relation with the real theory, that we know well,
we can decompose any complex variable f : X — C as a sum, as follows:

f=g+ih . g=Re(f), h=Im(f)
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With this done, we have the following computation, for the corresponding law:

po= Y P(f=2).

zeC

= Z P(f =2+ 1y)0pyiy

z,yeR

= Z P(g+ih =2+ iy)0s1iy

z,yeR

= Z P(g =T, h = y)6x+iy

z,yeR

In the case where the real and imaginary parts g, h : X — R are independent, we can
say more about this, with the above computation having the following continuation:

po= > Plg=2h=1y)0uy

z,yeR
= Y P(g=x)P(h=y)d,
z,yeR
= ) Plg=x2)P(h=y)d, 3
z,yeR
— (Z P(g= x)(ic) x (Z P(h = y)5i31>
zeR yEeR
= g ki

To be more precise, we have used here in the beginning the independence of the
variables h, g : X — R, and at the end we have denoted the measure on the right, which
is obtained from py by putting this measure on the imaginary axis, by fy,.

All this is quite interesting, going beyond what we know so far about basic probability,
in the real case, so let us record this finding, along with a bit more, as follows:

THEOREM 4.17. For a discrete complex random variable f : X — C, decomposed into
real and imaginary parts as f = g+ ih, and with g, h assumed independent, we have

of = [ * Uit

with % being the usual convolution operation, 6, * 0y = 0,44, and with u — iy denoting the
rotated version, R — iR. If g, h are not independent, this formula does not hold.

ProoFr. We already know that the first assertion holds, as explained in the above.
As for the second assertion, this follows by carefully examining the above computation.
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Indeed, we have used only at one point the independence of g,h, so for the formula
[y = g * tpu, to hold, the equality used at that point, which is as follows, must hold:

ZPQ—Ih—y achly ZP h y)5x+zy
z,yeR z,yeR

But this is the same as saying that the following must hold, for any x, y:
Plg=zh=y)=Plg=1x)P(h=y)

We conclude that, in order for the decomposition formula gy = p, * ip, to hold, the
real and imaginary parts g, h : X — R must be independent, as stated. O

Going now to the point, probabilistic limiting theorems, let us discuss the complex
analogue of the CLT. We have the following statement, to start with:

THEOREM 4.18. Given discrete complex variables f1, fa, f3,... whose real and imagi-
nary parts are i.i.d., centered, and with common variance t > 0, we have

1 n
%ZlfiNCt

with n — oo, in moments, where Cy is the law of a complex variable whose real and
imaginary parts are independent, and each following the law g;.

Proor. This follows indeed from the real CLT, established in Theorem 4.12, simply
by taking the real and imaginary parts of all the variables involved. U

It is tempting at this point to call Theorem 4.18 the complex CLT, or CCLT, but before
doing that, let us study a bit more all this. We would like to have a better understanding
of the limiting law C; at the end, and for this purpose, let us look at a sum as follows,
with a, b being real independent variables, both following the normal law g;:

c=a-+1b

To start with, this variable is centered, in a complex sense, because we have:

E(¢) = E(a+1ib)
= E(a)+iE(D)
= 0+4+1:-0
=0
Regarding now the variance, things are more complicated, because the usual variance
formula from the real case, which is V(c) = E(c?) in the centered case, will not provide

us with a positive number, in the case where our variable is not real. So, in order to
have a variance which is real, and positive too, we must rather use a formula of type
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V(c) = E(|c|?), in the centered case. And, with this convention for the variance, we have
then the following computation, for the variance of the above variable c:

Vie) = E(|cf’)
= E(a2+b2)
(a®) + E(b%)
= V(a®)+V(?)
= t+t
= 2

I
&

But this suggests to divide everything by v/2, as to have in the end a variable having
complex variance t, in our sense, and we are led in this way into:

DEFINITION 4.19. The complex normal, or Gaussian law of parameter t > 0 is

Gy = law <%(a + ib))

where a,b are real and independent, each following the law g,.

In short, the complex normal laws appear as natural complexifications of the real
normal laws. As in the real case, these measures form convolution semigroups:

PROPOSITION 4.20. The complex Gaussian laws have the property
Gs * Gt - Gs+t
for any s,t > 0, and so they form a convolution semigroup.

Proor. This follows indeed from the real result, namely g, * g; = gs1+, established in
Theorem 4.8, simply by taking real and imaginary parts. U

We have as well the following complex analogue of the CLT:

THEOREM 4.21 (CCLT). Given discrete complex variables f1, fa, fs,. .. whose real and
imaginary parts are i.1.d. and centered, and having variance t > 0, we have

1 n
= Z fz ~ Gy
vn i=1
with n — 0o, 1 moments.

Proor. This follows indeed from our previous CCLT result, from Theorem 4.18, by
dividing everything by v/2, as explained in the above. U
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4d. Wick formula

Regarding now the moments, the situation here is more complicated than in the real
case, because in order to have good results, we have to deal with both the complex
variables, and their conjugates. Let us formulate the following definition:

DEFINITION 4.22. The moments a complex variable f € L>*(X) are the numbers
M, = E(f*)
depending on colored integers k = o e @ o ..., with the conventions
=1, fr=f ., =7
and multiplicativity, in order to define the colored powers f*.

As an illustration for this notion, which is something very intuitive, here are the
formulae of the four possible order 2 moments of a complex variable f:

Moo = E(f?) , M= E(ff)
Me =E(ff) , M= E(f?)

Observe that, since f, f commute, we have the following identity, which shows that
there is a bit of redundancy in our above definition, as formulated:

Moo = Moo

In fact, again since f, f commute, we can permute terms, in the general context of
Definition 4.22, and restrict the attention to exponents of the following type:

k:...OOO....,,,

However, our results about the complex Gaussian laws, and other complex laws, later
on, not to talk about laws of matrices, random matrices and other noncommuting vari-
ables, that will appear later too, will look better without doing this. So, we will use
Definition 4.22 as stated. Getting to work now, we first have the following result:

THEOREM 4.23. The moments of the complex normal law are given by

My(Gy) = {

tPp! (K uniform, of length 2p)
0 (k not uniform)

where k = o eeo... is called uniform when it contains the same number of o and e.

Proor. We must compute the moments, with respect to colored integer exponents
k =oeeo...as above, of the variable from Definition 4.19, namely:

1 :
f= E(a—i—zb)

We can assume that we are in the case t = 1, and the proof here goes as follows:
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(1) As a first observation, in the case where our exponent k = ceeo. .. is not uniform,
a standard rotation argument shows that the corresponding moment of f vanishes. To

be more precise, the variable f" = wf is complex Gaussian too, for any complex number
w € T, and from My(f) = Mi(f") we obtain My(f) = 0, in this case.

(2) In the uniform case now, where the exponent k = o e eo ... consists of p copies of
o and p copies of e, the corresponding moment can be computed as follows:

o = [y

(ff
= 2—110/(a2+b2)p

_ i (p> /a/2r/62p—2r
2p — \r

= 2—1p 7« (];)(27")!!(2]9—27‘)!!

1 p! (2r)!  (2p —2r)!
2 & rlip—r)! 2l 2p77(p —r)!

7! Z 2r\ (2p —2r
S 4 —\7 p—r
(3) 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:

A= (E)
T+t “\q¢/\4
By taking the square of this series, we obtain the following formula:
1 —t\? 2r\ (2p — 2r
me2(7) Z() G
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 (2), as follows:

_ P =)
Mk—4p><4 =p:

We are therefore led to the conclusion in the statement. O

As before with the real Gaussian laws, or even before with the Poisson and Bessel
laws, a better-looking statement regarding the moments is in terms of partitions.
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Indeed, given a colored integer k = oe e o ..., let us say that # € Py(k) is matching
when it pairs o — e symbols. With this convention, we have the following result:

THEOREM 4.24. The moments of the complex normal law are the numbers
My (Gy) = Z ¢
weP2(k)

where Py(k) are the matching pairings of {1,...,k}, and |.| is the number of blocks.

PRrooOF. This is a reformulation of Theorem 4.23. Indeed, we can assume that we are
in the case t = 1, and here we know from Theorem 4.23 that the moments are:

M, — {<|k|/2>! (k uniform)

0 (k not uniform)

On the other hand, the numbers |Py(k)| are given by exactly the same formula. Indeed,
in order to have a matching pairing of k, our exponent £k = o e @ o ... must be uniform,
consisting of p copies of o and p copies of e, with p = |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 pairings. Thus, we have the same formula as for the
moments of f, and we are led to the conclusion in the statement. U

In practice, we also need to know how to compute joint moments. We have here:

THEOREM 4.25 (Wick formula). Given independent variables f;, each following the
complex normal law Gy, with t > 0 being a fived parameter, we have the formula

E (fikl .. fis) = 13/24 {7r € Pa(k)|m < kerz'}

where k = ky...ks and i = 11...15, for the joint moments of these variables, where
m < keri means that the indices of © must fit into the blocks of 7, in the obvious way.

Proor. This is something well-known, which can be proved 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*) = t"72|Py (k)|
But this is the formula in Theorem 4.24, so we are done with this case.

(2) In general now, when expanding the product fi'? o fzk 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 < keri there standing for the fact that we are doing the
various type (1) computations independently, and then making the product. U
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The above statement is one of the possible formulations of the Wick formula, and
there are many more formulations, which are all useful. For instance, we have:

THEOREM 4.26 (Wick formula 2). Given independent variables f;, each following the
complex normal law Gy, with t > 0 being a fized parameter, we have the formula

E(fi-o fufl . f) = 54 {w € Siline) = jr,Vr}

for the non-vanishing joint moments of these variables.

Proor. This follows from the usual Wick formula, from Theorem 4.25. With some
changes in the indices and notations, the formula there reads:

B i) =24 {o € Po(K) o <ker T}

Now observe that we have Py(K) = (), unless the colored integer K = Kj...Kj
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 = K7 ... K, is of the following special form:

K=00...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:

I=1d1... 0 j1... ]k
With these changes made, the above usual Wick formula reads:
E(fi o fufl . ) = thg {a c PQ(K)‘U < ker(z’j)}

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 (le e 'fikf;l e f]*k) = tk# {ﬂ- S Sk 7:7r(7") = jrvvr}

Thus, we have reached to the formula in the statement, and we are done. Il

Finally, here is one more formulation of the Wick formula, useful as well:

THEOREM 4.27 (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(fify - fiudy) = 14 {7 € Seliney = i}

for the non-vanishing joint moments of these variables.
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Proor. This follows from our second Wick formula, from Theorem 4.26, simply by
permuting the terms, as to have an alternating sequence of plain and conjugate variables.
Alternatively, we can start with Theorem 4.25, and then perform the same manipulations
as in the proof of Theorem 4.26, but with the exponent being this time as follows:

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

4e. Exercises

Exercises:

EXERCISE 4.28.
EXERCISE 4.29.
EXERCISE 4.30.
EXERCISE 4.31.
EXERCISE 4.32.
EXERCISE 4.33.
EXERCISE 4.34.
EXERCISE 4.35.

Bonus exercise.
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Laws of matrices






CHAPTER 5

Linear algebra

5a. Linear maps

According to various findings in physics, starting with those of Heisenberg from the
early 1920s, basic quantum mechanics involves linear operators 17" : H — H from a
complex Hilbert space H to itself. The space H is typically infinite dimensional, a basic
example being the Schrodinger space H = L?(R3) of the wave functions ¢ : R® — C of
the electron. In fact, in what regards the electron, this space H = L*(R?) is basically
the correct one, with the only adjustment needed, due to Pauli and others, being that of
tensoring with a copy of K = C2, in order to account for the electron spin.

But more on this later. Let us start this Part II more modestly, as follows:

Fact 5.1. We are interested in quantum mechanics, taking place in infinite dimen-
sions, but as a main source of inspiration we will have H = CN, with scalar product

with the linearity at left being the standard mathematical convention. More specifically,
we will be interested in the mathematics of the linear operators T : H — H.

The point now, that you surely know about, is that the above operators T': H — H
correspond to the square matrices A € My (C). Thus, as a preliminary to what we want
to do in this book, we need a good knowledge of linear algebra over C.

You probably know well linear algebra, but always good to recall this, and this will
be the purpose of the present chapter. Let us start with the very basics:

THEOREM 5.2. The linear maps T : CN — CN are in correspondence with the square
matrices A € My (C), with the linear map associated to such a matriz being

Tr = Ax
and with the matriz associated to a linear map being A;; =< Te;, e; >.

PROOF. The first assertion is clear, because a linear map 7' : CV — CV must send a
vector x € CV to a certain vector Tz € CV, all whose components are linear combinations

73
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of the components of x. Thus, we can write, for certain complex numbers A;; € C:

T Allxl—l—...—i—AleN

N AN1£E1—|—...—|—ANN{EN

Now the parameters A;; € C can be regarded as being the entries of a square matrix
A € My(C), and with the usual convention for matrix multiplication, we have:

Tx = Ax
Regarding the second assertion, with Tx = Az as above, if we denote by eq,..., ey
the standard basis of CV, then we have the following formula:
Alj
T@j =
An;j
But this gives the second formula, < Tej, e; >= A;;, as desired. U

Our claim now is that, no matter what we want to do with 7" or A, of advanced type,
we will run at some point into their adjoints T* and A*, constructed as follows:

THEOREM 5.3. The adjoint operator T* : CV — C¥, which is given by
<Tx,y>=<uz,T"y >
corresponds to the adjoint matriz A* € My(C), given by
(A%)iy = Aji
via the correspondence between linear maps and matrices constructed above.

PROOF. Given a linear map T : CV¥ — CV, fix y € CV, and consider the linear form
¢(x) =< Tx,y >. This form must be as follows, for a certain vector T*y € C":

olx) =<a,T"y >

Thus, we have constructed a map y — Ty as in the statement, which is obviously
linear, and that we can call T*. Now by taking the vectors z,y € CV to be elements of
the standard basis of C, our defining formula for 7™ reads:

< Te;, e; >=< ei,T*ej >
By reversing the scalar product on the right, this formula can be written as:

< T*€j,€i >= < Te,-,ej >

But this means that the matrix of 7 is given by (A*);; = Aji, as desired. O

Ji
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Getting back to our claim, the adjoints % are indeed ubiquitous, as shown by:

THEOREM 5.4. The following happen:
(1) T(x) = Uz with U € My(C) is an isometry precisely when U* = U~!.
(2) T(x) = Pz with P € My(C) is a projection precisely when P? = P* = P.

PROOF. Let us first recall that the lengths, or norms, of the vectors x € CV can be
recovered from the knowledge of the scalar products, as follows:

l|z]| = V< =z, >
Conversely, we can recover the scalar products out of norms, by using the following
difficult to remember formula, called complex polarization identity:

4 <ay>=|lz+yll* — llo - yll* +illo +ayl]* — il |z — iy|
The proof of this latter formula is indeed elementary, as follows:
2 +ylI* = llz = ylI* +illz + iyll* — ille — iy|]”
= el + [lyll* = Nl* = [yl + dll2]]* + illy[]* — il |2]]* = illy]]*
+2Re(< x,y >) +2Re(< x,y >) + 2iIm(< z,y >) + 2ilIm(< z,y >)
= d<z,y>
Finally, we will use Theorem 5.3, and more specifically the following formula coming
from there, valid for any matrix A € My (C) and any two vectors z,y € CV:
< Ax,y >=<uz, A%y >

(1) Given a matrix U € My(C), we have indeed the following equivalences, with the
first one coming from the polarization identity, and the other ones being clear:

|Uz|| = ||z|| <= < Uz, Uy>=<ux,y>
— <z, UUy>=<ux,y>
— U'Uy=y
— U'U=1
= U'=U"
(2) Given a matrix P € My(C), in order for x — Pz to be an oblique projection, we
must have P? = P. Now observe that this projection is orthogonal when:

<Pr—z,Py>=0 <= < P'Pr—Puz,y>=0
<~ P'Pr—P2x=0
<~ P'P-P"=0
<— P'P=P"
The point now is that by conjugating the last formula, we obtain P*P = P. Thus we
must have P = P*, and this gives the result. U
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Summarizing, the linear operators come in pairs 7T, T*, and the associated matrices
come as well in pairs A, A*. This is something quite interesting, philosophically speaking,
and will keep this in mind, and come back to it later, on numerous occasions.

5b. Diagonalization

Let us discuss now the diagonalization question for the linear maps and matrices.
Again, we will be quite brief here, and for more, we refer to any standard linear algebra
book. By the way, there will be some complex analysis involved too, and here we refer to
Rudin [78]. Which book of Rudin will be in fact the one and only true prerequisite for
reading the present book, but more on references and reading later.

The basic diagonalization theory, formulated in terms of matrices, is as follows:

PROPOSITION 5.5. A wector v € CV is called eigenvector of A € My(C), with corre-
sponding eigenvalue A, when A multiplies by X\ in the direction of v:

Av=Xv
In the case where CV has a basis vy, . .., vn formed by eigenvectors of A, with correspond-
ing eigenvalues Ay, ..., Ay, in this new basis A becomes diagonal, as follows:
A1
A~
AN

FEquivalently, if we denote by D = diag(\y, ..., An) the above diagonal matriz, and by
P = [v1...vN]| the square matriz formed by the eigenvectors of A, we have:

A=PDp!
In this case we say that the matrix A is diagonalizable.
PRrROOF. This is something which is clear, the idea being as follows:

(1) The first assertion is clear, because the matrix which multiplies each basis element
v; by a number \; is precisely the diagonal matrix D = diag(Aq, ..., An).

(2) The second assertion follows from the first one, by changing the basis. We can
prove this by a direct computation as well, because we have Pe; = v;, and so:

PDP Y, = PDe,
Pe;
= M\Pe;

= A\

Thus, the matrices A and PDP~! coincide, as stated. U
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Let us recall as well that the basic example of a non diagonalizable matrix, over the
complex numbers as above, is the following matrix:

0 1
7=(0 o)
Indeed, we have J (z) = (g), so the eigenvectors are the vectors of type (g), all with
eigenvalue 0. Thus, we have not enough eigenvectors for constructing a basis of C2.

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

THEOREM 5.6. Let A € My(C), and for any eigenvalue A € C define the corresponding
eigenspace as being the vector space formed by the corresponding eigenvectors:

B\ = {UECN‘AU:)\U}

These eigenspaces Ey are then in a direct sum position, in the sense that given vectors
vy € By, ...,vu; € E), corresponding to different eigenvalues Ay, ..., \,, we have:

ZCi'UZ':O = ¢ =0

In particular we have the following estimate, with sum over all the eigenvalues,

> dim(Ey) < N

and our matriz is diagonalizable precisely when we have equality.

PROOF. We prove the first assertion by recurrence on £ € N. Assume by contradiction
that we have a formula as follows, with the scalars ¢y, ..., ¢, being not all zero:

cur+...+cup =0
By dividing by one of these scalars, we can assume that our formula is:
Vp =0CV1 + ...+ C_1Vr_1

Now let us apply A to this vector. On the left we obtain:

Avp = Apv = A1 + .o+ ApCr_1Uk—1
On the right we obtain something different, as follows:

Aoy + ..o+ cp1vk—1) = Avy+ .o+ g1 Avgy
= MU+ .. F o1 Ae—1Uk—1

We conclude from this that the following equality must hold:

)\kcwl + ...+ )\kck,wk,l = Cl)\lvl + ...+ Ckfl)\kfl’l}kfl
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On the other hand, we know by recurrence that the vectors wvq,...,v,_; must be
linearly independent. Thus, the coefficients must be equal, at right and at left:

)\kcl = Cl)\l

NiCh—1 = Cl—1 k-1

Now since at least one of the numbers ¢; must be nonzero, from A\.c; = ¢;\; we obtain
A = A, 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

In order to reach now to more advanced results, we can use the characteristic polyno-
mial, which appears via the following fundamental result:

THEOREM 5.7. 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(E)) < my
where my s the multiplicity of A, as root of P.

PRroOF. 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=>I v <= Fu,(A-Aly)v=0
< det(A—Aly)=0
Regarding now the second assertion, given an eigenvalue A of our matrix A, consider
the dimension d) = dim(F)) of the corresponding eigenspace. By changing the basis of

CY, 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:

Mg, O
a~ (N 3)
We conclude that the characteristic polynomial of A is of the following form:
Py= Py, Pp=(\—2)"Pp

Thus the multiplicity m, of our eigenvalue A, as a root of P, satisfies m, > d,, and
this leads to the conclusion in the statement. U

Now recall that we are over C, which is something that we have not used yet, in our
last two statements. And the point here is that we have the following key result:
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THEOREM 5.8. Any polynomial P € C[X] decomposes as
P=c¢X—-a)...(X —ap)
with ¢ € C and with ay,...,ay € C.

PRrROOF. It is enough to prove that P has one root, and we do this by contradiction.
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 k > 1 being an integer. We
obtain from this that, with ¢ € C small, we have the following estimate:

P(z+1) ~ P(z) + ct*
Now let us write t = rw, with » > 0 small, and with |w| = 1. Our estimate becomes:
P(z +rw) ~ P(2) 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+1w)] = |P(2) + er*u®| = |P(2)|(1 — |e[r")

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

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

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

Now by putting everything together, we obtain the following result:
THEOREM 5.9. Given a matriz A € My(C), consider its characteristic polynomial
P(X) =det(A— X1y)
then factorize this polynomial, by computing the complex roots, with multiplicities,
PX)=(—DN(X = A)™ .. (X = \)™
and finally compute the corresponding eigenspaces, for each eigenvalue found:

b, = {U ecV AUI)\{U}

The dimensions of these eigenspaces satisfy then the following inequalities,

and A is diagonalizable precisely when we have equality for any i.
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PRrROOF. This follows by combining Theorem 5.6, Theorem 5.7 and Theorem 5.8. In-
deed, the statement is well formulated, thanks to Theorem 5.8. By summing the inequal-
ities dim(E)) < my from Theorem 5.7, we obtain an inequality as follows:

D dim(Ey) <> my <N
A A

On the other hand, we know from Theorem 5.6 that our matrix is diagonalizable when
we have global equality. Thus, we are led to the conclusion in the statement. U

This was for the main result of linear algebra. There are countless applications of this,
and generally speaking, advanced linear algebra consists in building on Theorem 5.9.

In practice, diagonalizing a matrix remains something quite complicated. Let us record
a useful algorithmic version of the above result, as follows:

THEOREM 5.10. The square matrices A € Mn(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™L.

ProoFr. This is an informal reformulation of Theorem 5.9, 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 an illustration for all this, which is a must-know computation, we have:
THEOREM 5.11. The rotation of angle t € R in the plane diagonalizes as:
(Cost —sint) 1 <1 1) (e“ 0) (1 —i)
sint cost ) 2 \i —i 0 et)\1 4
Qver the reals this is impossible, unless t = 0,7, where the rotation is diagonal.

ProOOF. Observe first that, as indicated, unlike we are in the case t = 0, 7, where our
rotation is +1,, our rotation is a “true” rotation, having no eigenvectors in the plane.
Fortunately the complex numbers come to the rescue, via the following computation:

cost —sint 1 cost —isint _afl
. = =e
sint  cost i icost + sint i

We have as well a second complex eigenvector, coming from:

cost —sint 1 cost +isint al 1
. = =e
sint  cost —1 —icost +sint —1

Thus, we are led to the conclusion in the statement. U
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As another basic illustration, we have the following result:

THEOREM 5.12. The all-one, or flat matrix, namely

1 ... 1
Iy = : :
1 ... 1
diagonalizes as follows, over the complexr numbers,
1 *
Iy = NFNQFN
with Fy = (w");; with w = ™/~ being the Fourier matriz, and Q = diag(N,0,...,0).
PROOF. It is clear that we have [y = N Py, with Py being the projection on the all-1
vector £ = (1); € RY. Thus, Iy diagonalizes over R, as follows:

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:

SL‘1+...+ZL’N:0

And this is not an easy task, if we want a nice basis for the space of solutions. For-
tunately, complex numbers come to the rescue, and we are led to the conclusion in the
statement. We will leave the verifications here as an instructive exercise. O

5c. Matrix tricks

At the level of basic examples of diagonalizable matrices, we first have the following
result, which provides us with the “generic” examples:

THEOREM 5.13. For a matrix 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,
(4) The resultant of P, P' is nonzero, R(P, P") # 0,
(5) The discriminant of P is nonzero, A(P) # 0,

and in this case, the matriz is diagonalizable.

2
3
4
)
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PROOF. The last assertion holds indeed, due to Theorem 5.9. As for the equivalences
in the statement, these are all standard, the idea for their proofs, along with some more
theory, needed for using in practice the present result, being as follows:

(1) <= (2) This follows from Theorem 5.9.
(2) <= (3) This is standard, the double roots of P being roots of P’.

(3) <= (4) The idea here is that associated to any two polynomials P, () is their
resultant R(P, @), which checks whether P, Q) have a common root. Let us write:

P=cX—-a1)... (X —ay)
Q=dX —b)...(X=b)
We can define then the resultant as being the following quantity:
R(P,Q) = cd" [ [(ai — b))
]

The point now, that we will explain as well, is that this is a polynomial in the coeffi-
cients of P, (), with integer coefficients. Indeed, this can be checked as follows:

— We can expand the formula of R(P, (@), and in what regards ay, ..., ax, which are
the roots of P, we obtain in this way certain symmetric functions in these variables, which
will be therefore polynomials in the coefficients of P, with integer coefficients.

— We can then look 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,
and so polynomials in the coefficients of (), with integer coefficients.

— Thus, we are led to the above conclusion, 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.

Alternatively, let us write our two polynomials in usual form, as follows:
P=pX" 4. +pX +po

Q=qgX'+.. . +aX+q

The corresponding resultant appears then as the determinant of an associated matrix,
having size k + [, and having 0 coefficients at the blank spaces, as follows:

Pk qi

R(P,Q) = |po Pe @ @

Po qo0
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(4) <= (5) Once again this is something standard, the idea here being that the
discriminant A(P) of a polynomial P € C[X] is, modulo scalars, the resultant R(P, P’).
To be more precise, let us write our polynomial as follows:

P(X)=cX" +axV 4. .

Its discriminant is then defined as being the following quantity:

A(P) = R(P, P

This is a polynomial in the coefficients of P, with integer coefficients, with the division
by ¢ being indeed possible, under Z, and with the sign being there for various reasons,
including the compatibility with some well-known formulae, at small values of N. O

All the above 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)(z—q) , Q=dx—r)
The resultant can be then computed as follows, by using the two-step method:
R(P.Q) = ad*(p—r)(qg—1)

= ad’(pq — (p+q)r +1%)

= cd® 4+ bd’r + ad*r?

= cd® — bde + ae?

Observe that R(P, Q) = 0 corresponds indeed to the fact that P, have a common
root. Indeed, the root of Q) is r = —e/d, and we have:

ae*  be R(P,Q)
Ph=g-at="&
We can recover as well the resultant as a determinant, as follows:
a d 0
R(P,Q)=1|b e d|=ae*— bde+ cd®
c 0 e

Finally, in what regards the discriminant, let us see what happens in degree 2. Here
we must compute the resultant of the following two polynomials:

P=aX?+bX +c , P =2X+b
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The resultant is then given by the following formula:
R(P,P") = ab*—b(2a)b+ c(2a)*
= 4a’c — ab?
= —a(b® — 4ac)
Now by doing the discriminant normalizations, we obtain, as we should:
A(P) = b* — 4ac
As already mentioned, one can prove that the matrices having distinct eigenvalues are
“generic”, and so the above result basically captures the whole situation. We have in fact
the following collection of density results, which are quite advanced:
THEOREM 5.14. 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.

PROOF. These are quite advanced results, which can be proved as follows:

(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 5.13. 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 have:

THEOREM 5.15. The following happen:

(1) We have Pag = 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 5.14, 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 = Paca—
Now observe that, when assuming that A is invertible, we have:

AB = A(BA)A™
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Thus, we have the result when A is invertible. By using now Theorem 5.14 (1), we
conclude that this formula holds for any matrix A, by continuity.

(2) This is a reformulation of (1), via the fact that P encodes the eigenvalues, with
multiplicities, which is hard to prove with bare hands.

(3) This is something quite informal, clear for the diagonal matrices D, then for the
diagonalizable matrices PDP~!, and finally for all matrices, by using Theorem 5.14 (3),
provided that f has suitable regularity properties. We will be back to this. U

Let us go back to the main problem raised by the diagonalization procedure, namely
the computation of the roots of characteristic polynomials. We have here:

THEOREM 5.16. The complez eigenvalues of a matriz A € My(C), counted with mul-
tiplicities, have the following properties:
(1) Their sum is the trace.

(2) Their product is the determinant.

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

P(X) = (—D)MX =X)...(X = An)

= (-DYXN 4+ (- (Z /\i) XN+ T

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

THEOREM 5.17. Assume that A € My(C) has eigenvalues Ay, ..., Any € C, counted
with multiplicities. The basic symmetric functions of these eigenvalues, namely

Cr = E )\il ce )\lk
11 <...<ip

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

P(X) = (-1 Y (- 1fex*

k=0
Moreover, all symmetric functions of the eigenvalues, such as the sums of powers

de = N+ ...+ Ay

appear as polynomials in these characteristic polynomial coefficients cy,.
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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:

PX) = (—D)M(X = A (X = Ay)

= (VXN 4 (- (Z )\i) XM+ I

= (—D)NXY 4 (DN e XN 4 (1) %y
= (-DV (XY = XV o+ (1) NVew)
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 d; = ), A7, at small values of the exponent s € N, is
an excellent exercise, which shows how to proceed in general, by recurrence. Il

5d. Spectral theorems
Let us go back now to the diagonalization question. Here is a key result:

THEOREM 5.18. 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 = \v, we have:

A<v, 0> = < A\v,v>
< Av,v >
= <wv, Av >
= <v,A\v>
= A<v,v>
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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 >
= < Av,w >
= <v,Aw >
= <o, pw >

= p<v,w>

Thus A # p implies v L w, as claimed. In order now to finish the proof, it remains to
prove that the eigenspaces of A span the whole space CV. For this purpose, we will use
a recurrence method. Let us pick an eigenvector of our matrix:

Av = )v
Assuming now that we have a vector w orthogonal to it, v 1 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. Moreover,

since a matrix A is self-adjoint precisely when < Av,v >€ R for any vector v € CV, as
one can see by expanding the scalar product, the restriction of A to the subspace v* is
self-adjoint. Thus, we can proceed by recurrence, and we obtain the result. U

As basic examples of self-adjoint matrices, we have the orthogonal projections. The
diagonalization result regarding them is as follows:

PROPOSITION 5.19. The matrices P € My(C) which are projections,
pPP=p*=p
are precisely those which diagonalize as follows,
P=UDU*
with U € Uy, and with D € My(0,1) being diagonal.
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PROOF. The equation for the projections being P? = P* = P, the eigenvalues \ are
real, and we have as well the following condition, coming from P? = P:

A<v, 0> = < Av,v>
= < Pv,v>
< P*v,v >
= < Pv,Pv>
= < A\v, v >
= M<ov>
Thus we obtain A € {0, 1}, as claimed, and as a final conclusion here, the diagonal-
ization of the self-adjoint matrices is as follows, with e; € {0,1}:
€1
P~
EN
To be more precise, the number of 1 values is the dimension of the image of P, and
the number of 0 values is the dimension of space of vectors sent to 0 by P. U

An important class of self-adjoint matrices, which includes for instance all the projec-
tions, are the positive matrices. The theory here is as follows:

THEOREM 5.20. For a matriz A € My (C) the following conditions are equivalent, and
if they are satisfied, we say that A is positive:

)
) A= CC*, for some C € My(C).

) < Az,x >> 0, for any vector x € CV.

) A= A*, and the eigenvalues are positive, \; > 0.

PRrROOF. The idea is that the equivalences in the statement basically follow from some
elementary computations, with only Theorem 5.18 needed, at some point:

(1) = (2) This is clear, because we can take C' = B.
(2) = (3) This follows from the following computation:
<Ax,x> = <CC'z,x >
= <C'z,C*x >
> 0
(3) = (4) By using the fact that < Ax,z > is real, we have:
<Ar,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,x> = <Ar,x>
= A<z, >
0

v

(4) = (5) This follows indeed by using Theorem 5.18.

(5) = (1) Assuming A = UDU*, with U € Uy, and with D € My(R,) being
diagonal, we can set B = Uv/DU*. Then 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. Il

Let us record as well the following technical version of the above result:

THEOREM 5.21. For a matriz A € My (C) the following conditions are equivalent, and
if they are satisfied, we say that A is strictly positive:

)
) A= CC*, for some C € My(C) invertible.

) < Az, >> 0, for any nonzero vector v € CV.

) A= A*, and the eigenvalues are strictly positive, A; > 0.

) A=UDU*, with U € Uy and with D € My(R?) diagonal.

PRrROOF. This follows either from Theorem 5.20, by adding the various extra assump-
tions in the statement, or from the proof of Theorem 5.20, by modifying where needed. [

Let us discuss now the case of the unitary matrices. We have here:

THEOREM 5.22. 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.
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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*
= VD 'v!
_ (V*)—ID—lv—l
= (vDpvH
= 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> = <U'Uv,v>
= <Uv,Uv>
= < A\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=M , 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,Ulw>
= <, /flw >
= pu<v,w>
Thus A # p implies v L w, as claimed. In order now to finish the proof, it remains to
prove that the eigenspaces of U span the whole space CV. For this purpose, we will use

a recurrence method. Let us pick an eigenvector of our matrix:

Uv =M
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Assuming that we have a vector w orthogonal to it, v L w, we have:

<Uw,v> = <w,U'v>

= <w, U >

= <w, A\ v>

= 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. O

The self-adjoint matrices and the unitary matrices are particular cases of the general
notion of a “normal matrix”, and we have here:

THEOREM 5.23. 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.

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™w, v >=< A" Av,v >

But this is equivalent to AA* = A*A, by expanding the scalar products. Our next
claim is that A, A* have the same eigenvectors, with conjugate eigenvalues:

Av =\ = A*v =\
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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 — Al y:

1(A" = Ay)ol] = [I(A = Aly)"|]
= |I(A = Aly)ol|
0

Let us prove now, by using this, that the eigenspaces of A are pairwise orthogonal.
Assume that we have two eigenvectors, corresponding to different eigenvalues, A # u:

Av=X v , Aw = pw
We have the following computation, which shows that A\ # p implies v L w:
A<v,w> = < Av,w >
= < Av,w >
= <v,A"w >
<, pw >
uw<v,w >
In order to finish, it remains to prove that the eigenspaces of A span the whole C.
This is something that we have already seen for the self-adjoint matrices, and for 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"

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 the following formulae:

V=U , E=DD

In particular, the matrices 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 , AA™w = pw
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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 >
= < A\w,w >
= < AAA™v,w >
= < AAAv,w >
= < Av, AA"w >
= < Av,pw >
= u<Av,w >

We conclude that we have < Av, w >= 0. But this reformulates as follows:
AN#p = 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. Now by rescaling, this is
the same as assuming that we have AA* = 1. But with this, we are now into the unitary
case, that we know how to solve, as explained in Theorem 5.22, and so done. Il

As a first application, we have the following result:

THEOREM 5.24. 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*A. In the case N = 1, we
obtain in this way the usual absolute value of the complex numbers.

PRrROOF. Consider indeed the matrix A*A, which is normal. According to Theorem
5.23, we can diagonalize this matrix as follows, with U € Uy, and with D diagonal:

A=UDU"

From A*A > 0 we obtain D > 0. But this 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*

Thus, we are basically done. Indeed, if we call this latter matrix |A|, then we are led to
the conclusions in the statement. Finally, the last assertion is clear from definitions. [J
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We can now formulate a first polar decomposition result, as follows:
THEOREM 5.25. Any invertible matriz A € My(C) decomposes as
A=U|A|
with U € Uy, and with |A| = v/ A*A as above.

PRroOOF. This is routine, and follows by comparing the actions of A, |A| on the vectors
v € CV, and deducing from this the existence of a unitary U € Uy as above. We will be
back to this, later on, directly in the case of the linear operators on Hilbert spaces. [

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 5.26. Any square matrix A € My(C) decomposes as
A=U|A]|
with U being a partial isometry, and with |A| = v A*A as above.

PROOF. Again, this follows by comparing the actions of A, |A| on the vectors v € CV,
and deducing from this the existence of a partial isometry U as above. Alternatively, we
can get this from Theorem 5.25, applied on the complement of the 0-eigenvectors. U

This was for our basic presentation of linear algebra. There are of course many other
things that can be said, but we will come back to some of them in what follows, directly
in the case of the linear operators on the arbitrary Hilbert spaces.

5e. Exercises
This was a very standard linear chapter, and as exercises here, we have:
EXERCISE 5.27. Compute the matrices of all basic linear maps f : R? — R2.
EXERCISE 5.28. Compute the matriz of the rank one projection on & € CV.
EXERCISE 5.29. Diagonalize 50 matrices, and even better, 500 matrices.
EXERCISE 5.30. Check the details for the diagonalization of the flat matrix.
EXERCISE 5.31. Learn more about the resultant, and the discriminant.
EXERCISE 5.32. Learn also about the Cardano formulae, in degree 3, and 4.
EXERCISE 5.33. What can you say about the diagonalization of orthogonal matrices?
EXERCISE 5.34. Work out some explicit polar decomposition results.

As bonus exercise, learn some more specialized results too, such as the Jordan form.



CHAPTER 6

Laws of matrices

6a. Diagonal matrices

We would like to discuss now some interesting applications of our various spectral
theorems to probability theory. Let us start with something basic, as follows:

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 gwen by My(f) = [, x¥dps(z).

Here, and in what follows, we use the term “law” for “probability distribution”, which
means exactly the same thing, and is more convenient. Regarding now the fact that the
law pf exists indeed, this is true, but not exactly trivial. By linearity, we would like to
have a probability measure making hold the following formula, for any P € C[X]:

vanzépwwmw

By using a standard continuity argument, it is enough to have this formula for the
characteristic functions y; of the arbitrary measurable sets of real numbers I C R:

ﬂmﬁﬂzém@Mﬂ@

But this latter formula, which reads P(f € I) = ps(I), can serve as a definition for
5, and we are done. Alternatively, assuming some familiarity with measure theory, ji is
the push-forward of the probability measure on X, via the function f : X — R.

Let us summarize this discussion in the form of a theorem, as follows:

THEOREM 6.2. The law py of a random variable f exists indeed, and we have

EwUD=A¢@WM@

for any integrable function ¢ : R — C.
95
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PRroOOF. This follows from the above discussion, and with the precise assumption on
¢ : R — C, which is its integrability, in the abstract mathematical sense, being in fact
something that we will not really need, in what follows. In fact, for most purposes we will
get away with polynomials ¢ € C[X], and by linearity this means that we can get away
with monomials ¢(x) = 2%, which brings us back to Definition 6.1 (3), as stated. O

Getting now to the case of the matrices A € My(C), here it is quite tricky to figure
out what the law of A should mean, based on intuition only. So, in the lack of a bright
idea, let us just reproduce Definition 6.1, with a few modifications, as follows:

DEFINITION 6.3. Let N € N, and consider the algebra My(C) of complex N x N
matrices, with its normalized trace tr : My(C) — C, given by tr(A) = Tr(A)/N.

(1) We call random variables the self-adjoint matrices A € My (C).
(2) The moments of such a variable are the numbers My(A) = tr(A¥).
(3) The law of such a variable is the measure giwen by My(A) = [; @Fdpa(z).

Here we have normalized the trace, as to have ¢r(1) = 1, in analogy with the formula
E(1) = 1 from usual probability. By the way, as a piece of advice here, many confusions
appear from messing up tr and T'r, and it is better ot forget about T'r, and always use tr.
With the drawback that if you’re a physicist, tr might get messed up in quick handwriting
with the reduced Planck constant i = h/2m. However, shall you ever face this problem,
I have an advice here too, namely forgetting about h, and using h instead of h.

Another comment is that we assumed in (1) that our matrix is self-adjoint, A = A*,
with the adjoint matrix being given, as usual, by the formula (4*);; = A;. Why this,
because for instance at N = 1 we would like our matrix, which in the case N = 1 is
a number, to be real, and so we must assume A = A*. Of course there is still some
discussion here, for instance because you might argue that why not assuming instead that
the entries of A are real. But let us leave this for later, and in the meantime, just trust
me. Or perhaps, let us trust Heisenberg, who used self-adjoint matrices. More later.

Back to work now, what we have in Definition 6.1 looks quite reasonable, but as
before with the usual random variables f € L>(X), some discussion is needed, in order
to understand if the law p, exists indeed, and by which mechanism. And, good news
here, in the case of the simplest matrices, the real diagonal ones, we have:

THEOREM 6.4. For any diagonal matrizc A € My(R) we have the formula
1
where A1, ..., An € R are the diagonal entries of A. Thus the measure

1
Ha = N((SM +... +5/\N)
can be regarded as being the law of A, in the sense of Definition 6.35.
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PROOF. Assume indeed that we have a real diagonal matrix, as follows, with the
convention that the matrix entries which are missing are by definition 0 entries:

A1
A—
AN
The powers of A are then diagonal too, given by the following formula:
A
AF =
AN
In fact, given any polynomial P € C[X], we have the following formula:
P(A)
P(A) =
P(Ay)

Thus, the first formula in the statement holds indeed. In particular, we conclude that
the moments of A are given by the following formula:

1
My(A) = tr(A*) = N Zz: A
On the other hand, with s = (5, + ...+ d5,) as in the statement, we have:

1
k _ k
/Rx dua(x) = N El /Rx doy, ()
1 k
=y

Thus that the law of A exists indeed, and is the measure p4, as claimed. U

6b. Self-adjoint matrices

The point now is that, by using the spectral theorem for self-adjoint matrices, we have
the following generalization of Theorem 6.4, dealing with the general case:

THEOREM 6.5. For a self-adjoint matriz A € My (C) we have the formula
1
tr(P(A)) = N(P()\l) +...+P(\y))
where \1,...,Any € R are the eigenvalues of A. Thus the measure

1
Ha = N(é)q +.. +5/\1\7)
can be regarded as being the law of A, in the sense of Definition 6.35.
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Proor. We already know, from Theorem 6.4, that the result holds indeed for the
diagonal matrices. In the general case now, that of an arbitrary self-adjoint matrix, we
know from chapter 5 that our matrix is diagonalizable, as follows:

A=UDU"
Now observe that the moments of A are given by the following formula:

tr(A¥) = tr(UDU*-UDU*...UDU")

= tr(UD*U")
tr(D")
We conclude from this, by reasoning by linearity, that the matrices A, D have the
same law, u4 = pup, and this gives all the assertions in the statement. U

6¢c. Normal matrices

Let us start with the complex variables f € L*(X). The main difference with respect
to the real case comes from the fact that we have now a pair of variables instead of one,
namely f: X — C itself, and its conjugate f : X — C. Thus, we are led to:

DEFINITION 6.6. The moments a complex variable f € L*°(X) are the numbers
My(f) = B(f*)
depending on colored integers k = o e @ o ..., with the conventions
ff=1 . f=f . =7
and multiplicativity, in order to define the colored powers f*.

Observe that, since f, f commute, we can permute terms, and restrict the attention
to exponents of type k =...ocooeeee... if we want to. However, our various results
below will look better without doing this, so we will use Definition 6.6 as stated.

Regarding now the notion of law, this extends too, the result being as follows:

THEOREM 6.7. Each complez variable f € L®(X) has a law, which is by definition a
complex probability measure py making the following formula hold,

Muﬂzéfww@>

for any colored integer k. Moreover, we have in fact the formula

EwGD=4¢@WM@

valid for any integrable function ¢ : C — C.
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PRrROOF. The first assertion follows exactly as in the real case, and with z* being

defined exactly as f*, namely by the following formulae, and multiplicativity:
d=1, 2=z, =z

As for the second assertion, this basically follows from this by linearity and continuity,
by using standard measure theory, again as in the real case. O

Moving ahead towards matrices, all this leads to a mixture of easy and complicated
problems. First, Definition 6.6 has the following straightforward analogue:

DEFINITION 6.8. The moments a matrizc A € Mx(C) are the numbers
M, (A) = tr(A¥)
depending on colored integers k = o e @ o ... with the usual conventions
A"=1 | A=A | A=A
and multiplicativity, in order to define the colored powers AF.

As a first observation about this, unless the matrix is normal, AA* = A*A, we cannot
switch to exponents of type k =...cooeeee ... asit was theoretically possible for the
complex variables f € L>(X). Here is an explicit counterexample for this:

PROPOSITION 6.9. The following matrix, which is not normal,
0 1
(00
has the property tr(JJ*JJ*) # tr(JJJ*J*).

PRrOOF. We have the following formulae, which show that J is not normal:
« (0 1\ /0 0y (1 0
1= (5 0) (0 8) =0 o)
«7 (0 0y (0 1\ (0 O
r7=(10) (6 0)= (0 1)
Let us compute now the quantities in the statement. We first have:

(T = tr((JJ)2) = tr ((1) 8) :%

On the other hand, we have as well the following formula:

e (N I R

Thus, we are led to the conclusion in the statement. U
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The above counterexample makes it quite clear that things will be complicated, when
attempting to talk about the law of an arbitrary matrix A € My(C). But, there is
solution to everything. By being a bit smart, we can formulate things as follows:

DEFINITION 6.10. The law of a complex matriz A € My(C) is the following functional,
on the algebra of polynomaials in two noncommuting variables X, X*:

paC< X, X*>—-C |, P—tr(P(A)

In the case where we have a complex probability measure ps € P(C) such that

r(P() = [ Pla)duala)
C
we identify this complex measure with the law of A.

As mentioned above, this is something smart, that will take us some time to under-
stand. As a first observation, knowing the law is the same as knowing the moments,
because if we write our polynomial as P = ), ¢z X k then we have:

tr(P(A)) =tr (Z ckAk) = Z ceMi(A)

Let us try now to compute some matrix laws, and see what we get. We already did
some computations in the real case, and then for the basic 2 x 2 Jordan block J too, and
based on all this, we can formulate the following result, with mixed conclusions:

THEOREM 6.11. The following happen:

(1) If A= A* then pa = (A1 + ...+ Ay), with A\; € R being the eigenvalues.
(2) If A is diagonal, jia = ~ (M + ...+ An), with \; € C being the eigenvalues.
(3) For the basic Jordan block J, the law py is not a complex measure.

(4) In fact, assuming AA* # A*A, the law py is not a complex measure.

PRroOF. This follows from the above, with only (4) being new. Assuming AA* # A*A,

in order to show that 4 is not a measure, we can use a positivity trick, as follows:
AA* — A*A#£0 (AA* — A*A)? >0

AATAAY — AATAA — ATAAA" + ATAAA >0
tr(AA"AA* — AAA"A — ATAAA" + ATAA™A) > 0
tr(AA*AA* + AAA*A) > tr(AATA*A 4+ AAAA™)
tr(AA*AAY) > tr(AAA™AY)

Thus, we can conclude as in the proof for J, the point being that we cannot obtain
both the above numbers by integrating |z|? with respect to a measure 4 € P(C). U

Ly

Fortunately, by using the spectral theorem for normal matrices, we have:
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THEOREM 6.12. Given a matriv A € My(C) which is normal, AA* = A*A, we have
the following formula, valid for any polynomial P € C < X, X* >,
1

tr(P(A)) = N(P()\l) +...+ P(\y))

where Ay, ..., An € C are the eigenvalues of A. Thus the complex measure

1
Ha = N((SM +... +5/\N)
is the law of A. In the non-normal case, the law 4 is not a measure.

PROOF. As before in the diagonal case, since our matrix is normal, AA* = A*A,
knowing its law in the abstract sense of generalized probability is the same as knowing
the restriction of this abstract distribution to the usual polynomials in two variables:

pa:CIX,X*] = C , P —tr(P(A))

In order now to compute this functional, we can write A = UDU™, as in chapter 5, and
then change the basis via U, which in practice means that we can simply assume U = 1.

Thus if we denote by A,..., Ay the diagonal entries of D, which are the eigenvalues of
A, the law that we are looking for is the following functional:
1

But this functional corresponds to integrating P with respect to the following complex
measure, that we agree to still denote by 4, and call distribution of A:

1
HaA = N((S)\l ++5>\N)

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

6d. Some speculations

Good news, with our linear algebra knowledge, we have now enough ingredients for
developing a “baby theory” of quantum spaces. Let us start in the following way:

SPECULATION 6.13. Since the algebra A = M, (C) is isomorphic as vector space with
2

C" = C(1,...,n?), we can think of it as being of the following form, with M,, being some
sort of “quantum space”, and with ~ standing for some sort of “twisting”:

A=CM,) . M,~{1,...n%

And this quantum space M, might be useful in dealing with quantum mechanics, where
things are a bit “fuzzy”, with the particles having undefined positions and speeds.
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And take this as this comes, with this depending on your physics knowledge. To be
more precise, you surely know that in quantum mechanics things are a bit “fuzzy”, as
said above, and so anything mathematical of classical type, be that usual curves, surfaces,
manifolds X C RY, or even finite spaces like {1,..., N}, which were originally designed
in order to help with classical mechanics, will normally fail in that setting. Thus, we are
genuinely interested in all sorts of crazy mathematical “quantum spaces”, any idea being
welcome, in the hope that such spaces can help us in quantum mechanics.

In a word, Speculation 6.13, and anything similar, is definitely welcome. But then,
thinking a bit more at all this, the above space M,, is not that crazy as in seems, I mean
come up if you can with a mathematical construction of a “quantum space” which is less
crazy. So, as a conclusion, Speculation 6.13 is not only welcome, but warmly welcome, if
the gods of quantum mechanics are with us, spaces like M,, might be the answer.

Less speculatively now, and assuming that you know some physics, at n = 2, which is
of particular interest, you surely know that talking about the electron spin requires the
Pauli matrices, which look as follows, and form a basis of the algebra M,(C):

(10 (i 0 (0 1 (0 i
“=\o1) » 270 =) » 7 \-10) > 2“7\ o

Thus, Speculation 6.13 at n = 2 is in fact something corresponding to a deep finding
in physics, and worth a Nobel Prize, the one won by Pauli for his work.

In any case, beginner level or not, you must agree with me that Speculation 6.13 is
something to be taken seriously. So, let us further speculate on that. We have:

SPECULATION 6.14. Regarding M,,, we can even have a geometric picture of it,

® ®12 . ®n
® 2 . ®on
®,1 ®,2 ce. ®rn

with each formal point e;; standing for the corresponding elementary matrix
€ij 1€ — €
based on the observation that these matrices form a basis of A = C(M,,).

To be more precise here, let us first examine the classical space X = {1,...,n*}. We
can represent this space by a series of n? points, as everyone does, as follows:

o LD} c. ®,2
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Now if we look at the algebra of functions C'(X) = €™, this is spanned by the Dirac
masses 0;, one for each of the points e;. Thus, we can say that “spaces are described by
the functions on them”, and we are led in this way to the above picture of M,,.

All this is quite interesting, we have some beginning of mathematics here, for our
mysterious space M,. And we can further speculate on this, in the following way:

SPECULATION 6.15. The twisting operation {1,...,n?} — M, which reads
@ e o,
o [ D) e ®,2 ~
.1 ®nn

amounts in changing the multiplication rule on the vector space (C”Q, as follows,
€;€; = 5ijei ~ €ijCkl = 5jkeil
at the level of the standard basis, in each case.
To be more precise, here we are using the same philosophy as for Speculation 6.14,
namely that “spaces are described by the functions on them”, and in what regards the
multiplication formulae, we first have e;e; = d;je;, which is the familiar multiplication rule

for the Dirac masses on {1,...,n?}, and then we have e;;e;, = d;x€;, which is the familiar
multiplication rule for the matrix units e;; : e; — ¢;, from Speculation 6.14.

More in detail now, we would like to have a formula as follows, with the operation
A — A? being something that destroys the commutativity of the multiplication:

C(M,) =C(1,...,n?)°

In more familiar terms, with usual complex matrices on the left, and with a better-
looking product of sets being used on the right, this formula reads:

M(€) = C ({1, n} x {1,...,n}>0

In order to establish this formula, consider the algebra on the right. As a complex
vector space, this algebra has the standard basis { f;;} formed by the Dirac masses at the
points (4, 7), and the multiplicative structure of this algebra is given by:

fij i = dij
Now let us twist this multiplication, according to the formula e;;ex; = ;€. We obtain

in this way the usual combination formulae for the standard matrix units e;; : e; — ¢; of
the algebra M,,(C), and so we have our twisting result, as claimed.
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As a further comment, at n = 2, coming as a continuation of our previous comment
on the Pauli matrices, in case you are familiar with these, you might argue that why using
e;; instead of these Pauli matrices. Good point, and we will be back to this, later.

Very nice all this, and as a natural question now, we have:

QUESTION 6.16. How to unify the theory of classical finite spaces {1,..., N} with the
theory of quantum finite spaces of type M, that we are currently building?

In answer, we can look at multimatrix algebras, and we have:
SPECULATION 6.17. We can call finite quantum spaces the spaces of type
X=M,U...uM,,
coming according to the following formula, for the associated algebras of functions:
CX)=M,(C)@...® M, (C)
The cardinality | X| of such a space is by definition N =n? + ...+ n}.

To be more precise, we are saying this in view of the following formula, valid for any
two finite sets X, Y, and which is something very elementary:

C(XUY) =C(X)aCY)

Indeed, staying a bit speculatory, of course, we can take this as a definition for the
disjoint union of finite quantum spaces, and with this in hand, we have the following
computation, fully justifying what was said in the above:

C(My, U...UM,,) = C(M,)®...0C(M,,)
= M, (C)®...® M, (C)

In any case, Speculation 6.17 looks very good, and fully answers Question 6.16. And
as further good news here, we even have pictures for these general finite quantum spaces,
generalizing our previous pictures for M,, and for {1,..., N}. Indeed, given a direct sum
of matrix algebras, A = M,,,(C)&...® M,, (C), we can represent each matrix block as a
square, and we end up with a picture like this, representing A:

But looking at this picture, we can say that this represents the space X itself. For
instance the number of points is the correct one, | X| = dim A. Also, in the case A = C¥,
the picture that we get, @ o ... @ is the correct picture of X, as a space of points. More
generally, when n; = 1, the associated point e is a true point of X. And so on.
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As a related speculation now, we can talk as well about products of finite quantum
spaces, defined according to the following formula:

C(X xY) =C(X)® OY)

To be more precise, this is something well-known, and elementary, for any two finite
sets XY, and in view of this, we can take it as a definition for X x Y, in general. And
again, all this is compatible with what we previously knew about M,, and {1,..., N}.

Very nice all this. As a last topic of discussion, we must still extend what we have to
the case of the multimatrix algebras, and the result here, including what we knew from
before, of algebraic nature, regarding the multimatrix algebras, is as follows:

SPECULATION 6.18. We can call finite quantum spaces the spaces of type
X=M,U...uM,,

coming according to the following formula, for the associated algebras of functions:

C(X)=M,(C)@...® M, (C)
The cardinality | X| of such a space is by definition the following number,

N=ni+...+n}
and the possible traces are as follows, with \; > 0 summing up to 1:
tr = Mtr1 ® ... ® Mty
Among these traces, we have the canonical trace, appearing as
tr: C(X) Cc L(C(X)) —»C

via the left reqular representation, having weights \; = n? /N .

To be more precise, these are things that we already know from before, save for the
last assertion, which is new, and needs some explanations. Consider the left regular
representation of our algebra A = C'(X), which is given by the following formula:

T:ACL(A) , w(a):b—ab

We know that the algebra L£(A) of linear operators T': A — A is isomorphic to a
matrix algebra, and more specifically to My(C), with N = |X| being as before:

L(A) ~ My(C)

Thus, this algebra has a trace tr : L(A) — C, and by composing this trace with the
representation 7, we obtain a certain trace tr : A — C, that we can call “canonical”:

triAcC L(A)—C
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In practice now, and in order to avoid too much abstraction, we can compute the
weights of this trace by using a multimatrix basis of A, formed by matrix units e’,, with
ie{l,...,k} and with a,b € {1,...,n;}, and we obtain, as claimed:

It is possible to speculate some more, along the same lines, but enough work done for
the day, let us formulate our conclusions, which are quite good, as follows:

CONCLUSION 6.19. Spaces like M,, are the simplest possible “quantum spaces”, mathe-
matically speaking, and we definitely have tools, including pictures, for dealing with them.
With a bit of luck, these maight help in quantum physics, which needs such spaces.

Of course, all this was a bit subjective, and many things remain to be clarified. But
no worries, we will be back to this soon, with full mathematical details.

6e. Exercises

Exercises:

EXERCISE 6.20.
EXERCISE 6.21.
EXERCISE 6.22.
EXERCISE 6.23.
EXERCISE 6.24.
EXERCISE 6.25.
EXERCISE 6.26.
EXERCISE 6.27.

Bonus exercise.
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Basic examples

7a. Basic examples

Basic examples.

7b. Further examples

Further examples.

7c. Advanced theory
Advanced theory.

7d. Some conclusions

Some conclusions.

7e. Exercises

Exercises:

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

Bonus exercise.
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Beyond normality

8a. Jordan blocks
Jordan blocks.

8b. Into combinatorics

Into combinatorics.

8c. Further computations

Further computations.

8d. Discrete distributions

Discrete distributions.

8e. Exercises

Exercises:

EXERCISE 8.1.
EXERCISE 8.2.
EXERCISE 8.3.
EXERCISE 8.4.
EXERCISE 8.5.
EXERCISE 8.6.
EXERCISE 8.7.
EXERCISE 8.8.

Bonus exercise.
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CHAPTER 9

Spectral theory

9a. Linear operators

We would like to first discuss the theory of linear operators T': H — H over a complex
Hilbert space H, usually taken separable. Let us start with a basic result, as follows:

THEOREM 9.1. Given a Hilbert space H, consider the linear operators T : H — H,
and for each such operator define its norm by the following formula:

17| = Sup [ T]]

The operators which are bounded, ||T|| < oo, form then a complex algebra B(H), which
is complete with respect to ||.||. When H comes with a basis {e;}icr, we have

B(H) c M;(C)
with the correspondence T'— M coming via the usual linear algebra formulae, namely:
T(x) =Mz , M;=<Teje >
In infinite dimensions, the inclusion B(H) C M(C) is not an equality.
PRroOF. This is something straightforward, the idea being as follows:

(1) 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+ Tl < [IS[l + |IT]]
AT} = |AL- 1T

ST < (IS - [IT1]
(2) Regarding now the completness assertion, if {7,,} C B(H) is Cauchy then {T,x}
is Cauchy for any x € H, so we can define the limit 7" = lim,,_,, T}, by setting:

Tx = lim T,z

n—o0

113



114 9. SPECTRAL THEORY
Let us first check that the application x — Tz is linear. We have:
Tx+y) = Tim. To(z+vy)
=l To(2) + ()
= e e )
= T(x)+T(y)
Similarly, we have T'(Az) = AT'(x), and we conclude that T' € L(H).

(3) With this done, it remains to prove now that we have ' € B(H), and that T,, — T
in norm. For this purpose, observe that we have:

T, —Twl|<e,Vnom>N = ||T,a—Ty||<e,Vz||=1,Vn,m>N
= ||[Thx—Tz||<e,Vz||=1,Yn>N
= ||Tyz —Tz|| <e, V|z|| =1
= ||In—-T|| <c¢

But this gives both 7" € B(H), and Ty — T in norm, and we are done.

(4) Regarding the embedding, the correspondence 7' — M in the statement is indeed
linear, and its kernel is {0}, so we have indeed an embedding as follows, as claimed:

B(H) c M;(C)

In finite dimensions we have an isomorphism, because any M € My (C) determines
an operator T': CNV — C¥, given by < Te;,e; >= M;;. However, in infinite dimensions,
we have matrices not producing operators, as for instance the all-one matrix. Il

As a second basic result regarding the operators, we will need:
THEOREM 9.2. Each operator T € B(H) has an adjoint T* € B(H), given by:
<Tx,y>=<uz,T"y >
The operation T' — T™ s antilinear, antimultiplicative, involutive, and satisfies:
T =T , 7T =TI
When H comes with a basis {e;}icr, the operation T — T* corresponds to
(M")y; = Mj;

at the level of the associated matrices M € M;(C).

PRrooOF. This is standard too, and can be proved in 3 steps, as follows:
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(1) The existence of the adjoint operator T*, 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:

olx) =< a,T"y >
Moreover, since this vector is unique, 7™ is unique too, and we have as well:
(S+T)y =5"+T , (N)'=XT* , (ST)"=T*S* , (T*)"=T
Observe also that we have indeed T* € B(H ), because:

|T|| = sup sup <Tx,y >
llzl|=1 [lyl[=1
= sup sup <ux, Ty >
llyll=1|=][=1
= [|77]]
2) Regarding now |[TT*|| = ||T||?, which is a key formula, observe that we have:
g g y

||| < 1T - 11T = IT1]*
On the other hand, we have as well the following estimate:

IT|? = sup | <Tax, Tz > |
[l]|=1

= sup | <z, TTx > |
[|=]|=1

< |[17T]]
By replacing T — T* we obtain from this ||T||> < ||TT*||, as desired.

(3) Finally, when H comes with a basis, the formula < T,y >=< z,T"y > applied
with © = e;, y = e; translates into the formula (M*);; = M ;, as desired. O

Let us discuss now the diagonalization problem for the operators 7' € B(H), in anal-
ogy with the diagonalization problem for the usual matrices A € My(C). As a first
observation, we can talk about eigenvalues and eigenvectors, as follows:

DEFINITION 9.3. Given an operator T € B(H), assuming that we have
Txr =Mz
we say that x € H is an eigenvector of T', with eigenvalue \ € C.

We know many things about eigenvalues and eigenvectors, in the finite dimensional
case. However, most of these will not extend to the infinite dimensional case, or at least
not extend in a straightforward way, due to a number of reasons:
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(1) Most of basic linear algebra is based on the fact that Tz = Az is equivalent to
(T'— Nx = 0, so that A is an eigenvalue when 7" — X is not invertible. In the
infinite dimensional setting 7" — A might be injective and not surjective, or vice
versa, or invertible with (7" — A)~! not bounded, and so on.

(2) Also, in linear algebra T"— X is not invertible when det(7"— \) = 0, and with this
leading to most of the advanced results about eigenvalues and eigenvectors. In
infinite dimensions, however, it is impossible to construct a determinant function
det : B(H) — C, and this even for the diagonal operators on [*(N).

Summarizing, we are in trouble. Forgetting about (2), which obviously leads nowhere,
let us focus on the difficulties in (1). In order to cut short the discussion there, regarding
the various properties of T'— A, we can just say that T'— \ is either invertible with bounded
inverse, the “good case”, or not. We are led in this way to the following definition:

DEFINITION 9.4. The spectrum of an operator T' € B(H) is the set
o(T) = {)\ € C‘T ¢ B(H)—l}
where B(H)™' C B(H) is the set of invertible operators.

As a basic example, in the finite dimensional case, H = C¥, the spectrum of a usual
matrix A € My(C) is the collection of its eigenvalues, taken without multiplicities. We
will see many other examples. In general, the spectrum has the following properties:

PROPOSITION 9.5. The spectrum of T € B(H) contains the eigenvalue set

(T) = {)\ e C|ker(T — \) # {0}}

and e(T') C o(T) is an equality in finite dimensions, but not in infinite dimensions.

PRrROOF. We have several assertions here, the idea being as follows:

(1) First of all, the eigenvalue set is indeed the one in the statement, because Tx = Az
tells us precisely that 7' — A must be not injective. The fact that we have e(T') C o(T) is
clear as well, because if T'— A is not injective, it is not bijective.

(2) In finite dimensions we have e(T') = o(T"), because T — X is injective if and only if
it is bijective, with the boundedness of the inverse being automatic.

(3) In infinite dimensions we can assume H = [*(N), and the shift operator S(e;) = ;41
is injective but not surjective. Thus 0 € o(T") — &(T). O

Philosophically, the best way of thinking at this is as follows: the numbers A ¢ o(7T)
are good, because we can invert 7' — A, the numbers A € o(T") — &(T") are bad, because so
they are, and the eigenvalues \ € £(7T") are evil. Welcome to operator theory.

Let us develop now some general theory. As a first goal, we would like to prove that
the spectra are non-empty. This is something quite tricky, the result being as follows:
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THEOREM 9.6. The spectrum of a bounded operator T' € B(H) is:

(1) Compact.
(2) Contained in the disc Do(||T]).
(3) Non-empty.

Proor. This can be proved by using some complex analysis, as follows:

(1) In view of (2) below, it is enough to prove that o(T') is closed. But this follows
from the following computation, with |e| being small:

N¢o(T) = T—XeB(H)"
= T-\A—c€BH)"
= A+eédo(l)

(2) This follows indeed from the following computation:

T
A>T = HXH <1
T

— 1—XEB(H)*1
= A-Te€B(H)
= A¢o(T)

(3) Assume by contradiction o(T") = ). Given a linear form f € B(H)*, consider the
following map, which is well-defined, due to our assumption o (7)) = (:

p:C—=C , A= f(T-\NY

By using the fact that T — T~ is differentiable, which is something elementary, we
conclude that this map is differentiable, and so holomorphic. Also, we have:

A0 — T—-A—>
= (T-)N)"'=0
= f(T-XN)"'=0

Thus by the Liouville theorem we obtain ¢ = 0. But, in view of the definition of ¢,
this gives (T — \)~! = 0, which is a contradiction, as desired. O

Here is now a second basic result regarding the spectra, inspired from what happens
in finite dimensions, for the usual complex matrices, and which shows that things do not
necessarily extend without troubles to the infinite dimensional setting:

THEOREM 9.7. We have the following formula, valid for any operators S,T':
o(ST)U{0} =o(TS)U {0}

In finite dimensions we have o(ST) = o(T'S), but this fails in infinite dimensions.
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PROOF. There are several assertions here, the idea being as follows:

(1) This is something that we know in finite dimensions, coming from the fact that
the characteristic polynomials of the associated matrices A, B coincide:

Pip = Ppa

Thus we obtain ¢(ST) = o(7T'S) in this case, as claimed. Observe that this improves
twice the general formula in the statement, first because we have no issues at 0, and
second because what we obtain is actually an equality of sets with mutiplicities.

(2) In general now, let us first prove the main assertion, stating that ¢(ST'),o(7T'S)
coincide outside 0. We first prove that we have the following implication:

1¢0(ST) = 1¢o(TS)
Assume indeed that 1 — ST is invertible, with inverse denoted R:
R=(1-ST)"
We have then the following formulae, relating our variables R, .S, T":
RST=STR=R-1
By using RST = R — 1, we have the following computation:
(1+TRS)(1-TS) = 1+TRS—-TS—-TRSTS

= 14+TRS-TS—-TRS+TS
=1

A similar computation, using ST R = R — 1, shows that we have:

(1-TS)(1+TRS)=1

Thus 1 — T'S is invertible, with inverse 1 4+ T'R.S, which proves our claim. Now by
multiplying by scalars, we deduce from this that for any A € C — {0} we have:

ANgo(ST) = A¢o(TS)
But this leads to the conclusion in the statement.

(3) Regarding now the counterexample to the formula o(ST) = o(T'S), in general, let
us take S to be the shift on H = L*(N), given by the following formula:

S(ei) = eiv1
As for T, we can take it to be the adjoint of S, and we have:
S*S=1= 0¢ o(SS")
SS* = Proj(ey) = 0 € o(55%)

Thus, the spectra do not match on 0, and so we have our counterexample. U



9B. SPECTRAL RADIUS 119

9b. Spectral radius

Let us develop now some systematic theory for the computation of the spectra, based
on what we know about the eigenvalues of the usual complex matrices. As a first result,
which is well-known for the usual matrices, and extends well, we have:

THEOREM 9.8. We have the “polynomial functional calculus” formula
o(P(T)) = P(o(T))
valid for any polynomial P € C[X], and any operator T € B(H).
Proor. We pick a scalar A € C, and we decompose the polynomial P — A:
PX)—A=cX—=r))...(X—1y,)

We have then the following equivalences:

AN o(P(T) <= P(T)-\cB(H)™!
<~ T —r)...(T—r,) €BH)"
< T—r,....,T—r,€BH)"
= ry,...,tpn ¢ 0(T)
— ¢ P(o(T))
Thus, we are led to the formula in the statement. Il

The above result is something very useful, and generalizing it will be our next task.
As a first ingredient here, assuming that A € My(C) is invertible, we have:

oA =a(A)7!

It is possible to extend this formula to the arbitrary operators, and we will do this
in a moment. Before starting, however, we have to find a class of functions generalizing
both the polynomials P € C[X] and the inverse function x — z~!. The answer to this

question is provided by the rational functions, which are as follows:

DEFINITION 9.9. A rational function f € C(X) is a quotient of polynomials:

P
Q
Assuming that P,(Q are prime to each other, we can regard f as a usual function,
f:C-—X—>C

with X being the set of zeros of Q), also called poles of f.

Now that we have our class of functions, the next step consists in applying them to
operators. Here we cannot expect f(7') to make sense for any f and any 7', for instance
because T~! is defined only when T is invertible. We are led in this way to:
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DEFINITION 9.10. Given an operator T' € B(H), and a rational function f = P/Q
having poles outside o(T), we can construct the following operator,
f(T)=P(T)Q(T)™
that we can denote as a usual fraction, as follows,
P(T)
f(1) = =22
D =om)
due to the fact that P(T),Q(T) commute, so that the order is irrelevant.
To be more precise, f(7) is indeed well-defined, and the fraction notation is justified

too. In more formal terms, we can say that we have a morphism of complex algebras as
follows, with C(X)T standing for the rational functions having poles outside o(T):

C(X)" = B(H) , f— f(T)
Summarizing, we have now a good class of functions, generalizing both the polynomials

and the inverse map z — 2. We can now extend Theorem 9.8, as follows:

THEOREM 9.11. We have the “rational functional calculus” formula
o(f(T)) = f(a(T))
valid for any rational function f € C(X) having poles outside o(T).
PROOF. We pick a scalar A € C, we write f = P/Q, and we set:
F=P-)\Q
By using now Theorem 9.9, for this polynomial, we obtain:
Neo(f(T) <= F(T)¢B(H)™
<~ 0eo(F(T))
<~ 0€F(a(1))
<~ dueoT),F(u)=0
= e f(o(T))
Thus, we are led to the formula in the statement. Il

As an application of the above methods, we can investigate certain special classes of
operators, such as the self-adjoint ones, and the unitary ones. Let us start with:

PROPOSITION 9.12. The following happen:

(1) We have o(T*) = o(T), for any T € B(H).

(2) If T =T* then X = o(T) satisfies X = X.
(3) If U* = U~! then X = o(U) satisfies X! = X.
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PRrROOF. We have several assertions here, the idea being as follows:
(1) The spectrum of the adjoint operator 7 can be computed as follows:

o(T*) = {)\ eC|T* — )¢ B(H)-l}

- {A € (C‘T ¢ B(H)*l}
= o(T)
(2) This is clear indeed from (1).

(3) For a unitary operator, U* = U~!, Theorem 9.11 and (1) give:
o(U) =o(U™) =0a(U") =0(U)
Thus, we are led to the conclusion in the statement. U

In analogy with what happens for the usual matrices, we would like to improve now
(2,3) above, with results stating that the spectrum X = o(T) satisfies X C R for self-
adjoints, and X C T for unitaries. This will be tricky. Let us start with:

THEOREM 9.13. The spectrum of a unitary operator
Ur=u"!
is on the unit circle, o(U) C T.
PROOF. Assuming U* = U~!, we have the following norm computation:
U] = VIUT = VI =1
Now if we denote by D the unit disk, we obtain from this:
oU)c D
On the other hand, once again by using U* = U~!, we have as well:
o= = o)) = ol = 1
Thus, as before with D being the unit disk in the complex plane, we have:
o(U™HcD
Now by using Theorem 9.11, we obtain o(U) C DN D™t =T, as desired. O
We have as well a similar result for the self-adjoints, as follows:
THEOREM 9.14. The spectrum of a self-adjoint operator
T=T"

consists of real numbers, o(T) C R.
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PROOF. The idea is that we can deduce the result from Theorem 9.13, by using the
following remarkable rational function, depending on a parameter r € R:

f(z) =
Indeed, for r >> 0 the operator f(T') is well-defined, and we have:
T+ir\" T—ir (TH+ir\""
T—ir) T+ir \T—ir

Thus f(T') is unitary, and by using Theorem 9.13 we obtain:

o(T) C fH{f(e(T))
= fHo(f(1)))

Z+ar

Z—ar

c Fm
= R
Thus, we are led to the conclusion in the statement. [l

One key thing that we know about matrices, which is clear for the diagonalizable
matrices, and then in general follows by density, is the following formula:

o(e?) = e
We would like to have such formulae for the general operators T' € B(H), but this is
something quite technical. Consider the rational calculus morphism from Definition 9.10,
which is as follows, with the exponent standing for “having poles outside o(7)":
CX)" = B(H) , f— f(D)

As mentioned before, the rational functions are holomorphic outside their poles, and
this raises the question of extending this morphism, as follows:

Hol(o(T)) = B(H) , f— f(T)

But for this, we can use the Cauchy formula. Indeed, given a function f € C(X)7,
the operator f(7T') € B(H) from Definition 9.10 can be recaptured as follows:

1 (2)
T)=— | —=d
(T) 2mi ),z =T -
Now given an arbitrary function f € Hol(o(T')), we can define f(T') € B(H) by the
exactly same formula, and we obtain in this way the desired correspondence:
Hol(o(T)) = B(H) , [ — f(T)

This was for the plan. In practice now, all this needs a bit of care, with many verifi-
cations needed, and with the technical remark that a winding number must be added to
the above Cauchy formulae, for things to be correct. The result is as follows:
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THEOREM 9.15. Given T € B(H), we have a morphism of algebras as follows, where
Hol(o(T)) is the algebra of functions which are holomorphic around o(T),
Hol(o(T)) = B(H) , f— f(T)
which extends the previous rational functional calculus f — f(T). We have:
a(f(T)) = f(o(T))

Moreover, if o(T) is contained in an open set U and f,, f : U — C are holomorphic
functions such that f, — f uniformly on compact subsets of U then f,(T) — f(T).

Proor. This follows indeed by reasoning along the above lines, by making a heavy
use of the Cauchy formula, and for full details here, we refer to any specialized operator
theory book. In what follows, we will not really need this result. O

In order to formulate now our next result, we will need the following notion:
DEFINITION 9.16. Given an operator T € B(H), its spectral radius
p(T) € [0.]|7]]
is the radius of the smallest disk centered at 0 containing o(T).

Now with this notion in hand, we have the following key result, improving our key
theoretical result so far about spectra, namely o(7T') # (), from Theorem 9.6:

THEOREM 9.17. The spectral radius of an operator T € B(H) is given by
p(T) = lim || 77"/
n—oo
and in this formula, we can replace the limit by an inf.
PRrROOF. We have several things to be proved, the idea being as follows:
(1) Our first claim is that the numbers u, = ||T7||*/™ satisfy:
(n 4+ m)tprm < Ny + My,

Indeed, we have the following estimate, using the Young inequality ab < a?/p + 07/q,
with exponents p = (n+m)/n and ¢ = (n +m)/m:
HTner’ ’1/(n+m)

Up+m =
< ||Tn||1/(n+m)||Tm||1/(n+m)
< T e

NUy, + MUy,
n-+m
(2) Our second claim is that the second assertion holds, namely:

lim ||7"][Y™ = inf ||T"]|V/"
n—oo n
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For this purpose, we just need the inequality found in (1). Indeed, fix m > 1, let
n > 1, and write n = Im + r with 0 < r < m — 1. By using twice uq < up, we get:

U, < —(Ilmug, + ru,)
n

IN

H(lmum + ruy)

’
< Uyt —wg
n

It follows that we have lim sup,, u,, < u,,, which proves our claim.

(3) Summarizing, we are left with proving the main formula, which is as follows, and
with the remark that we already know that the sequence on the right converges:

S E n||1l/n
(1) = ln |[17]

In one sense, we can use the polynomial calculus formula o(T") = o(T)". Indeed, this
gives the following estimate, valid for any n, as desired:

p(T) = sup [Al
Aeo(T)
= sup [p|'/"
pEa(T)n
= sup |[p|"/"
pEa(T™)
= p(T)"
< ||

(4) For the reverse inequality, we fix a number p > p(7T'), and we want to prove that

we have p > lim,_,o ||77||*/". By using the Cauchy formula, we have:
1 2" 1 -
N d - ’n—k—lde
271 |z|:pz_T : 211 lepzz §
k=0
= 1
- Yo ([ )
= 2™ \Jjel=
k=0
= Z(Sn,k:-l-lTk
k=0
— Tnfl
By applying the norm we obtain from this formula:
1 " 1
||T"_1||S—/ ° ‘dZSp”-Sup H
27 Ja=p |12 = el=p |12 =T
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Since the sup does not depend on n, by taking n-th roots, we obtain in the limit:
p > Tim |||
n—oo

Now recall that p was by definition an arbitrary number satisfying p > p(7T). Thus,

we have obtained the following estimate, valid for any 7' € B(H):
p(T) > lim [|T"]|""
n—oo

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

In the case of the normal elements, we have the following finer result:

THEOREM 9.18. The spectral radius of a normal element,

TTr* =TT

1s equal to its norm.

PROOF. We can proceed in two steps, as follows:

Step 1. In the case T' = T* we have ||T"|| = ||T||" for any exponent of the form
n = 2% by using the formula ||TT*|| = ||T||?, and by taking n-th roots we get:
p(T) = |IT]

Thus, we are done with the self-adjoint case, with the result p(T") = ||T||.

Step 2. In the general normal case TT* = T*T we have T"(T")* = (TT*)", and by
using this, along with the result from Step 1, applied to TT™, we obtain:

p(T) = lim [TV
n—00
— ; n(7Tn)*||1/n
T Ty
— ; «\n||1/n
NNGaE
= Vp(ITT%)

= VIITIP

1Tl

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

9c. Normal operators

By using Theorem 9.18 we can say a number of non-trivial things about the normal
operators, commonly known as “spectral theorem for normal operators”. As a first result
here, we can improve the polynomial functional calculus formula, as follows:
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THEOREM 9.19. Given T' € B(H) normal, we have a morphism of algebras
CX]— B(H) , P— P(D)
having the properties ||P(T)|| = ||Pocr ||, and o(P(T)) = P(o(T)).

Proor. This is an improvement of Theorem 9.8 in the normal case, with the extra
assertion being the norm estimate. But the element P(7T") being normal, we can apply to
it the spectral radius formula for normal elements, and we obtain:

12D = p(P(T))

= sup ||
Ao (P(T))

= sup |)|
AEP(o(T))

= ([Pl

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

We can improve as well the rational calculus formula, and the holomorphic calculus
formula, in the same way. Importantly now, at a more advanced level, we have:

THEOREM 9.20. Given T' € B(H) normal, we have a morphism of algebras
Clo(T)) = B(H) , [f—=f(T)
which is isometric, || f(T)|| = || f]l, and has the property o(f(T)) = f(o(T)).
PrROOF. The idea here is to “complete” the morphism in Theorem 9.19, namely:
C[X]— B(H) , P— P(T)

Indeed, we know from Theorem 9.19 that this morphism is continuous, and is in fact
isometric, when regarding the polynomials P € C[X] as functions on o(T):

1P| = [ Boll
Thus, by Stone-Weierstrass, we have a unique isometric extension, as follows:
Cle(T)) —» B(H) . [— f(T)
It remains to prove o(f(T)) = f(o(T)), and we can do this by double inclusion:
“C” Given a continuous function f € C(o(T)), we must prove that we have:
Mg flo(T) = A¢o(f(T))
For this purpose, consider the following function, which is well-defined:

1
T € C(o(T))
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We can therefore apply this function to 7', and we obtain:

1 1
B I o
(f - A) J(T) = A
In particular f(7T) — X is invertible, so A ¢ o(f(T)), as desired.
“D” Given a continuous function f € C(o(T")), we must prove that we have:
Ae f(o(T) = Aea(f(T))
But this is the same as proving that we have:
peo(l) = f(u) €a(f(T))

For this purpose, we approximate our function by polynomials, P, — f, and we
examine the following convergence, which follows from P, — f:

Po(T) = Po(p) = f(T) = f(1)
We know from polynomial functional calculus that we have:
Po(p) € Po(o(T)) = o(Pu(T))

Thus, the operators P,(T) — P,(p) are not invertible. On the other hand, we know
that the set formed by the invertible operators is open, so its complement is closed. Thus
the limit f(7') — f(u) is not invertible either, and so f(u) € o(f(T)), as desired. O

As an important comment, Theorem 9.20 is not exactly in final form, because it misses
an important point, namely that our correspondence maps:

z—=T"
However, this is something non-trivial, and we will be back to this later. Observe

however that Theorem 9.20 is fully powerful for the self-adjoint operators, T = T*, where
the spectrum is real, so where z = Z on the spectrum. We will be back to this.

As a second result now, along the same lines, we can further extend Theorem 9.20
into a measurable functional calculus theorem, as follows:

THEOREM 9.21. Given T € B(H) normal, we have a morphism of algebras as follows,
with L™ standing for abstract measurable functions, or Borel functions,

L=(o(T)) = B(H) , [— [(T)
which is isometric, || f(T)|| = || f]l, and has the property o(f(T)) = f(o(T)).

PROOF. As before, the idea will be that of “completing” what we have. To be more
precise, we can use the Riesz theorem and a polarization trick, as follows:

(1) Given a vector x € H, consider the following functional:
Cle(T)—=C , g—o<g(lz,z>
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By the Riesz theorem, this functional must be the integration with respect to a certain
measure 4 on the space o(T'). Thus, we have a formula as follows:

<¢mam>=/@g@wmw

Now given an arbitrary Borel function f € L*(o(T)), as in the statement, we can
define a number < f(T)x,z >€ C, by using exactly the same formula, namely:

<f@ﬂw>=/?ﬁ@MM@

Thus, we have managed to define numbers < f(T)z,x >€ C, for all vectors z € H,
and in addition we can recover these numbers as follows, with g, € C(o(T)):

< f(M)z,z >= lim < g,(T)z,z >
gn—f

(2) In order to define now numbers < f(7)z,y >€ C, for all vectors z,y € H, we can
use a polarization trick. Indeed, for any operator S € B(H) we have:
<Sx+y,r+y> = <Sr,x >+ < Sy,y>
+ < Sz,y >+ < Sy, >
By replacing y — iy, we have as well the following formula:
< S(z+iy),x+iy> = <Szr,z>+ < Sy,y >
—i < Sz,y>+i < Sy,x >
By multiplying this latter formula by i, we obtain the following formula:
i< Sx+iy),x+iy> = i< Sxr,x>+i < Sy,y >
+ < Sr,y>—< Sy, x>

Now by summing this latter formula with the first one, we obtain:

<Sx+4y),z+y>+i<Sx+iy),z+iy> = (1+i)[< Sz,z>+ < Sy,y >|
+2 < Sz, y >

(3) But with this, we can now finish. Indeed, by combining (1,2), given a Borel
function f € L>*(o(T')), we can define numbers < f(7T)z,y >€ C for any z,y € H, and it
is routine to check, by using approximation by continuous functions g, — f asin (1), that
we obtain in this way an operator f(7') € B(H), having all the desired properties. O

As a comment here, the above result and its proof provide us with more than a Borel
functional calculus, because what we got is a certain measure on the spectrum o(7'), along
with a functional calculus for the L*° functions with respect to this measure. We will be
back to this later, and for the moment we will only need Theorem 9.21 as formulated,
with L*(o(T)) standing, a bit abusively, for the Borel functions on (7).
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9d. Diagonalization

Let us discuss now some useful decomposition results for the bounded linear operators
T € B(H), that we can now establish, by using the above measurable calculus technology.
We know that any z € C can be written as follows, with a,b € R:

z=a-+1b

Also, we know that both the real and imaginary parts a,b € R, and more generally
any real number ¢ € R, can be written as follows, with r,s > 0:

C=T—S

In order to discuss now the operator theoretic generalizations of these results, which
by the way covers the usual matrix case too, let us start with the following basic fact:

THEOREM 9.22. Any operator T' € B(H) can be written as
T = Re(T) +iIm(T)
with Re(T), Im(T) € B(H) being self-adjoint, and this decomposition is unique.
ProOF. This is something elementary, the idea being as follows:

(1) As a first observation, in the case H = C our operators are usual complex numbers,
and the formula in the statement corresponds to the following basic fact:

z = Re(z) +iIm(z)

(2) In general now, we can use the same formulae for the real and imaginary part as
in the complex number case, the decomposition formula being as follows:
T+T T-T*

T— :
5 T Ty

To be more precise, both the operators on the right are self-adjoint, and the summing
formula holds indeed, and so we have our decomposition result, as desired.

(3) Regarding now the uniqueness, by linearity it is enough to show that R +iS =0
with R, S both self-adjoint implies R = S = 0. But this follows by applying the adjoint
to R+ 1S = 0, which gives R — 15 =0, and so R = 5 = 0, as desired. O

More generally now, as a continuation of this, and as an answer to some of the questions
raised above, in relation with the complex numbers, we have the following result:

THEOREM 9.23. Given an operator T' € B(H), the following happen:
(1) We can write T = A+1iB, with A, B € B(H) being self-adjoint.
(2) When T'=T%, we can write T = R — S, with R, S € B(H) being positive.
(3) Thus, we can write any T' as a linear combination of 4 positive elements.
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Proor. All this follows from basic spectral theory, as follows:

(1) This is something that we already know, from Theorem 9.22, with the decompo-
sition formula there being something straightforward, as follows:
T+ T T-T*

T — :
5 T Ty

(2) This follows from the measurable functional calculus. Indeed, assuming T' = T*
we have o(T") C R, so we can use the following decomposition formula on R:

1 = X[o,00) T X(~o0,0)
To be more precise, let us multiply by z, and rewrite this formula as follows:
2= X[0,00)% — X(—00,0)(—2)

Now by applying these measurable functions to 7', we obtain as formula as follows,
with both the operators Ty, T € B(H) being positive, as desired:

T=T,-T.
(3) This follows indeed by combining the results in (1) and (2) above. O

Going ahead with our decomposition results, another basic thing that we know about
complex numbers is that any z € C appears as a real multiple of a unitary:

z =re’

Finding the correct operator theoretic analogue of this is quite tricky, and this even
for the usual matrices A € My (C). As a basic result here, we have:

THEOREM 9.24. Given an operator T € B(H), the following happen:

(1) When T'=T* and ||T|| < 1, we can write T as an average of 2 unitaries:

T U+V
2
(2) In the general T = T* case, we can write T as a rescaled sum of unitaries:
T=XNU+YV)

(3) Thus, in general, we can write T' as a rescaled sum of 4 unitaries.
PROOF. This follows from the results that we have, as follows:

(1) Assuming 7= T* and ||T'|| < 1 we have 1 — T? > 0, and the decomposition that
we are looking for is as follows, with both the components being unitaries:

_T+uﬂ—Té+T—uﬂ—T2
N 2

T
2
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To be more precise, the square root can be extracted by using the continuous functional
calculus, and the check of the unitarity of the components goes as follows:

(T +ivV1 =T (T —ivV1-T2) = T?+(1 -T2
=1

(2) This simply follows by applying (1) to the operator T'/||T].

(3) Assuming first that we have ||T|| < 1, we know from Theorem 9.23 (1) that we
can write T'= A 4 iB, with A, B being self-adjoint, and satisfying ||A||, ||B|| < 1. Now
by applying (1) to both A and B, we obtain a decomposition of T" as follows:

U+V+W+X
2
In general, we can apply this to the operator T'/||T||, and we obtain the result. [

T =

Good news, we can now diagonalize the normal operators. We will do this in 3
steps, first for the self-adjoint operators, then for the families of commuting self-adjoint
operators, and finally for the general normal operators, by using the following trick:

T = Re(T) +iIm(T)

However, and coming somehow as bad news, all this will be quite technical. Indeed,
the diagonalization in infinite dimensions is more tricky than in finite dimensions, and
instead of writing a formula of type T' = UDU*, with U, D € B(H) being respectively
unitary and diagonal, we will express our operator as T'= U*MU, with U : H — K being
a certain unitary, and M € B(K) being a certain diagonal operator. The point indeed is
that this is how the spectral theorem is used in practice, for concrete applications.

But probably too much talking, let us get to work. We first have:
THEOREM 9.25. Any self-adjoint operator T € B(H) can be diagonalized,
T=U"M;U

with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
T, with f: X — R being a certain function, once again associated to T, and with

My(g) = fg
being the usual multiplication operator by f, on the Hilbert space L*(X).
PROOF. The construction of U, f can be done in several steps, as follows:

(1) We first prove the result in the special case where our operator T has a cyclic
vector x € H, with this meaning that the following holds:

span <T’“x‘n € N) =H
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For this purpose, let us go back to the proof of Theorem 9.21. We will use the following
formula from there, with p being the measure on X = o(T') associated to x:

< g(T),x >= / L 9C)C)

Our claim is that we can define a unitary U : H — L*(X), first on the dense part
spanned by the vectors T%z, by the following formula, and then by continuity:

Ulg(T)z] = g
Indeed, the following computation shows that U is well-defined, and isometric:
lg(D)z[]* = < g(T)z,9(T)z >
= <g(T)yyg(T)z,z >
= <|g’(D)z,z >

= [ ls@Pdutz)
o(T)

= llgll3

We can then extend U by continuity into a unitary U : H — L*(X), as claimed. Now
observe that we have the following formula:

UTU*g = U[Tg(T)x]

Thus our result is proved in the present case, with U as above, and with f(z) = z.

(2) We discuss now the general case. Our first claim is that H has a decomposition
as follows, with each H; being invariant under 7', and admitting a cyclic vector x;:

H=H,

Indeed, this is something elementary, the construction being by recurrence in finite
dimensions, in the obvious way, and by using the Zorn lemma in general. Now with this
decomposition in hand, we can make a direct sum of the diagonalizations obtained in (1),
for each of the restrictions Tjpy,, and we obtain the formula in the statement. 0

The above result is very nice, closing more or less the discussion regarding the self-
adjoint operators. At the theoretical level, however, there are still a number of comments
that can be made, about this, and we will be back to this, at the end of this chapter.

We have the following technical generalization of the above result:
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THEOREM 9.26. Any family of commuting self-adjoint operators T; € B(H) can be
jointly diagonalized,
T, =U"MyU
with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
{T;}, with f; : X — R being certain functions, once again associated to T;, and with

Mfi (g) = fig
being the usual multiplication operator by f;, on the Hilbert space L?(X).

PRroOF. This is similar to the proof of Theorem 9.25, by suitably modifying the mea-
surable calculus formula, and p itself, as to have this working for all operators T;. O

We can now discuss the case of the arbitrary normal operators, as follows:
THEOREM 9.27. Any normal operator T'€ B(H) can be diagonalized,
T =U"M;U

with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
T, with f: X — C being a certain function, once again associated to T, and with

My(g) = fg
being the usual multiplication operator by f, on the Hilbert space L*(X).
Proor. This is our main diagonalization theorem, the idea being as follows:

(1) Consider the decomposition of 7" into its real and imaginary parts, namely:
T+T* T-T*
T = +1- ,
2 21
We know that the real and imaginary parts are self-adjoint operators. Now since T
was assumed to be normal, TT* =TT, these real and imaginary parts commute:
T+T T-T*
2 2

Thus Theorem 9.26 applies to these real and imaginary parts, and gives the result. [J

=0

This was for our series of diagonalization theorems. There is of course one more result
here, regarding the families of commuting normal operators, as follows:

THEOREM 9.28. Any family of commuting normal operators T; € B(H) can be jointly
diagonalized,
T, =U"MyU
with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
{T;}, with f; : X — C being certain functions, once again associated to T;, and with

Mfi (9) = fig
being the usual multiplication operator by f;, on the Hilbert space L*(X).
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PRrROOF. This is similar to the proof of Theorem 9.26 and Theorem 9.27, by combining
the arguments there. To be more precise, this follows as Theorem 9.26, by using the
decomposition trick from the proof of Theorem 9.27. U

With the above diagonalization results in hand, we can now “fix” the continuous and
measurable functional calculus theorems, with a key complement, as follows:

THEOREM 9.29. Given a normal operator T'€ B(H), the following hold, for both the
functional calculus and the measurable calculus morphisms:

(1) These morphisms are *-morphisms.

(2) The function z gets mapped to T*.

(3) The functions Re(z), Im(z) get mapped to Re(T), Im(T).
(4) The function |z|* gets mapped to TT* = T*T.

(5) If f is real, then f(T) is self-adjoint.

PROOF. These assertions are more or less equivalent, with (1) being the main one,
which obviously implies everything else. But this assertion (1) follows from the diagonal-
ization result for normal operators, from Theorem 9.27. U

9e. Exercises

Exercises:

EXERCISE 9.30.
EXERCISE 9.31.
EXERCISE 9.32.
EXERCISE 9.33.
EXERCISE 9.34.
EXERCISE 9.35.
EXERCISE 9.36.
EXERCISE 9.37.

Bonus exercise.



CHAPTER 10

Wigner matrices

10a. Gaussian matrices

We have now all the needed ingredients for launching some explicit random matrix
computations. Our goal will be that of computing the asymptotic moments, and then the
asymptotic laws, with N — oo, for the main classes of large random matrices.

Let us begin by specifying the precise classes of matrices that we are interested in.
First we have the complex Gaussian matrices, which are constructed as follows:

DEFINITION 10.1. A complex Gaussian matrixz is a random matriz of type
Z € My(L™(X))
which has i.i.d. centered complexr normal entries.

Here we use the notion of complex normal variable, introduced and studied in chapter
4. To be more precise, the complex Gaussian law of parameter ¢t > 0 is by definition the
following law, with a, b being independent, each following the normal law g¢,:

G, = law <%(a 4 ib))

With this notion in hand, the assumption in the above definition is that all the matrix
entries Z;; are independent, and follow this law G, for a fixed value of ¢ > 0. We will see
that the above matrices have an interesting, and “central” combinatorics, among all kinds
of random matrices, with the study of the other random matrices being usually obtained
as a modification of the study of the Gaussian matrices.

As a somewhat surprising remark, using real normal variables in Definition 10.1, in-
stead of the complex ones appearing there, leads nowhere. The correct real versions of
the Gaussian matrices are the Wigner random matrices, constructed as follows:

DEFINITION 10.2. A Wigner matriz is a random matriz of type
Z € My(L™(X))

which has i.i.d. centered complex normal entries, up to the constraint Z = Z*.

135
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This definition is something a bit compacted, and to be more precise, a Wigner matrix
is by definition a random matrix as follows, with the diagonal entries being real normal
variables, a; ~ ¢4, for some t > 0, the upper diagonal entries being complex normal
variables, b;; ~ Gy, the lower diagonal entries being the conjugates of the upper diagonal
entries, as indicated, and with all the variables a;, b;; being independent:

ay b12 ce N blN
[_)12 a2
Z = :
_ aN-1 bn-1,N
blN bN—l,N an
As a comment here, for many concrete applications the Wigner matrices are in fact the
central objects in random matrix theory, and in particular, they are often more important

than the Gaussian matrices. In fact, these are the random matrices which were first
considered and investigated, a long time ago, by Wigner himself [100].

However, as we will soon discover, the Gaussian matrices are somehow more funda-
mental than the Wigner matrices, at least from an abstract point of view, and this will
be the point of view that we will follow here, with the Gaussian matrices coming first.

Finally, we will be interested as well in the complex Wishart matrices, which are the
positive versions of the above random matrices, constructed as follows:

DEFINITION 10.3. A complex Wishart matriz is a random matrix of type
Z =YY" e My(L*(X))
with Y being a complex Gaussian matrix.

As before with the Gaussian and Wigner matrices, there are many possible comments
that can be made here, of technical or historical nature, as follows:

(1) First, using real Gaussian variables instead of complex Gaussian variables in the
above definition leads to a less interesting combinatorics, and we will not do this.

(2) The complex Wishart matrices were introduced and studied by Marchenko and
Pastur not long after Wigner, in [67], and so historically came second.

(3) Finally, in what regards their combinatorics and applications, the Wishart matrices
quite often come first, before both the Gaussian and the Wigner ones.

So long for random matrix definitions and general talk about this, with all this being
at this point quite subjective, but we will soon get to work, and prove results motivating
all the above. Let us summarize this preliminary discussion in the following way:
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CONCLUSION 10.4. There are three main types of random matrices, as follows:

(1) The Gaussian matrices, which can be thought of as being “complex”.
(2) The Wigner matrices, which can be thought of as being “real”.
(3) The Wishart matrices, which can be thought of as being “positive”.

We will study these three types of matrices in what follows, in the above precise order,
with this order being the one that, technically, best fits us here. Let us also mention that
there are many other interesting classes of random matrices, which are more specialized,
usually appearing as modifications of the above. More on these later.

In order to compute the asymptotic laws of the Gaussian, Wigner and Wishart ma-
trices, we use the moment method. Given a colored integer k = ce e o ... we say that
a pairing m € P(k) is matching when it pairs o — e symbols. With this convention, we
have the following result, which will be our main tool for computing moments:

THEOREM 10.5 (Wick formula). Given independent variables X;, each following the
complex normal law Gy, with t > 0 being a fized parameter, we have the formula

E(XP . XP) =24 {7? € PQ(k?)‘ﬂ' < kerz’}
where k =ky ... ks and i =1y ...14, for the joint moments of these variables.

Proor. This is something that we know from chapter 4, the idea being as follows:

(1) In the case where we have a single complex normal variable X, which amounts
in taking X; = X for any ¢ in the formula in the statement, what we have to compute
are the moments of X, with respect to colored integer exponents k = oeeo ..., and the
formula in the statement tells us that these moments must be:

E(X"*) = tH72[Py(k)]

(2) But this is something that we know from chapter 4, the idea being that at ¢ = 1 this
follows by doing some combinatorics and calculus, in analogy with the combinatorics and
calculus from the real case, where the moment formula is identical, save for the matching
pairings Ps being replaced by the usual pairings P, and then that the general case ¢t > 0
follows from this, by rescaling. Thus, we are done with this case.

(3) In general now, with several variables as in the statement, when expanding the
product Xikil . sz and rearranging the terms, we are left with doing a number of com-
putations as in (1), and then making the product of the expectations that we found.

(4) But this amounts in counting the partitions in the statement, with the condition
7 < keri there standing for the fact that we are doing the various type (1) computations
independently, and then making the product. Thus, we obtain the result. U
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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 often use in what follows:

THEOREM 10.6 (Wick formula 2). Given independent variables f;, each following the
complex normal law Gy, with t > 0 being a fized parameter, we have the formula

E(fo fukl o fL) = 54 {7r € Stlingy = jr,Vr}

for the non-vanishing joint moments of these variables.

ProoOF. This follows from the usual Wick formula, from Theorem 10.5. With some
changes in the indices and notations, the formula there reads:

E(ff ) — /24 {a € PQ(K)‘U < ker[}

Now observe that we have Py(K) = (), unless the colored integer K = K; ... Kj
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=00...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:

I=vdy.. .0k 1. g
With these changes made, the above usual Wick formula reads:
E(fo-fufi ) =t# {o e PQ(K)‘U < ker(ij) }

The point now is that the matching pairings o € Py(K), with K =o...0e...e of
length 2k, as above, correspond to the permutations m € S, in the obvious way. With
this identification made, the above modified usual Wick formula becomes:

E(fi o fufl . fL) =54 {w € Siline = jr,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 10.7 (Wick formula 3). Given independent variables f;, each following the
complex normal law Gy, with t > 0 being a fized parameter, we have the formula

E(fofh. . fifl) = th# {w € 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 10.6, simply by
permuting the terms, as to have an alternating sequence of plain and conjugate variables.
Alternatively, we can start with Theorem 10.5, and then perform the same manipulations
as in the proof of Theorem 10.6, but with the exponent being this time as follows:

K=oceo0e. .. ... oe
2%
Thus, we are led to the conclusion in the statement. U

Now by getting back to the Gaussian matrices, we have the following result:
THEOREM 10.8. Given a sequence of Gaussian random matrices
Zn € My(L™(X))

having independent Gy variables as entries, for some t > 0, we have

M, (\%) ~ (2| ATCy (k)

for any colored integer k = oeeo ... inthe N — oo limit.
ProoF. This is something standard, which can be done as follows:

(1) We fix N € N, and we let Z = Zy. Let us first compute the trace of Z*. With
k = ki ...k, and with the convention (i5)° = ij, (ij)® = ji, we have:

Tr(Z%) = Tr(Z%...7Z"%)

- Z T Z(Zkl)i1i2<Zk2>2'2i3 s (st)isil

i1=1 is=1
_ E § ko k
- leg)kl (22i3)k2) ce (Z(’isil)ks) °
11=1 1s=1

(2) Next, we rescale our variable Z by a v/ N factor, as in the statement, and we also
replace the usual trace by its normalized version, ¢tr = Tr/N. Our formula becomes:
y

Z \" i
" ((\/N) ) NS/2+1 Z Z Z(lm)kl Z(WS)]“?) BEEE (Z(isil)’“s) ’

i1=1 is=1

Thus, the moment that we are interested in is given by:

4 )k k ks
Mk <\/_) Ns/2+1 Z Z/ (4112) kl 1 (1213)k2) S (Z(iszj)kS) )

i1=1 is=1
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(3) Let us apply now the Wick formula, from Theorem 10.5. We conclude that the
moment that we are interested in is given by:

(%)

B2~ ke y
= N Z . Z # {7r € PQ(]{)‘W < ker ((i142)"", (i2i3)™, . . ., (zszl)ks)}
1=l =1
1 : s - . -
= tS/Q Z W# {Z < {17 s 7N} T < ker ((ZIZQ)kla (1223)@7 R (Zszl)ks>}
TEP2 (k)

(4) Our claim now is that in the N — oo limit the combinatorics of the above sum
simplifies, with only the noncrossing partitions contributing to the sum, and with each of
them contributing precisely with a 1 factor, so that we will have, as desired:

M, (i> = 2 ) (57reNCQ(k)+O(N_1)>

wE€P2(k)

~ 2 Z OreNCs (k)
wEP2(k)

= 2N Cy (k)|

(5) In order to prove this, the first observation is that when k is not uniform, in the
sense that it contains a different number of o, ® symbols, we have Py(k) = ), and so:

Jm(§%>:ﬁﬂN@@ﬂ:o

(6) Thus, we are left with the case where k is uniform. Let us examine first the case
where k consists of an alternating sequence of o and e symbols, as follows:

k=oceoce.. . ... ce
2
In this case it is convenient to relabel our multi-index i = (iy,...,4s), with s = 2p, in
the form (jy, 1, ja.lo, . - ., Jp, lp). With this done, our moment formula becomes:
Z 1 , . . . .
Mk (\/_N) — tp Z Nerl# {j,l € {1, ey N}p m S ker (]1[1,]2[1,]2[2, Ce 7]1lp)}

TEP2(k)

Now observe that, with k being as above, we have an identification Py(k) =~ S,
obtained in the obvious way. With this done too, our moment formula becomes:

Z 1o ,

TESp

jr = jw(r)—‘rl? lr = l7r(7‘)7 VT}
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(7) We are now ready to do our asymptotic study, and prove the claim in (4). Let
indeed v € S, be the full cycle, which is by definition the following permutation:

y=(12...p)
In terms of ~, the conditions j, = jr;)41 and [, = Iy found above read:
yr <kerj , w<kerl
Counting the number of free parameters in our moment formula, we obtain:

Z tP
— E ||yl
Mk (m) - Np+1 N Y

TES

— P Z NI7l+ml=p—1

TESY

(8) The point now is that the last exponent is well-known to be < 0, with equality
precisely when the permutation 7 € S, is geodesic, which in practice means that m must
come from a noncrossing partition. Thus we obtain, in the N — oo limit, as desired:

A
This finishes the proof in the case of the exponents k& which are alternating, and the
case where k is an arbitrary uniform exponent is similar, by permuting everything.  [J

This was for the computation, but in what regards now the interpretation of what we
found, things are more complicated. The precise question is as follows:

QUESTION 10.9. What is the abstract asymptotic distribution that we found, having
as moments the numbers

M, = tM2NCy ()|
for any colored integer k =oceeo...?

As a first observation, the above moment formula is very similar to the one for the
usual complex Gaussian variables Gy, from chapter 4, which was as follows:

Ny = tH12[Py(k)|

It is possible to make many speculations here, for instance in relation with the com-
binatorics from chapters 3-4, but we will do this later, once we will know more. Let us
record however our observation as a partial answer to Question 10.9, as follows:

ANSWER 10.10. The abstract asymptotic distribution that we found appears as some
sort of “free analogue” of the usual complex normal law Gy, with the underlying matching
pairings being now replaced by underlying matching noncrossing pairings.
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Obviously, some interesting things are going on here. We will see in a moment, after
doing some more combinatorics, this time in connection with the Wigner matrices, that
there are some good reasons for calling this mysterious law “circular”.

Thus, for ending with our present study with a nice conclusion, we can say that the
Gaussian matrices become “asymptotically circular”, with this meaning by definition that
the N — oo moments are those computed above. This is of course something quite vague,
and we will be back to it in Part IV, when doing free probability.

10b. Wigner matrices

Moving ahead now, let us investigate the second class of random matrices that we are
interested in, namely the Wigner matrices, which are by definition self-adjoint. Here our
results will be far more complete than those for the Gaussian matrices.

Let us first recall from the above that a Wigner matrix is by definition a random
matrix which has i.i.d. centered complex normal entries, up to the constraint Z7 = Z*.
In practice, this means that our matrix is as follows, with the diagonal entries being real
normal variables, a; ~ g;, for some ¢ > 0, the upper diagonal entries being complex normal
variables, b;; ~ Gy, the lower diagonal entries being the conjugates of the upper diagonal
entries, as indicated, and with all the variables a;, b;; being independent:

ay b12 c c. blN

bia a

Z = :
B aN-—1 bn-1,N
blN bN—l,N an

As a starting point for the study of these matrices, we have the following simple fact,
making the connection with the theory of Gaussian matrices developed above:

ProrosITION 10.11. Given a Gaussian matriz Z, with independent entries following
the centered complexr normal law Gy, with t > 0, if we write

1 :
Z = %(X—HY)

with X, Y being self-adjoint, then both X,Y are Wigner matrices, of parameter t.
PRrooOF. This is something elementary, which can be done in two steps, as follows:

(1) As a first observation, the result holds at N = 1. Indeed, here our Gaussian matrix
Z is just a random variable, subject to the condition Z ~ G;. But recall that the law G,



10B. WIGNER MATRICES 143

is by definition as follows, with X, Y being independent, each following the law g;:

Gy = law (%(X 4 m)

Thus in this case, N = 1, the variables X,Y that we obtain in the statement, as
rescaled real and imaginary parts of Z, are subject to the condition X,Y ~ ¢, and so are
Wigner matrices of size N = 1 and parameter ¢ > 0, as in Definition 10.2.

(2) In the general case now, N € N, the proof is similar, by using the basic behavior
of the real and complex normal variables with respect to sums. U

The above result is quite interesting for us, because it shows that, in order to in-
vestigate the Wigner matrices, we are basically not in need of some new computations,
starting from the Wick formula, and doing combinatorics afterwards, but just of some
manipulations on the results that we already have, regarding the Gaussian matrices.

To be more precise, by using this method, we obtain the following result, coming by
combining the observation in Proposition 10.11 with the formula in Theorem 10.8:

THEOREM 10.12. Given a sequence of Wigner random matrices
Zn € My(L>(X))
having independent G, variables as entries, with t > 0, up to Zn = Z3;, we have

M, (%) ~ 2N Cy ()]

for any integer k € N, in the N — oo limit.

Proor. This can be deduced from a direct computation based on the Wick formula,
similar to that from the proof of Theorem 10.8, but the best is to deduce this result
from Theorem 10.8 itself. Indeed, we know from there that for Gaussian matrices Yy €
My (L>(X)) we have the following formula, valid for any colored integer K = ceeo...,
in the N — oo limit, with A'Cy standing for noncrossing matching pairings:

My (\%) ~ (KA Co ()]
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By doing some combinatorics, we deduce from this that we have the following formula
for the moments of the matrices Re(Yy), with respect to usual exponents, k € N:

w(5F) - ()
= 27F M ﬁ)
PRACH
27K N " MINC(K)
|K|=k
= 27R k2RI NCy (k)|
= 27RZ RNy (K))

12

Now since the matrices Zy = v2Re(Yy) are of Wigner type, this gives the result. [

Summarizing, all this brings us into counting noncrossing pairings. But here, let us
recall from Part I that we have the following well-known result:

THEOREM 10.13. The Catalan numbers Cy = |NC5(2k)| are as follows:
(1) They satisfy Cri1 = Doy CaCh.
(2) The series f(2) = Y 40 Cu2® satisfies zf* — f +1=0.
(3) This series is given by f(z) = =Y=%.
(4) We have the formula Cy = L(2]"’)

k

Proor. This is something that we know well from Part I, with (1) coming from the
definition of Cy, and with (1) = (2) = (3) = (4) being routine, using standard
calculus. Alternatively, and also explained in Part I, the formula in (4) can be established
as well via a bijective proof, by counting Dyck paths in the plane. U

k+1

Getting back now to the Wigner matrices, we can convert the main result that we
have about them, Theorem 10.12, into something more concrete, as follows:

THEOREM 10.14. Given a sequence of Wigner random matrices
Zn € My(L™(X))

having independent Gy variables as entries, with t > 0, up to Zn = Z3,, we have

Mo, | —= | = t°C
2k(\/ﬁ> '

in the N — oo limit. As for the asymptotic odd moments, these all vanish.
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PRrROOF. This follows from Theorem 10.12 and Theorem 10.13. Indeed, according to
the results there, the asymptotic even moments are given by:

My (%) ~ tNCy(28)| = t5C,

As for the asymptotic odd moments, once again from Theorem 10.12, we know that
these all vanish. Thus, we are led to the conclusion in the statement. Il

Summarizing, we are done with the moment computations, and with the asymptotic
study, for both the Gaussian and the Wigner matrices. It remains now to interpret the
results that we have, with the computation of the corresponding laws. As explained before,
for the Gaussian matrices this is something quite complicated, with the technology that
we presently have, and this will have to wait a bit, until we do some free probability.

Regarding the Wigner matrices, however, the problems left here are very explicit, and
quite elementary, and we will solve them next, in the remainder of this chapter.

10c. Semicircle laws

In order to recapture the asymptotic measure of the Wigner matrices out of the mo-
ments, which are the Catalan numbers, there are several methods available, namely:

(1) Stieltjes inversion.
(2) Knowledge of SUs.
(3) Cheating.

The first method, which is straightforward, without any trick, is based on the Stieltjes
inversion formula, that we know well. In fact, we have already applied that formula to
the Catalan numbers, with the following conclusion:

PROPOSITION 10.15. The real measure having as even moments the Catalan numbers,
Cy L(%), and having all odd moments 0 is the measure

= k1 \k
1
Y1 = 2—\/4—$2dx
T

called Wigner semicircle law on [—2,2].

ProoF. This is something that we know, but since we will need the proof in what
follows, in view of some generalizations, let us briefly recall it. The starting point is the
formula in Theorem 10.13 for the generating series of the Catalan numbers, namely:

> 1—+1—4
> Gt =g
k=0

2z
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By using this formula with z = €72, we obtain the following formula, for the Cauchy
transform of the real measure that we want to compute:

GE) = ¢y ae™
k=0
_ et 1—/1—462
262
(1 - @)
Ve -4

Now let us apply the Stieltjes inversion formula, namely:

(NN 7S NN 7,0
N —

1
du(z) = 11\{%—; Im (G(z +it)) - dx

The study of the limit on the right is then straightforward, going as follows:

(1) According to the general philosophy of the Stieltjes formula, the first term in the
formula of G(£), namely £/2, which is “trivial”, will not contribute to the density.

(2) As for the second term, which is something non-trivial, this will contribute to the
density, the rule here being that the square root /&2 — 4 will be replaced by the “dual”
square root v/4 — 22 dx, and that we have to multiply everything by —1/.

(3) As a conclusion, by Stieltjes inversion we obtain the following density:

1 1 1
du(z) = —— - —5\/4 —x2dx = 2—\/4 — x%dx
T T
Thus, we have obtained the mesure in the statement, and we are done. Il
More generally now, we have the following result:

ProprosITION 10.16. Given t > 0, the real measure having as even moments the
numbers Moy, = t*C}, and having all odd moments 0 is the measure

1
v = =— VAt — 2%dx
2t
called Wigner semicircle law on [—2v/t, 2V/1].

Proor. This follows by redoing the above Stieltjes inversion computation, with a
parameter ¢t > 0 added. To be more precise, as before, the starting point is the formula
from Theorem 10.13 for the generating series of the Catalan numbers, namely:

T Env/§ ey P
>t = TG
— 2z
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By using this formula with z = t£~2, we obtain the following formula, for the Cauchy
transform of the real measure that we want to compute:

Gle) = 1Yt

k=0
T e
=& 2tE—2
- S (- viae)
2t
1

Thus, by Stieltjes inversion we obtain the following density, as claimed:
1
du(z) = 2_tv4t —x%dx
T

But simplest is in fact, perhaps a bit by cheating, simply using the result at t = 1,
from Proposition 10.15, along with a change of variables. Indeed, by using Proposition
10.15, the even moments of the measure in the statement are given by:

1 [V
My, = — At — 22 2% do
27Tt _2\/2
1 1
= 5 VAt — ty? (Viy)* Vidy
—1
tk 1 ok
= 5 / V4—y*yTdy
-1
= t"Cy

As for the odd moments, these all vanish, because the density of ; is an even function.
Thus, one way or another, we are led to the conclusion in the statement. O

Talking cheating, another way of recovering Proposition 10.15, this time without using
the Stieltjes inversion formula, but by knowing instead the answer to the question, namely
the semicircle law, in advance, which is of course cheating, is as follows:

ProproSITION 10.17. The Catalan numbers are the even moments of
1
"= 2—\/4 — x%dx
s

called Wigner semicircle law. As for the odd moments of vy, 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 — 222% dx
T Jo
1 w/2
= —/ V4 —4cos?t (2cost)**2sint dt
T Jo

4k+1 w/2
= — cos?* tsin? t dt
™ Jo
gk+l g (2k)12N

T 2 (2k+3)!

_ 94k (2k)!/2FK!
2k+1(k 4+ 1)!
= (C
As for the odd moments, these all vanish, because the density of v; is an even function.
Thus, we are led to the conclusion in the statement. U

More generally, we have the following result, involving a parameter ¢ > 0:

PROPOSITION 10.18. The numbers t*C), are the even moments of
1
"= o t\/4t — x2dx
™

called semicircle law on [—2v/t,2v/t]. As for the odd moments of ~y;, these all vanish.

PRroOOF. This follows indeed from what we have in Proposition 10.17, via a quick
change of variables, as explained at the end of the proof of Proposition 10.16. U

In any case, one way or another, we have our semicircle measures, and by putting now
everything together, we obtain the Wigner theorem, as follows:

THEOREM 10.19. Given a sequence of Wigner random matrices
Zn € My(L>(X))

having independent G, variables as entries, with t > 0, up to Zny = Z};, we have

Zy 1
IN - &2
N e

in the N — oo limit, with the limiting measure being the Wigner semicircle law ;.

Proor. This follows indeed by combining Theorem 10.14 either with Proposition
10.16, and doing here an honest job, or with Proposition 10.18. U
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There are many other things that can be said about the Wigner matrices, which appear
as variations of the above, and we refer here to the standard random matrix books [2],
[68], [71], [90]. We will be back to them later on in this book, in Part IV.

10d. Unitary groups

We discuss here an alternative interpretation of the limiting laws 7, that we found
above, by using Lie groups, the idea being that the standard semicircle law +;, and more
generally all the laws 7, naturally appear in connection with the group SUs.

This is something quite natural, and good to know, and will be useful for us later on.
In relation with the above, the knowledge of this fact can be used as an alternative to
both Stieltjes inversion, and cheating, in order to establish the Wigner theorem.

Let us start with the following fundamental group theory result, coming as a comple-
ment to the standard general theory for the compact groups:

THEOREM 10.20. We have the following formula,

5U2:{<_ag g) ‘|04|2+|5|2=1}

which makes SUy isomorphic to the unit sphere S¢ C C.

Proor. Consider an arbitrary 2 x 2 matrix, written as follows:

- (5 3)

Assuming that we have det U = 1, the inverse of this matrix is then given by:

U—l — < 0 _6)
-y«

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

-1 a vy
v :(6 5)

We conclude that our matrix must be of the following special form:

v=(5 2)

Now since the determinant is 1, we must have |«|? +|8|? = 1, so we are done with one
direction. As for the converse, this is clear, the matrices in the statement being unitaries,
and of determinant 1, and so being elements of SU,. Finally, we have:

st={(a.8)eC?| o+ |82 = 1}

Thus, the final assertion in the statement holds as well. U
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Next, we have the following useful reformulation of Theorem 10.20:

THEOREM 10.21. We have the formula

o p+Zq T‘i‘is ‘ 2 2 2 2
SUQ—{<_T+Z.S p—iq) P Hq +1r°+s —1}

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

Proor. We recall from Theorem 10.20 that we have:

5U2:{(_a5 g) ‘|O42+|5|2=1}

Now let us write our parameters «, 5 € C, which belong to the complex unit sphere
S& € €2, in terms of their real and imaginary parts, as follows:

a=p+iqg , [B=r-+is

In terms of p,q,r, s € R, our formula for a generic matrix U € SU, reads:

<p+iq r—l—z’s)
U= : :
—r4+1s p—1iq

As for the condition to be satisfied by the parameters p,q,7, s € R, this comes the
condition |a|* + |3]? = 1 to be satisfied by «, 8 € C, which reads:

p2+q2+r2+s2:1

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

Sp = {(p,q,T,S) ‘ PPt s = 1}
Thus, we have an isomorphism of compact spaces SU, ~ S3. as claimed. Il

Here is yet another useful reformulation of our main result so far, regarding SUs,
obtained by further building on the parametrization from Theorem 10.21:

THEOREM 10.22. We have the following formula,
SUs = {pB + s + s + 58 | 0P+ ¢ 410+ =1
where By, Ba, B3, By are the following matrices,

1 0 7 0 0 1 0 2
Blz(o 1) , @2=(0 _Z.) , ﬁsz(_l O) , 64:(2. 0)

called Pauli spin matrices.
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PrOOF. We recall from Theorem 10.21 that the group SU, can be parametrized by
the real sphere S3 C R?, in the following way:

o p"’Zq T+i$ ‘ 2 2 2 2
SUQ—{(_r+w p—w) p<+q+w-+s_i}

But this gives the formula in the statement, with the Pauli matrices 1, 82, 83, 84 being
the coefficients of p, g, r, s, in this parametrization. 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, as follows:

PROPOSITION 10.23. The Pauli matrices multiply according to the following formulae,
By =p3=p0i=-1
Bafs = — 32 = Pa

Bsfs = —Pufs = P2
B4ﬁ2 = _6264 = 63

they conjugate according to the following rules,
By =D, By =—D2 By =—Ps Bi=—Pa
and they form an orthonormal basis of Ms(C), with respect to the scalar product
< x,y >=tr(zy")
with tr : My(C) — C being the normalized trace of 2 X 2 matrices, tr = Tr /2.

PRrROOF. 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:

< Bi, B >=tr(B:B;) = tr(£BiB;) = tr(£p) =0
As for the fact that the Pauli matrices have norm 1, this follows from:
< Bi, Bi >=tr(BiB) = tr(£B7) =tr(B) =1
Thus, we are led to the conclusion in the statement. Il
Now back to probability, we can recover our semicircular measures, as follows:

THEOREM 10.24. The main character of SUs follows the following law,
1
v = 2—\/4 — x%dx
T

which is the Wigner law of parameter 1.
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PROOF. This follows from Theorem 10.21, by identifying SU, with the sphere S5, the
variable x = 2Re(p) being semicircular. Indeed, let us write, as in Theorem 10.21:

o= { (5550, T TR) [t e}

In this picture, the main character is given by the following formula:

(2N )
We are therefore left with computing the law of the following variable:
p € C(S3)

For this purpose, we can use the moment method. Let us recall from chapter 1 that

the polynomial integrals over the real spheres are given by the following formula:
/ x]fl...:(:]fVN dr — (N — DMk k!

s (N + Xk, — 1)

In our case, where N = 4, we obtain the following moment formula:

/ w  3U(2k)!
P VAR

R
3.5-7...(2k—1)
2.4.6...(2k+2)
(2k)!
COREIHL (K 1)

1 1 [2k

4k k+1\ Kk

Ck

4k

Thus the variable 2p € C'(S3) follows the Wigner semicircle law ~, as claimed. O

= 2

Summarizing, we have managed to recover the Wigner semicircle law ~; out of purely
geometric considerations, involving the real sphere S3 and the special complex rotation
group SU,. Moreover, with a change of variable, our results extend to v, with ¢ > 0. And
this is quite interesting, philosophically, and also makes an interesting connection with
the standard Lie group material, which remains to be further investigated.

Finally, as the physicists say, there is no SU, without SOs3, so let us discuss as well
the computation for SOs, that we will certainly need later. Let us start with:
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PROPOSITION 10.25. The adjoint action SUy ~ My(C), given by Ty(A) = UAU*,
leaves invariant the following real vector subspace of My(C),

R* = span(By, Ba, B3, B4)

and we obtain in this way a group morphism SUs — G L4(R).

ProoF. 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:

UeSU;,Ac E — UAU* € E

But this is clear from the multiplication rules for the Pauli matrices, from Proposition
10.23. Indeed, let us write our matrices U, A as follows:

U=zxp +yBs+ 203+t

A=afy + 0P+ cfs +dbs
We know that the coefficients z,y,2,t and a,b,c,d are all real, due to U € SUs
and A € E. The point now is that when computing UAU*, by using the various rules
from Proposition 10.23, we obtain a matrix of the same type, namely a combination of
b1, B2, B3, Ba, with real coefficients. Thus, we have UAU* € F, as desired.

(2) In order to conclude, let us identify E ~ R*, by using the basis 31, 82, 83, 3. The
result found in (1) shows that we have a correspondence as follows:

SU, — My(R) , U — (Tv)e

Now observe that for any U € SU, and any A € M,(C) we have:
TyTy(A) =UUAU'U = A

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(A) = UVAVU* = Tyy(A)
Thus, we are led to the conclusion in the statement. Il

The point now is that Proposition 10.25 can be improved as follows:
PROPOSITION 10.26. The adjoint action SUs ~ Ms(C), given by
Ty(A) =UAU*
leaves invariant the following real vector subspace of My(C),

F = spang (B2, B3, Ba)
and we obtain in this way a group morphism SUs — SOs.
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PrROOF. We can do this in several steps, as follows:

(1) Our first claim is that the group morphism SU; — G L4(R) constructed in Propo-
sition 10.25 is in fact a morphism SU; — Oy4. In order to prove this, recall the following
formula, valid for any U € SU,, from the proof of Proposition 10.25:

Ty« =T,

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

T = (Ty)'
So, let us prove this. For any two matrices A, B € E, we have:
<Ty-(A),B> = <U"AU,B >
= tr(U"AUB)
= tr(AUBU")
On the other hand, we have as well the following formula:
< (Ty)"(A),B> = < A,Ty(B) >
= <A UBU" >
= tr(AUBU")
Thus we have indeed T}; = (Ty)?, which proves our SUs — O, claim.

(2) In order now to finish, recall that we have by definition f; = 1, as a matrix. Thus,
the action of SU, on the vector 8; € E is given by:

TU(ﬁl) :UﬁlU*:UU*:lzﬁl

We conclude that §; € E is invariant under SUs, and by orthogonality the following
subspace of ¥ must be invariant as well under the action of SUs:

5% = spanR(ﬁg, s, 54)

Now if we call this subspace F, and we identify I’ ~ R? by using the basis 3, 33, B4,
we obtain by restriction to F' a morphism of groups as follows:

SUQ — 03

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

The above result is quite interesting, because we will see in a moment that the mor-
phism SU; — SO3 constructed there is surjective. Thus, we will have a way of parametriz-
ing the elements V' € SOz by elements U € SU,, and so ultimately by parameters
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(,9,2,t) € S3. In order to work out all this, let us start with the following result,
coming as a continuation of Proposition 10.25, independently of Proposition 10.26:

PROPOSITION 10.27. With respect to the standard basis (1, B2, 03, Ba of the vector space
R* = span(B1, B, 3, B4), the morphism T : SUs — G L4(R) is given by:

1 0 0 0
o |0 P +q¢d—rt—s? 2(qr — ps) 2(pr + gs)
Y7 1o 2(ps + qr) p?+1r? —q¢* — 52 2(rs — pq)
0 2(gs—pr) 2pg+rs) PS¢ =17

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

Proor. With notations from Proposition 10.25 and its proof, let us first look at the
action L : SUy ~ R* by left multiplication, Ly (A) = UA. We have:

p —q —r —s
P —S r
s p —q
-r q p

Ly =

»w IR

Similarly, in what regards now the action R : SU, ~ R* by right multiplication,
Ry (A) = AU*, the corresponding matrix is given by:

Y% q T S

. —(q P —S r
Bu=1_ 5 p -
—s —r q p

Now by composing, the matrix of the adjoint matrix in the statement is:

Ty = RyLy

p q T S p —q —Tr =S
B —-q p =S T q p —S T
o -r s p —q r s p —q
—s —r q p s —r q p
1 0 0 0
|0 PPt 2(qr — ps) 2(pr + qs)
10 2(ps + qr) p?+r?—q¢® —s? 2(rs — pq)
0 2(qs — pr) 2(pq + rs) p? + 52 —q¢® —1r?
Thus, we have the formula in the statement, and this gives the result. U

We can now formulate a famous result, due to Euler-Rodrigues, as follows:
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THEOREM 10.28. We have the Euler-Rodrigues formula

PP+ —r?— s 2(qr — ps) 2(pr + ¢s)
U= 2(ps + qr) p*+r?— g — & 2(rs — pq)
2(qs — pr) 2(pg +rs) PP+ s —q —r?

with p* + ¢ +r% + s> = 1, for the generic elements of SOs.

ProoFr. We know from the above that we have a group morphism SU; — SO3, given
by the formula in the statement, and the problem now is that of proving that this is a
double cover map, in the sense that it is surjective, and with kernel {+1}.

(1) Regarding the kernel, this is elementary to compute, as follows:
ker(SUg — 503) = {U e SU, TU(A> = A,VA € E}

_ {U € SUL|UA = AUVA € E}

- {U e SU,|UB: = BiU, v@}
— {41}

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

PU, C 503 , PU, = SUQ/{ﬂ:l}

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

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

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

— Another proof is via representation theory. Indeed, the representations of SU; and
S0O3 can be explicitly computed, and follow to be subject to very similar formulae, called
Clebsch-Gordan rules, and this shows that SU; — SOj is surjective.

— Yet another advanced proof, which is actually quite bordeline for what can be called
“proof”, is by using the ADE/McKay classification of the subgroups G C SOs, which
shows that there is no room strictly inside SOj3 for something as big as PUs.

(4) Thus, done with this, one way or another. Alternatively, a more pedestrian proof
for the surjectivity of the morphism SU; — SOj is based on the fact that any rotation U €
S0Os3 has an axis, and we will leave the computations here as an instructive exercise. [
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Now back to probability, let us formulate the following definition:
DEFINITION 10.29. The standard Marchenko-Pastur law 7 s given by:
fron = fProm
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:

PrROPOSITION 10.30. The density of the Marchenko-Pastur law is

1
™ = 2—\/4x—1 —1ldx
T

and the moments of this measure are the Catalan numbers.

PROOF. There are several proofs here, the simplest being by cheating. Indeed, the
moments of 7 can be computed with the change of variable 2 = 4 cos?t, as follows:

1 4
M, = — Viz—! — 12%dx

2w Jo

1 [™%sint
= o mt~(4cos2t)k‘2costsintdt
T Jo  COS
4k+1 w/2
= — cos tsin® t dt
™ Jo

AR o (2K) 211
T 2 (2k+3)!
(2k)! /28!

HL () + 1)1

— 9.4F.
= (C

Thus, we are led to the conclusion in the statement. Il
We can do now the character computation for SOs, as follows:

THEOREM 10.31. The main character of SOs, modified by adding 1 to it, given in
standard FEuler-Rodrigues coordinates by
X = 4p*
follows a squared semicircle law, or Marchenko-Pastur law .

Proor. This follows by using the quotient map SU; — SOs, and the result for SUs.
Indeed, by using the Euler-Rodrigues formula, in the context of Theorem 10.24 and its
proof, the main character of SO3, modified by adding 1 to it, is given by:

X=0Gp"—¢ —r’—s") +1=4p’
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Now recall from the proof of Theorem 10.24 that we have:
2p~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:

from = fPom
Thus, with f = 2p, we obtain the result in the statement. Il
10e. Exercises

Exercises:

EXERCISE 10.32.

EXERCISE 10.33.

EXERCISE 10.34.

EXERCISE 10.35.

EXERCISE 10.36.

EXERCISE 10.37.

EXERCISE 10.38.

EXERCISE 10.39.

Bonus exercise.



CHAPTER 11

Wishart matrices

11a. Positive matrices

We discuss in this chapter the complex Wishart matrices, which are the positive
analogues of the Gaussian and Wigner matrices. These matrices were introduced and
studied by Marchenko and Pastur in [67], not long after Wigner’s paper [100], and are
of interest in connection with many questions. They are constructed as follows:

DEFINITION 11.1. A complex Wishart matriz is a random matrix of type
W =YY" e My(L>*(X))
with' Y being a complex Gaussian matriz, with entries following the law Gy.

Due to the formula W = YY* the Wishart matrices are positive, in the general
positivity sense of chapter 9. Before getting into their study, let us first develop some
more theory for the positive matrices and operators. As a starting point, we have:

THEOREM 11.2. For an operator T' € B(H), the following are equivalent:

(1) <Tx,x>>0, for any x € H.

(2) T is normal, and o(T) C [0, 00).

(3) T = S?%, for some S € B(H) satisfying S = S*.
(4) T = R*R, for some R € B(H).

If these conditions are satisfied, we call T positive, and write T > 0.

PrROOF. We have already seen some implications in chapter 9, but the best is to forget
the few partial results that we know, and prove everything, as follows:

(1) = (2) Assuming < Tz, x >> 0, with S =T — T™ we have:

<Sr,x> = <Tr,x>—<T'z,z>
= <Tr,x>—-—<uzTx >
= <Tx,x>—-<Tx, x>
=0
159
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The next step is to use a polarization trick, as follows:
<Sryy> = <Sk+y),z+y>—<Sr,x>-—<Sy,y>—< Sy, x>
= —<Sy,x>
= <y,Sr >
= < Sz,y>
Thus we must have < Sz,y >€ R, and with y — iy we obtain < Sx,y >€ iR too,
and so < Sz,y >= 0. Thus S = 0, which gives T" = T*. Now since T is self-adjoint, it is
normal as claimed. Moreover, by self-adjointness, we have:
o(T)CR
In order to prove now that we have indeed o(7") C [0, 00), as claimed, we must invert
T + X, for any A > 0. For this purpose, observe that we have:

<(TH+Nz,z> = <Tz,x>+ < Ar,z>
> < Ax,x >
= Allz|l?
But this shows that T'+ A is injective. In order to prove now the surjectivity, and the
boundedness of the inverse, observe first that we have:
Im(T+ N+ = ker(T + \)*
= ker(T + \)
= {0}
Thus Im(T + A) is dense. On the other hand, observe that we have:
(T +MNz||*> = <Tx+ Mz, Tz + x>
= ||Tz||> + 2\ < Tz, z > +2?||z|?
> N|]]?
Thus for any vector in the image y € Im(T + ) we have:
Iyl = A|[(T +X) |

As a conclusion to what we have so far, 7'+ A is bijective and invertible as a bounded
operator from H onto its image, with the following norm bound:

T+ M) <A™
But this shows that Im(7T + \) is complete, hence closed, and since we already knew
that Im(7T + \) is dense, our operator T'+ A is surjective, and we are done.

(2) = (3) Since T is normal, and with spectrum contained in [0, 00), we can use
the continuous functional calculus formula for the normal operators from chapter 9, with
the function f(z) = /x, as to construct a square root S = VT.
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(3) = (4) This is trivial, because we can set R = S.
(4) = (1) This is clear, because we have the following computation:
< R*Rx,x >=< Rx, Rx >= ||Rx||?
Thus, we have the equivalences in the statement. O

In analogy with what happens in finite dimensions, where among the positive matrices
A > 0 we have the strictly positive ones, A > 0, given by the fact that the eigenvalues
are strictly positive, we have as well a “strict” version of the above result, as follows:

THEOREM 11.3. For an operator T € B(H), the following are equivalent:

(1) T is positive and invertible.

(2) T is normal, and o(T) C (0,00).

(3) T = S?, for some S € B(H) invertible, satisfying S = S*.
(4) T = R*R, for some R € B(H) invertible.

If these conditions are satisfied, we call T strictly positive, and write T > 0.

PROOF. Our claim is that the above conditions (1-4) are precisely the conditions (1-4)
in Theorem 11.2, with the assumption “7T" is invertible” added. Indeed:

(1) This is clear by definition.

(2) In the context of Theorem 11.2 (2), namely when T is normal, and o(T") C [0, c0),
the invertibility of 7', which means 0 ¢ o(T), gives o(T) C (0,00), as desired.

(3) In the context of Theorem 11.2 (3), namely when T' = S?, with S = S*, by using
the basic properties of the functional calculus for normal operators, the invertibility of T°
is equivalent to the invertibility of its square root S = /T, as desired.

(4) In the context of Theorem 11.2 (4), namely when T'= RR*, the invertibility of T
is equivalent to the invertibility of R. This can be either checked directly, or deduced via
the equivalence (3) <= (4) from Theorem 11.2, by using the above argument (3). O

As a subtlety now, we have the following complement to the above result:
PROPOSITION 11.4. For a strictly positive operator, T > 0, we have
<Tx,x>>0 , Vr#0
but the converse of this fact is not true, unless we are in finite dimensions.

ProOF. We have several things to be proved, the idea being as follows:
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(1) Regarding the main assertion, the inequality can be deduced as follows, by using
the fact that the operator S = /T is invertible, and in particular injective:
<Tz, x> = < 8%z,z>
= < Sx,5r >
= < Sz, Sz >
S|
> 0

(2) In finite dimensions, assuming < Tz, x >> 0 for any = # 0, we know from Theorem
11.2 that we have T' > 0. Thus we have o(T') C [0,00), and assuming by contradiction
0 € o(T), we obtain that 7" has A = 0 as eigenvalue, and the corresponding eigenvector
x # 0 has the property < Tz,z >= 0, contradiction. Thus T" > 0, as claimed.

(3) Finally, regarding the counterexample for the converse, we can use here:
1

N =

T =

W=

Indeed, T is well-defined and bounded, and we have < Tx,x >> 0, for any vector
x # 0. However, T is not invertible, and so the converse does not hold, as stated. Il

With the above results in hand, let us discuss now some decomposition results for the
bounded operators T' € B(H), in analogy with what we know about the usual complex
numbers z € C. We know that any z € C can be written as follows, with a,b € R:

z=a-+1b

Also, we know that both the real and imaginary parts a,b € R, and more generally
any real number ¢ € R, can be written as follows, with r,s > 0:

c=r—s

Here is the operator theoretic generalization of these results:

PROPOSITION 11.5. Given an operator T' € B(H), the following happen:
(1) We can write T = A+ iB, with A, B € B(H) self-adjoint.
(2) When T =T*, we can write T = R — S, with R, S € B(H) positive.
(3) Thus, we can write any T' as a linear combination of 4 positive elements.

Proor. All this follows from basic spectral theory, as follows:

(1) We can use here the same formula as for complex numbers, namely:

T+T* | T-T*
T = +i- ;
2 21
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(2) This follows from the measurable functional calculus. Indeed, assuming T' = T*
we have o(T") C R, so we can use the following decomposition formula on R:
2 = X[0,00)% — X(*OO,O)(_Z)
Now by applying these measurable functions to 7', we obtain as formula as follows,
with both the operators T, T € B(H) being positive, as desired:
T=T,—-T-
(3) This follows by combining the results in (1) and (2) above. O

Going ahead with our decomposition results, another basic thing that we know about
complex numbers is that any z € C appears as a real multiple of a unitary:

z =re"

Finding the correct operator theoretic analogue of this is quite tricky, and this even
for the usual matrices A € My (C). As a basic result here, we have:
PROPOSITION 11.6. Given an operator T' € B(H), the following happen:

(1) If T =T* and ||T|| <1, we can write T = (U + V) /2, with U,V unitaries.
(2) If T =T, we can write T'= NU + V'), with U,V unitaries.
(3) In general, we can write T as a rescaled sum of 4 unitaries.

PROOF. This follows from the results that we have, as follows:

(1) Assuming 7= T* and ||T'|| <1 we have 1 — T? > 0, and the decomposition that
we are looking for is as follows, with both the components being unitaries:

_T+i\/1—T2+T—z‘\/1—T2
N 2 2

To be more precise, the square root can be extracted as in Theorem 11.2 (3), and the
check of the unitarity of the components goes as follows:

(T+ivV1-TT -iV1-T2)=T*+(1-T* =1
(2) This simply follows by applying (1) to the operator T7'/||T|.

T

(3) Assuming first ||T'|| < 1, we know from Proposition 11.5 (1) that we can write
T = A+iB, with A, B being self-adjoint, and satisfying ||A||, ||B|| < 1. Now by applying
(1) to both A and B, we obtain a decomposition of T as follows:
U+V+X+Y
B 2

In general, we can apply this to the operator T'/||T||, and we obtain the result. [

T
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All this gets us into the multiplicative theory of the complex numbers, that we will
attempt to generalize now. As a first construction, that we would like to generalize to the
bounded operator setting, we have the construction of the modulus, as follows:

|z| = VzZ
The point now is that we can indeed generalize this construction, as follows:

PROPOSITION 11.7. Given an operator T € B(H), we can construct a positive operator
|T| € B(H), satisfying |T|> = T*T, as follows, by using the fact that T*T is positive:

|T| = VT*T
In the case H = C, this gives the usual absolute value of the complexr numbers:
|z| = VzZ

More generally, in the case where H = CV is finite dimensional, we obtain in this way
the usual moduli of the complex matrices A € My (C).

PrROOF. We have several things to be proved, the idea being as follows:

(1) The first assertion follows from Theorem 11.2. Indeed, according to (4) there the
operator T*T is indeed positive, and then according to (2) there we can extract the square
root of this latter positive operator, by applying to it the function /2.

(2) By functional calculus we have then |T'|?> = T*T, as desired.
(3) In the case H = C, we obtain indeed the absolute value of complex numbers.

(4) In the case where the space H is finite dimensional, H = CV, we obtain indeed
the usual moduli of the complex matrices A € My (C). O

As a comment here, it is possible to talk as well about the operator /T7T*, which is
in general different from +/T*T. Observe that when 7' is normal, we have:

VIT* =vT*T

Regarding now the polar decomposition formula, let us start with a weak version of
this statement, regarding the invertible operators, as follows:

THEOREM 11.8. We have the polar decomposition formula
T =UVTT
with U being a unitary, for any T € B(H) invertible.
PROOF. According to our definition of |T'| = vT*T, we have:
<|T|z,|Tly > = <ua,|Ty >
= <z,T"'Ty >
= <Tx,Ty >
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Thus we can define a unitary operator U € B(H) as follows:
U(|T|x) =Tx
But this formula shows that we have 7" = U|T|, as desired. O

Observe that we have uniqueness in the above result, in what regards the choice of
the unitary U € B(H), due to the fact that we can write this unitary as follows:

U=TKNTT)"!
More generally now, we have the following result:
THEOREM 11.9. We have the polar decomposition formula
T=UVT'T
with U being a partial isometry, for any T € B(H).

PROOF. As before, in the proof of Theorem 11.8, we have the following equality, valid
for any two vectors x,y € H:

<|T|z,|T|y >=< Tz, Ty >
We conclude that the following linear application is well-defined, and isometric:
U:Im|T|—Im(T) , |T|lx— Tx
By continuity we can extend this map U into an isometry, as follows:

U:Im|T| - Im(T) , |Tlx— Tz

Moreover, we can further extend U into a partial isometry U : H — H, by setting
—
Uz =0, for any € Im|T| , and with this convention, the result follows. O

Summarizing, as a first application of our spectral theory methods, we have now a full
generalization of the polar decomposition result for the usual matrices.
11b. Marchenko-Pastur

Let us discuss now the complex Wishart matrices, which are the positive analogues
of the Gaussian and Wigner matrices. These matrices were introduced and studied by
Marchenko-Pastur in [67], not long after Wigner’s paper [100], and are of interest in
connection with many questions. They are constructed as follows:

DEFINITION 11.10. A complex Wishart matrixz is a random matriz of type
W =YY" e My(L*(X))

with Y being a complex Gaussian matriz, with entries following the law Gy.
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There are in fact several possible definitions for the complex Wishart matrices, with
some being more clever and useful that some other. To start with, we will use the above
definition, which comes naturally out of what we know about the Gaussian and Wigner
matrices. Once such matrices studied, we will talk about their versions, too.

Observe that, due to the defining formula W = YY™, the complex Wishart matrices
are obviously positive, W > 0, in the sense of the general positivity notion discussed
above. Due to this key positivity property, and to the otherwise “randomness” of W,
such matrices are useful in many down-to-earth contexts. More on this later.

As usual with the random matrices, we will be interested in computing the asymptotic
laws of our Wishart matrices W, suitably rescaled, in the N — oo limit. Quite surpris-
ingly, the computation here leads to the Catalan numbers, but not exactly in the same
way as for the Wigner matrices, the precise result being as follows:

THEOREM 11.11. Given a sequence of complex Wishart matrices
Wy =YnYy € My(L™(X))
with Yy being N x N complex Gaussian of parameter t > 0, we have
%%
for any exponent k € N, in the N — oo limit.

PROOF. There are several possible proofs for this result, as follows:

(1) A first method is by using the result that we have from chapter 10, for the Gaussian
matrices Yy. Indeed, we know from there that we have the following formula, valid for
any colored integer K = oeeo..., in the N — oo limit:

Y,
My (\/_NN> ~ K2 N Cy (K|
With K =oceoe... alternating word of length 2k, with k£ € N, this gives:

M (YNYJ@ ) ~ tFNCo(K)|

N
Thus, in terms of the Wishart matrix Wy = Yy Yy we have, for any £ € N:
1%
M, (TN) ~ t* N Cy(K)|

The point now is that, by doing some combinatorics, we have:
INCo(K)| = INC2(2k)| = Ci

Thus, we are led to the formula in the statement.
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(2) A second method, that we will explain now as well, is by proving the result directly,
starting from definitions. The matrix entries of our matrix W = Wy are given by:

N
I/Vij = Z Y;Lr}_/jr
r=1

Thus, the normalized traces of powers of W are given by the following formula:
N

N
tT’(Wk) = % Z . Z VViliQWizi:g Ce mkil

=1 ip=1

1 N N N N ) i )
- = Z . Z S Vi Y Yo Vi - Yin Yi,

i1=1 ir=17r1=1 re=1
By rescaling now W by a 1/N factor, as in the statement, we obtain:
W\ F T N N N
A (CODEE D D0 9 S ST ST SN S
=1  ip=lri=1  rp=1
By using now the Wick rule, we obtain the following formula for the moments, with
K =oeoe... alternating word of length 2k, and with I = (i171, 4971, . .., 4Tk, 117%):
W h N N N N
M, (N) = Y Y Y # re P < ket
=1  ig=lri=1  rp=1
tk , L
= W Z #{Z,TG{L‘..,N} ‘nger[}
Te€P2(K)

In order to compute this quantity, we use the standard bijection Py(K) ~ Si. By
identifying the pairings m € Py(K) with their counterparts m € Sy, we obtain:

w t

TES)

1y = Z-7r(s)—|—17 s = TW(S),VS}

Now let v € Sy be the full cycle, which is by definition the following permutation:
y=(12...k)

The general factor in the product computed above is then 1 precisely when following
two conditions are simultaneously satisfied:

yr <ker: , w<kerr
Counting the number of free parameters in our moment formula, we obtain:

w k ||+ |ym|—k—1
My, <F) =tF )y NI

TES
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The point now is that the last exponent is well-known to be < 0, with equality precisely
when the permutation © € Sy, is geodesic, which in practice means that 7 must come from
a noncrossing partition. Thus we obtain, in the N — oo limit:

w

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

As a consequence of the above result, we have a new look on the Catalan numbers,
which is more adapted to our present Wishart matrix considerations, as follows:

PROPOSITION 11.12. 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}.
PRroOOF. This follows indeed from the proof of Theorem 11.11. O

The direct explanation for the above formula, relating noncrossing partitions and
pairings, comes form the following result, which is very useful, and good to know:

PRroPOSITION 11.13. We have a bijection between noncrossing partitions and pairings
NC(k) ~ NCy(2k)
which is constructed as follows:

(1) The application NC(k) — NC5(2k) is the “fattening” one, obtained by doubling
all the legs, and doubling all the strings as well.

(2) Its inverse NCy(2k) — NC(k) is the “shrinking” application, obtained by col-
lapsing pairs of consecutive neighbors.

PrRoOOF. The fact that the two operations in the statement are indeed inverse to each
other is clear, by computing the corresponding two compositions, with the remark that
the construction of the fattening operation requires the partitions to be noncrossing. [J

As a comment here, the above result is something quite remarkable, in view of the
total lack of relation between P(k) and P»(2k). Thus, taking for granted that “classical
probability is about partitions, and free probability is about noncrossing partitions”, a
general principle that emerges from our study so far, and that we will fully justify later
on, we have in Proposition 11.13 an endless source of things to be done, in the free case,
having no classical counterpart. We will keep this discovery in our pocket, and have it
pulled out of there, for some magic, on several occasions, in what follows.

Getting back now to Wishart matrices, at ¢ = 1 we are led to the question of finding
the law having the Catalan numbers as moments. We already know the answer to this
question from chapter 10, and more specifically from our considerations there at the end,
regarding SOj3, but here is as well an independent, pedestian solution to this question:
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PRrOPOSITION 11.14. The real measure having the Catalan numbers as moments is

1
™= 2—\/4x—1 —1dx
T

called Marchenko-Pastur law of parameter 1.

PROOF. As already mentioned, this is something that we already know, because we
came upon this when talking about SOs. Here are two alternative proofs:

(1) By using the Stieltjes inversion formula. In order to apply this formula, we need
a simple formula for the Cauchy transform. For this purpose, our starting point will be
the well-known formula for the generating series of the Catalan numbers, namely:

> 1—+/1—14
I
k=0

2z

By using this formula with z = £, we obtain the following formula:

G = 'Y ot
k=0
_ et 1— /1 —4¢1

261

- 3oV
= %_l’/l—élg_l

2

With this formula in hand, let us apply now the Stieltjes inversion formula. The first
term, namely 1/2; which is trivial, will not contribute to the density. As for the second
term, which is something non-trivial, this will contribute to the density, the rule here being
that the square root /1 — 4£~1 will be replaced by the “dual” square root v4x—! — 1 dzx,
and that we have to multiply everything by —1/m. Thus, by Stieltjes inversion we obtain
the density in the statement, namely:

1 1
du(z) = ——- —5\/4x—1 —ldz

™

1
= 2—\/495*1 —ldz
T

(2) Alternatively, if the above was too complicated, we can simply cheat, as we actually
did in chapter 10, when talking about SO3. Indeed, the moments of the law 7 in the
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statement can be computed with the change of variable = 4 cos? ¢, as follows:

1 4
M, = — Viz—1 — 12%dx

2m Jo

1 (™2 sint
= 5 smt - (4cos®t)* - 2costsint dt
)y cos

4k+1 w/2
= — cos?* tsin® t dt
™ Jo
gkt g (2k)N2!!

T2 2kt
(2k)! /2" k!
kL + 1)

= 9.4k
- O,
Thus, we are led to the conclusion in the statement. Il
Now back to the Wishart matrices, we are led to the following result:
THEOREM 11.15. Given a sequence of complex Wishart matrices
Wy =YYy € My(L*(X))

with Yy being N X N complex Gaussian of parameter 1, we have

11 1
N VAT —1de
N 2

with N — oo, with the limiting measure being the Marchenko-Pastur law 7.

Proor. This follows indeed from the asymptotic moment computation that we have,
for these matrices, from Theorem 11.11, coupled with Proposition 11.14. O

More generally now, we have as well a straightforward parametric version of the above
result, involving a parameter ¢t > 0 as in Definition 11.10, as follows:

THEOREM 11.16. Given a sequence of complex Wishart matrices
Wy =YnNYy € My(L™(X))

with Yy being N x N complex Gaussian of parameter t > 0, we have

Wy 1

with N — oo, with the limiting measure being the Marchenko-Pastur law 7.
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Proor. This follows again from Theorem 11.11 and Proposition 11.14. To be more
precise, recall the main formula from Theorem 11.11, for the matrices as above, namely:

W,

By dividing by t*, this formula can be written as follows:

Wy

Now by using Proposition 11.14, we are led to the conclusion in the statement. U

Summarizing, we have deduced the Marchenko-Pastur theorem from the result for
Gaussian matrices, via some moment combinatorics. It is possible as well to be a bit more
direct here, by passing through the Wigner theorem, and then recovering the Marchenko-
Pastur law directly from the Wigner semicircle law, by performing a kind of square oper-
ation. But this is more or less the same thing as we did above.

11c. Parametric version

We discuss now a generalization of the above results, motivated by a whole array
of concrete questions, and bringing into the picture a “true” parameter ¢ > 0, which is
different from the parameter ¢ > 0 used above, which is something quite trivial.

For this purpose, let us go back to the definition of the Wishart matrices. There were
as follows, with Y being a N x N matrix with i.i.d. entries, each following the law G;:

W=YY"
The point now is that, more generally, we can use in this W = YY™* construction
a N x M matrix Y with i.i.d. entries, each following the law G}, with M € N being
arbitrary. Thus, we have a new parameter, and by ditching the old parameter ¢ > 0,

which was something not very interesting, we are led to the following definition, which is
the “true” definition of the Wishart matrices, from [67] and the subsequent literature:

DEFINITION 11.17. A complex Wishart matriz is a N X N matrix of the form
W=YY"
where Y is a N x M matriz with i.1.d. entries, each following the law G.
As before with our previous Wishart matrices, that the new ones generalize, up to

setting t = 1, we have W > 0, by definition. Due to this property, and to the otherwise
“randomness” of W, these matrices are useful in many contexts. More on this later.

In order to see what is going on, combinatorially, let us compute moments. The result
here is substantially more interesting than that for the previous Wishart matrices, with
the new revelant numeric parameter being now the number ¢t = M /N, as follows:
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THEOREM 11.18. Given a sequence of complex Wishart matrices
Wy = YNY]:} € MN(LOO(X))

with Yy being N x M complexr Gaussian of parameter 1, we have
w.

for any exponent k € N, in the M = tN — oo limit.

t|7r\
TeNC (k)

Proor. This is something which is very standard, as follows:

(1) Before starting, let us clarify the relation with our previous Wishart matrix results.
In the case M = N we have t = 1, and the formula in the statement reads:

M, (%) ~ INC(R)|

Thus, what we have here is the previous Wishart matrix formula, in full generality, at
the value t = 1 of our old parameter ¢ > 0.

(2) Observe also that by rescaling, we can obtain if we want from this the previous
Wishart matrix formula, in full generality, at any value ¢ > 0 of our old parameter. Thus,
things fine, we are indeed generalizing what we did before.

(3) In order to prove now the formula in the statement, we proceed as usual, by using
the Wick formula. The matrix entries of our Wishart matrix W = Wy are given by:

M
I/Vij = Z Yviry;‘r
r=1
Thus, the normalized traces of powers of W are given by the following formula:

N
. E WiisWigig - - Wi,

=
WE

tr(W") =

i1=1 ip=1

N N M M

§ s § § ce § E1T1E2T1K2T2K3T2 cee Y;M’k)/ilrk
i1=1 ip=17r1=1 re=1

By rescaling now W by a 1/N factor, as in the statement, we obtain:

W k 1 N N M M B B B
tr ((N> > = W Z cee Z Z ce Z }/;11"1}/;27‘1}/;27'2}/;37'2 ce YvikrkY;lrk

i1=1  ip=1lri=1  ri=1

==
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(4) By using now the Wick rule, we obtain the following formula for the moments,

with K = oceoe ... alternating word of lenght 2k, and I = (i171, 9271, . . ., g7k, 117 ):
W 1 X N M M
M, (ﬂ = Y Y Y Y #{re P |r <)
i1=1 tp=17r1=1 re=1
1 .
=13 #{z e{l,..., N} re {1,...,M}k)7r < kerf}
TeP2(K)

(5) In order to compute this quantity, we use the standard bijection Py(K) ~ Si. By
identifying the pairings m € Py(K) with their counterparts m € Sy, we obtain:

114
Mk<ﬁ) = %Z#{ie{1,...,N}’“,r€{1,...,M}k

TES

ls = ?:7'((5)-1-17 Ts = TT((S)}

Now let v € Sy be the full cycle, which is by definition the following permutation:
vy=(12... k)

The general factor in the product computed above is then 1 precisely when following
two conditions are simultaneously satisfied:

yr <keri , mw<kerr
Counting the number of free parameters in our expectation formula, we obtain:

%% 1 R 7| —k—1p sl7
Mk(N)ZNHIZNVIMI:ZNI'Y JVikd

TESK TSk

(6) Now by using the same arguments as in the case M = N, from the proof of
Theorem 7.11, we conclude that in the M = tN — oo limit the permutations © € S
which matter are those coming from noncrossing partitions, and so that we have:

w
— | ~ ==l pplml — ||
M ( N> ~ N = Y
reNC(k) reNC(k)
We are therefore led to the conclusion in the statement. O
In order to recapture now the density out of the moments, we can of course use the

Stieltjes inversion formula, but the computations here are a bit opaque. So, inspired from
what happens at ¢ = 1, let us cheat a bit, and formulate a nice definition, as follows:

DEFINITION 11.19. The Marchenko-Pastur law m; of parameter t > 0 is given by:
a ~ - CL2 ~ Tt
That is, 7 the law of the square of a variable following the law ;.

This is certainly very nice, and we know from chapter 10 that at ¢ = 1 we obtain
indeed the Marchenko-Pastur law 7, as constructed above. In general, we have:
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ProproSITION 11.20. The Marchenko-Pastur law of parameter t > 0 is
4t — (x —1—1t)?
V=117

2w

7 = max(1 —¢,0)dy +

the support being [0, 4t%], and the moments of this measure are

M= Y

TeNC (k)
exactly as for the asymptotic moments of the complex Wishart matrices.

Proor. This follows as usual, by doing some computations, either combinatorics, or
calculus. To be more precise, we have three formulae for m; to be connected, namely the
one in Definition 11.19, and the two ones from the present statement, and the connections
between them can be established exactly as we did before, at t = 1. U

Summarizing, we have now a definition for the Marchenko-Pastur law m;, which is
quite elegant, via Definition 11.19, but which still requires some computations, performed
in the proof of Proposition 11.20. We will see later on, in Part IV, an even more elegant
definition for m;, out of its particular case m; which was well understood, simply obtained
by considering the corresponding 1-parameter free convolution semigroup. We will also
see that m; appears as the “free version” of the Poisson law p;, and that this can be even
taken as a definition for 7, if we really want to. More on this later.

Now back to the complex Wishart matrices that we are interested in, in this chapter,
we can now formulate a final result regarding them, as follows:
THEOREM 11.21. Given a sequence of complex Wishart matrices
Wy =YnNYy € My(L™(X))
with Yy being N x M complex Gaussian of parameter 1, we have

w. 4t — (x —1—1)?
WN ~ max(1l —t,0)d + v <27m" ) dx

with M = tN — oo, with the limiting measure being the Marchenko-Pastur law .
Proor. This follows indeed from Theorem 11.18 and Proposition 11.20. U

As it was the case with the Gaussian and Wigner matrices, there are many other things
that can be said about the complex Wishart matrices, as variations of the above. We refer
here to the standard random matrix literature [2], [68], [71], [90]. We will be back to this
right below, in the remainder of this chapter, with some wizarding computations from [5],
and then more systematically in Part IV, when doing free probability.
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11d. Shifted semicircles

Our goal now, in the remainder of this chapter, will be that of explaining a surprising
result, due to Aubrun [5], stating that when suitably block-transposing the entries of
a complex Wishart matrix, we obtain as asymptotic distribution a shifted version of
Wigner’s semicircle law. Following [5], [11], let us start with the following definition:

DEFINITION 11.22. The partial transpose of a complexr Wishart matrix W of parame-
ters (dn,dm) is the matriz

W = (id® )W
where id is the identity of My(C), and t is the transposition of M, (C).
In more familiar terms of bases and indices, the standard decomposition C™ = C?@C"
induces an algebra decomposition My, (C) = My(C) ® M, (C), and with this convention
made, the partial transpose matrix W constructed above has entries as follows:

—

VVia,jb = Wib,ja

Our goal in what follows will be that of computing the law of W, first when d,n,m
are fixed, and then in the d — oo regime. For this purpose, we will need a number of
standard facts regarding the noncrossing partitions. Let us start with:

PROPOSITION 11.23. For a permutation o € S,, we have the formula

o] +#0=p
where |o| is the number of cycles of o, and #0o is the minimal k € N such that o is a
product of k transpositions. Also, the following formula defines a distance on S,

(o,7) = #(o ')
and the set of permutations o € S, which saturate the triangular inequality
#o+H#(0) =#r=p—1
where v € S, is a full cycle, is in bijection with the set NC(p).
Proor. All this is standard combinatorics, that we will leave as an exercise. Il

We use the standard bijection NC(p) ~ NCy(2p), denoted m — 7, obtained by
fattening the partitions. We have the following formula, where V is the join operation on
NC5(2p), and p1a = (12)(34) ... (2p — 1, 2p) is the fattened identity permutation:

[T =7V piz

Similarly, we have the formula |7y| = |7V p14|, where p14 is the pairing corresponding
to the fattening of the inverse full cycle y71(i) = ¢ — 1, which pairs an element 27 with
2(i — 1) — 1 = 2 — 3, or, equivalently, an element i € {1,...,2p} with i + (—1)""'3.

We will need the following well-known result:
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PROPOSITION 11.24. The number ||7|| of blocks having even size is given by
L[| = |l
for every noncrossing partition m € NC(p).

PrROOF. We use a recurrence over the number of blocks of 7. If 7 has just one block,
its associated geodesic permutation is v and we have:

2| = {1 (p odd)

2 (p even)

For the partitions 7 having more than one block, we can assume without loss of
generality that 7 = 1,U7’, where 1 is a contiguous block of size k. Recall that the number
of blocks of the permutation 77 is given by the following formula, where pi4 € P2(2p) is
the pair partition which pairs an element i with ¢ + (—1)""13:

[Ty = 17TV pud

If k£ is an even number, k = 2r, consider the following partition, which contains the
block (1458 ...4r — 34r), along with the blocks coming from the elements of the form
4i+2,4i 4+ 3 from {1,...,4r} and from 7’

P

O‘:igruﬂ'/\/pl4

We can count the blocks of the join of two partitions by drawing them one beneath the
other and counting the number of connected components of the curve, without taking into
account, the possible crossings. We conclude that we have the following formula, where
P4 is p1g restricted to the set {2k + 1,2k +2...,2p}:

7V pral =1+ |7V phy|
If k is odd, k = 2r + 1, there is no extra block appearing, so we have:
7V pral = [V phy|
Thus, we are led to the conclusion in the statement. Il
We can now investigate the block-transposed Wishart matrices, and we have:

THEOREM 11.25. For any p > 1 we have the formula

lim (Eotr)(mW)" = Y mlmnl"l

d—o0
TeNC(p)

where |.| and ||.|| are the number of blocks, and the number of blocks of even size.
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PROOF. The matrix elements of the partial transpose matrix are given by:

d

Wia,jb - VVib,ja - (dm)—l Z Z Gib,kcéja,kc

k=1 c=1

This gives the following formula:

tr(Wp) = (dn)” Z Z HWzsas+1,zs+1aS

i1y ,zp—lal, ,ap=1s=1

= (dn)” Z Z H Z Z Glsaéﬂusbs is+10s,5sDs

i1, ﬂp lag,. 7ap—15 171,.. 7]1) 10bq,..., p

After interchanging the product with the last two sums, the average of the general
term can be computed by the Wick rule, namely:

p P
E <H Gisas+17jsbsGis+1a&jsbs) - E :H5i$7i7r(s)+15a5+17a7\'(s)5j37j77(s)5b$7b7\'(s)

s=1 TESy s=1

Let v € S, be the full cycle y = (12 ... p)~'. The general factor in the above product
is 1 if and only if the following four conditions are simultaneously satisfied:

’7_171' <ker: , my<kera , w<kerj , w<kerb
Counting the number of free parameters in the above equation, we obtain:

(Eotr)(WP) = (dn)™'(dm)™® Y _ dm*h "yl

TES)

— E T i =p=1 ) Iw=p [y =1

TES)
The exponent of d in the last expression on the right is:
N(r) = |n|+ ] 7l -p—1
= p—1—(#r+#('7))
= p—1—(#r+#(1""y))

As explained in the beginning of this section, this quantity is known to be < 0, with
equality iff 7 is geodesic, hence associated to a noncrossing partition. Thus:

(Eotr)(W?) = (1+ O(d™" Y mlt
TeNC(p)

Together with || = ||«|| 4+ 1, this gives the result. O
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We would like now to find an equation for the moment generating function of the
asymptotic law of mW. This moment generating function is defined by:

F(z) = lim (E o tr) (W)

We have the following result, regarding this moment generating function:

THEOREM 11.26. The moment generating function of mW satisfies the equation
(F—1)(1 = 2°F?) = mzF (1 + nzF)
in the d — oo limit.

PROOF. We use the formula in Theorem 11.25. If we denote by N(p, b, €) the number
of partitions in NC(p) having b blocks and e even blocks, we have:

F = 1_|_Z Z Pl
p=1 7eNC(p

(o olNe o lNe 9]

= 1+ZZZz” n°N(p,b,e)
b=0 e=0

p=1

Let us try to find a recurrence formula for the numbers N(p,b,e). If we look at the
block containing 1, this block must have r > 0 other legs, and we get:

p,be Z Z Z Z P1ab1,€1 N(pr+17br+1,6r+1)

re2N p=Xp;+r+1 b=Xb;+1 e=Xe;

+ Z Z Z Z N(p17b1761)'"N(pr+17br+1aer+1)

re2N+1 p=Xp;+r+1 b=Xb;+1 e=Xe;+1

Here pq, ..., p.y1 are the number of points between the legs of the block containing 1,
so that we have p = (p1+...+p,41)+7r+1, and the whole sum is split over two cases, r even
or odd, because the parity of r affects the number of even blocks of our partition. Now
by multiplying everything by a zPm®n® factor, and by carefully distributing the various
powers of z,m, b on the right, we obtain the following formula:

r+1
PmPnN(p,be) = m E P g E E H 2PimPin® N (pg, by, €;)
re2N p=%Xp;+r+1b=3b;+1 e=3e; =1
r—+1
+ mn E 2Tl E E E H Pimbin® N (p;, by, €;)
re2N+1 p=%Xp;+r+1b=%b;+1 e=Xe;+1 i=1

Let us sum now all these equalities, over all p > 1 and over all b,e > 0. According to
the definition of F'| at left we obtain F' — 1. As for the two sums appearing on the right,
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that is, at right of the two 2"! factors, when summing them over all p > 1 and over all
b,e > 0, we obtain in both cases F"*!. So, we have the following formula:

F-1 = mZ(zF)THqun Z (zF) 1
re2N re2N+1
zF 222
gy +mn1—22F2
14+ nzF
1—22F?
But this gives the formula in the statement, and we are done. U

= mzF

Our goal now will be that of further processing the formula in Theorem 11.26, as to
reach to a formula for the density of the corresponding law. This is something quite tricky,
and as a first result here, we can reformulate Theorem 11.26 as follows:

THEOREM 11.27. The Cauchy transform of mW satisfies the equation
(€G —1)(1 — G?) = mG(1 +nG)
in the d — oo limit. Moreover, this equation simply reads
m(n+1 n-1
R=— —
2 (1 -z 1+ z)
with the substitutions G — z and ¢ — R+ 271

Proor. We have two assertions to be proved, the first one being standard, and the
second one being something quite magic, the idea being as follows:

(1) Consider the equation of F', found in Theorem 11.26, namely:
(F—1)(1 = 2°F?) = mzF (1 + nzF)
With z = ¢t and F — £G, so that zF — G, we obtain, as desired:
(€G —1)(1 — G?) = mG(1 + nG)

(2) Thus, we have our equation for the Cauchy transform, and with this in hand, we
can try to go ahead, and use somehow the Stieltjes inversion formula, in order to reach
to a formula for the density. This is certainly possible, but our claim is that we can do
better, by performing first some clever manipulations on the Cauchy transform.

(3) To be more precise, let us look at the equation of the Cauchy transform that we
have. With the substitutions ¢ — K and G — z, this equation becomes:

(2K —1)(1 — 2%) = mz(1 4+ nz)
The point now is that with K — R + 27! this latter equation becomes:
2R(1 — 2%) = mz(1 + nz)
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But the solution of this latter equation is trivial to compute, given by:

l+nz m/n+1 n-1
R=m——=— —
1— 22 2 \1—2 14z
Thus, we are led to the conclusion in the statement. Il

All the above might look a bit mysterious, but we are into difficult mathematics now,
that will take us some time to be understood. In any case, the manipulations made in
Theorem 11.27 are quite interesting, and suggest the following definition:

DEFINITION 11.28. Given a real probability measure p, define its R-transform by:

G0 = [P — 6 (i + ;) ¢

rE—1
That is, the R-transform is the inverse of the Cauchy transform, up to a €' factor.

This definition is actually something very deep, due to Voiculescu [88], and we will
have the whole remainder of this book for exploring its subtleties. For the moment, let
us just take it as such, as something natural emerging from Theorem 11.27.

Getting back now to our questions, we would like to find the probability measure
having as R-transform the function in Theorem 11.27. But here, we can only expect to
find some kind of modification of the Marchenko-Pastur law, so as a first piece of work,
let us just compute the R-transform of the Marchenko-Pastur law. We have here:

PROPOSITION 11.29. The R-transform of the Marchenko-Pastur law m; is

RO = 105
for any t > 0.

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

(1) At t = 1, we know that the moments of m; are the Catalan numbers, M = C},
and we obtain that the Cauchy transform is given by the following formula:

GE)=5 - 5VI— T

2 2
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Now with R(§) = 1175 being the function in the statement, at ¢ = 1, we have:
1 1 1
G(R +—> - G(—+—)

(re+ I

=
§—¢

1 — 4€ + 4¢?
(1-2¢)

I
@Q

M =N =
N =N =

Thus, the function R(§) = ﬁ is indeed the R-transform of 7, in the above sense.

(2) In the general case, t > 0, the proof is similar, by using the moment formula for
7, that we know from the above. We will be back to this with full details when really
needed, and more specifically in Part IV, when doing free probability. U

All this is very nice, and we can now further build on Theorem 11.27, as follows:

THEOREM 11.30. The R-transform of mW is given by
R=R,, — R,
in the d — oo limit, where s =m(n+1)/2 and t = m(n —1)/2.

PROOF. We know from Theorem 11.27 that the R-transform of mW is given by:

m({n+1 n-—1
R=— —
2(1—2 1+z>

By using now the formula in Proposition 11.29, this gives the result. U

We can now recover the original result of Aubrun [5], as follows:

THEOREM 11.31. For a block-transposed Wishart matriz W = (id @ t)W we have, in
the n = fm — oo limit, with 5 > 0 fized, the formula

w 1
PR

with yé being the shifted version of the semicircle law g, with support centered at 1.

Proor. This follows from Theorem 11.30. Indeed, in the n = fm — oo limit, with
B > 0 fixed, we are led to the following formula for the Stieltjes transform:

flay = VAL

206
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But this is the density of the shifted semicircle law having support as follows:

S=[1-2v81+2Vp

Thus, we are led to the conclusion in the statement. See [5], [11]. u

Here we have used some standard free probability results at the end, which can be
proved by direct computations, and we will be back to this in Part IV.

1lle. Exercises

Exercises:

EXERCISE 11.32.
EXERCISE 11.33.
EXERCISE 11.34.
EXERCISE 11.35.
EXERCISE 11.36.
EXERCISE 11.37.
EXERCISE 11.38.
EXERCISE 11.39.

Bonus exercise.



CHAPTER 12

Block modifications

12a. Block modifications

We discuss in this chapter some extensions and unifications of our results from chapter
11. As before with the usual or block-transposed Wishart matrices, there will be some
non-trivial combinatorics here, that we will fully understand only later, in Part IV, when
doing free probability. Thus, the material below will be an introduction to this.

Let us begin with some general block modification considerations, following [5] and
the more recent papers [11], [12]. We have the following construction:

DEFINITION 12.1. Given a complex Wishart dn x dn matriz, appearing as
W =YY" € My, (L*(X))
with Y being a complex Gaussian dn X dm matriz, and a linear map
¢ : M,(C) — M,(C)
we consider the following matriz, obtained by applying ¢ to the n X n blocks of W,
W = (id ® @)W € My,(L®(X))
and call it block-modified Wishart matriz.

Here we are using some standard tensor product identifications, the details being as
follows. Let Y be a complex Gaussian dn X dm matrix, as above:

Y € Mdnxdm(Loo(X»
We can then form the corresponding complex Wishart matrix, as follows:
W =YY" € My, (L>*(X))

The size of this matrix being a composite number, N = dn, we can regard this matrix
as being a n X n matrix, with random d x d matrices as entries. Equivalently, by using
standard tensor product notations, this amounts in regarding W as follows:

W e My(L>(X)) ® M,(C)
With this done, we can come up with our linear map, namely:
¢ : M,(C) — M,(C)
183
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We can apply ¢ to the tensors on the right, and we obtain a matrix as follows:
W = (id® @)W € My(L®(X)) ® M,(C)

Finally, we can forget now about tensors, and as a conclusion to all this, we have
constructed a matrix as follows, that we can call block-modified Wishart matrix:

W € My (L™(X))

In practice now, what we mostly need for fully understanding Definition 12.1 are
examples. Following Aubrun [5], and the series of papers by Collins and Nechita [23],
[24], [25], we have the following basic examples, for our general construction:

__ DEFINITION 12.2. We have the following examples of block-modified Wishart matrices
W = (id ® o)W, coming from various linear maps ¢ : M, (C) — M, (C):

(1) Wishart matrices: W =W, obtained via ¢ = id.

(2) Aubrun matrices: W = (id @ t)W, with t being the transposition.

(3) Collins-Nechita one: W = (id @ @)W, with ¢ = tr(.)1.

(4) Collins-Nechita two: W = (id @ o)W, with ¢ erasing the off-diagonal part.

These examples, whose construction is something very elementary, appear in a wide

context of interesting situations, for the most in connection with various questions in

quantum physics [5], [23], [24], [25], [67]. They will actually serve as a main motivation
for what we will be doing, in what follows. More on this later.

Getting back now to the general case, that of Definition 12.1 as stated, the linear map
¢ : M,(C) — M,(C) there is certainly useful for understanding the construction of the

block-modified Wishart matrix W = (id ® @)W, as illustrated by the above examples.
In practice, however, we would like to have as block-modification “data” something more
concrete, such as a usual matrix. To be more precise, we would like to use:

ProprosSITION 12.3. We have a correspondence between linear maps
¢ : M,(C) — M,(C)
and square matrices A € M, (C) ® M,(C), given by the formula

Aab,cd =@ (eac)bd

where eq, € M, (C) are the standard generators of the matriz algebra M, (C), given by the
formula eqp = ey — €4, with {e1,...,e,} being the standard basis of C".

Proor. This is standard linear algebra. Given a linear map ¢ : M, (C) — M, (C), we
can associated to it numbers Ay, 4 € C by the formula in the statement, namely:

Aab,cd =@ (eac)bd
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4 numbers, we can construct a n? x n? matrix, as follows:

A= AabedCac ® eba € M (C) @ M,(C)

abed

Now by using these n

Thus, we have constructed a correspondence ¢ — A, and since this correspondence is
injective, and the dimensions match, this correspondence is bijective, as claimed. O

Now by getting back to the block-modified Wishart matrices, we have:
PROPOSITION 12.4. Given a Wishart dn x dn matrizc W =YY™, and a linear map
v : M,(C) — M,(C)
the entries of the corresponding block-modified matriz W= (1d @ )W are given by
Wiajo = Z Aca,asWic,ja
cd

where A € M,,(C) @ M, (C) is the square matriz associated to o, as above.

PROOF. Again, this is trivial linear algebra, coming from the following computation:

VVia,jb - Z I/Vic,jdsp(ecd)ab = Z Aca,de/Vic,jd

cd cd

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

At the level of the main examples, from Definition 12.2, the very basic linear maps
¢ : M,(C) — M,(C) used there can only correspond to some basic examples of matrices
A € M,(C)® M,(C), via the correspondence in Proposition 12.3. This is indeed the case,
and in order to clarify this, and at a rather conceptual level, let us formulate:

DEFINITION 12.5. Let P(k,l) be the set of partitions between an upper row of k points,
and a lower row of l points. Associated to any m € P(k,l) is the linear map

Tﬂ(621®®62k)225ﬂ—(]1 jl)€j1®...®€jl

between tensor powers of CV, called “easy”, with the Kronecker type symbol on the right
being given by 6, = 1 when the indices fit, and 6, = 0 otherwise.

Observe the obvious connection with notion of easy group, the point being that a
closed subgroup G C Uy is easy precisely when its Tannakian category Cq = (Cq(k,1))
with Cg(k,1) € L((CN)k, (CN)!) is spanned by easy maps.

For our purposes, we will need a slight modification of Definition 12.5, as follows:
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DEFINITION 12.6. Associated to any partition T € P(2s,2s) is the linear map

... Qs € ... Cg
e . E E Or €b,..b,
Or(Cay.ascrocs) ( by dy ... ds) bi..bs,d1...ds

bi..bs di...

obtained from T, by contracting all the tensors, via the operation
€iy @ oo @ Cipy = Ciy g it iz

with {ey,...,ex} standing as usual for the standard basis of CV.

In relation with our Wishart matrix considerations, the point is that the above linear
map , can be viewed as a “block-modification” map, as follows:

Or - MN9<(C) — MNs((C)

As an illustration, let us discuss the case s = 1. There are 15 partitions 7 € P(2,2),
and among them, the most “basic” are the 4 partitions 7 € P.,e,(2,2). We have:

THEOREM 12.7. The partitions T € Peyen(2,2) are as follows,

o e o e o o o o
o B A e R
with the associated linear maps @, : M, (C) — M, (C) being as follows,
pr(A)=A o) =A" | py(A) =Tr(A)1 , pu(A) = A°
and the associated square matrices A, € M,(C) ® M, (C) being as follows,
A(llb,cd = 0abOcd Aib,cd = adlbe Aab cd = OacObd Aib,cd = Oabed
producing the main examples of block-modified Wishart matrices, from Definition 12.2.

ProoFr. This is something elementary, coming from the formula in Definition 12.6.
Indeed, in the case s = 1, that we are interested in here, this formula becomes:

(Cac) Z(s( )ebd

Now in the case of the 4 partitions in the statement, such maps are given by:

©1 (eac) = €ac @2(6(10) = €ca 903(6110) = 5ac € @4(6(10) - 5aceaa
b
Thus, we obtain the formulae in the statement. Regarding now the associated square
matrices, appearing via Agpcq = @(€ac)pa, these are given by:
Aab cd — = dapOcd ) Aib@d = 0adOpe ) Aib,cd = OacObd ’ Aib,cd = Oabed

Thus, we are led to the conclusions in the statement. U
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As a conclusion so far to what we did in this chapter, we have a nice definition for
the block-modified Wishart matrices, and then a fine-tuning of this definition, using easy
maps, which in the simplest case, that of the 4 partitions 7 € P.,e,(2,2), produces the
main 4 examples of block-modified Wishart matrices. The idea in what follows will be
that of doing the combinatorics, a bit as in chapter 11, as to extend the results there.

12b. Asymptotic moments

Moving ahead now, we would first like to study the distribution of the arbitrary block-

modified Wishart matrices W = (1d @ p)W. We will use as before the moment method.
However, things will be more tricky in the present setting, and we will need:

DEFINITION 12.8. The generalized colored moments of a random matriz
W e My(L>(X))

with respect to a colored integer e = e ...e,, and a permutation o € S,, are the numbers

g 1 e (&
MZ(W) = <0 E Z Wi Wi
11 yeenyip

where |o| is the number of cycles of o.

This is something quite technical, in the spirit of the free probability and free cumu-
lant work in [72], that we will need in what follows. In order to understand how these
generalized moments work, consider the standard cycle in .S, namely:

y=1—=2—...—p—1)

If we use this cycle v € S, as our permutation ¢ € S, in the above definition, the
corresponding generalized moment of a random matrix W is then the usual moment:

1 )
MW) = W, W

i1 ensip

= (Eotr) (W= ... W)

In general, we can decompose the computation of MZ(W) over the cycles of o, and
we obtain in this way a certain product of moments of W. See [72].

As a second illustration now, in relation with the usual square matrices, and more
specifically with the square matrices A € M,,(C) ® M,,(C) as in Proposition 12.3, we have
the following formula, that we will use many times in what follows:
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PROPOSITION 12.9. Given a usual square matriz, of composed size,
A e M,(C)® M,(C)
we have the following genemlz’zed moment formula,

o T ep
(Me ® Me>( n|g|+\r| § : § : Z1]1, b (1) Jr(1) " Aipjp’io'(p)jT(p)

7/17 7Zp ]1» 7]17

valid for any two permutations o, 7 € S,, and any colored integer e = ey .. .e,.

Proor. This is something obvious, applying the construction in Definition 12.8 with
N =n? X = {.}, W = A, and then making a tensor product of the corresponding
moments M7, M7, regarded as linear functionals on M, (C) ® M, (C). O

Consider now the embedding NC(p) C S, obtained by “cycling inside each block”.
That is, each block b = {by,..., by} with by < ... < by of a given noncrossing partition
o € NC(p) produces by definition the cycle (b; ...b;) of the corresponding permutation
o € S,. Observe that the one-block partition v € NC(p) corresponds in this way to
the standard cycle v € S,. Also, the number of blocks |o| of a partition 0 € NC(p)
corresponds to the number of cycles |o| of the corresponding permutation o € S,,.

With these conventions, we have the following result, from [11], [12], generalizing our
various Wishart matrix moment computations, that we did so far in this book:
THEOREM 12.10. The asymptotic moments of a block-modified Wishart matrix
W = (id® o)W
with parameters d,m,n € N as before, are given by the formula

W o
lim M, <U> = Z (mn)l7l(M? @ M))(A)

d—o0
ceNC(p)

where A € M,,(C) ® M, (C) is the square matriz associated to ¢ : M,(C) — M, (C).

Proor. We use the formula for the matrix entries of W, directly in terms of the
matrix A associated to the map ¢, from Proposition 12.4, namely:

m,jb E Aca dezc,]d

By conjugating this formula, we obtain the following formula for the entries of the
adjoint matrix W*, that we will need as well, in what follows:

*
w]b - E Adbca jdjic — E Aca7deic,jd
cd
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Thus, we have the following global formula, valid for any exponent e € {1, x}:

ia ]b § Aca delC,Jd

In order to compute the moments of W observe first that we have:

tT(Wel R Wep) = dTL Z H zsas Is+1Gs+1

irar S

- dn : : | | csas,dsag_;,_l ZsCs 7»s+1ds

irQrCrdr

1

- % z | | Csa57dsa5+1 'Lscsdsbs}/;s-‘—ldsﬂsbs

irQrCrdrjrby S

The average of the general term can be computed by the Wick rule, which gives:

E (H Y;scS,jsbsY'is+1ds’jsbs> - # {U < S

Let us look now at the above sum. The 4, j, b indices range over sets having respectively
d,d, m elements, and they have to be constant under the action of oy~!, ¢, 0. Thus when
summing over these i, 7, b indices we simply obtain a factor as follows:

f=do g,

Za(s) - Zerlaca - ds;jcr (s) — ]svb - b }

Thus, we obtain the following moment formula:
1ire Tirep) loy~1) lo]
(Eotr)(We ... W) = an ZS d’? dm Z H Cotsyc o (s)Qs+1
oc arCr 8

On the other hand, we know from Proposition 12.9 that the generalized moments of
the matrix A € M, (C) ® M, ((C) are given by the following formula:

ag T €p
(ME ®M€)( n|a|+|r\ Z Z 1131,(;(1)%(1) """ Aipjpiia(p)jT(p)

11...0p J1---Jp
By combining the above two formulae, we obtain the following moment formula:
(Eotr)(We .. W)=Y dHo 1= mn)l7l (M7 @ M)(A)
o€Sp

We use now the standard fact, that we know well from before, that for o € .S, we have
an inequality as follows, with equality precisely when o € NC(p):

o] + oy <p+1
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Thus with d — oo the sum restricts over the partitions o € NC(p), and we get:

lim M, (W) =d” Y (mn)ll(MZ ® M)(A)

d—o0
ceNC(p)

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

With the above result in hand, we are left with the question of recovering the asymp-
totic law of W = (id ® ¢)W, out of the asymptotic moments found there. The question
here only involves the matrix A € M,,(C) ® M, (C), and to be more precise, given such
a matrix, we would like to find the real or complex probability measure, or abstract
distribution, having as colored moments the following numbers:

M= Y (mn)I(M7 @ M])(A)

oceNC)p

Although this is basically a linear algebra problem, the underlying linear algebra is
of quite difficult type, and this question cannot really be solved, in general. We will see
however that this question can be solved for our basic examples, coming from Theorem
12.7, and more generally, for a certain joint generalization of all these examples.

12c. Basic computations

Once again by following [11], [12], let us introduce, as a solution to the questions
mentioned above, the following technical notion:

DEFINITION 12.11. We call a square matriz A € M, (C) ® M, (C) multiplicative when
(M7 @ MJ)(A) = (M7 @ MZ)(A)
holds for any p € N, any exponents ey, ... e, € {1,%}, and any o € NC(p).

This notion is something quite technical, but we will see many examples in what fol-
lows. For instance, the square matrices A coming from the basic linear maps ¢ appearing
in Definition 12.2 are all multiplicative. More on this later.

Regarding now the output measure, that we want to compute, this can only appear
as some kind of modification of the Marchenko-Pastur law 7;. In order to discuss such
modifications, recall from chapter 11 the following key formula:

t

Ry, (§) = T—¢

To be more precise, this is something that we used in chapter 11, when dealing with
the block-transposed Wishart matrices. But this suggests formulating:
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DEFINITION 12.12. A measure p having as R-transform a function of type

R(€) =1 _5

with ¢; > 0 and z; € R, will be called modified Marchenko-Pastur law.

All this might seem a bit mysterious, but we are into difficult mathematics here, so
we will use the above notion as stated, and we will understand later what is behind our
computations. By anticipating a bit, however, the situation is as follows:

(1) As a first comment on the above notion, there is an obvious similarity here with
the theory of the compound Poisson laws from chapter 3.

(2) The truth is that m is the free Poisson law of parameter ¢, and the modified
Marchenko-Pastur laws introduced above are the general compound free Poisson laws.

(3) Also, the mysterious R-transform used above is the Voiculescu R-transform [88],
which is the analogue of the log of the Fourier transform in free probability.

More on all this later, in Part IV, when systematically doing free probability. Based
on this analogy, however, we can label our modified Marchenko-Pastur laws, in the same
way as we labeled in chapter 3 the compound Poisson laws, as follows:

DEFINITION 12.13. We denote by m, the modified Marchenko-Pastur law satisfying

R, =Y+

i=1 1 =&z
with ¢; > 0 and z; € R, with p being the following measure,

P = i ¢idz,
i=1

which 1s a discrete positive measure in the complex plane, not necessarily of mass 1.

Getting back now to the block-modified Wishart matrices, and to the formula in
Theorem 12.10, the above abstract notions, from Definition 12.11 and from Definition
12.12, are exactly what we need for further improving all this. Again by following [11],
[12], we have the following result, substantially building on Theorem 12.10:

THEOREM 12.14. Consider a block-modified Wishart matriz
W = (id® o)W
and assume that the matrizc A € M, (C) @ M, (C) associated to ¢ is multiplicative. Then

w

—_— Y

Tmn,
d P

holds, in moments, in the d — oo limit, where p = law(A).
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Proor. This is something quite tricky, using all the above:

(1) Our starting point is the asymptotic moment formula found in Theorem 12.10, for
an arbitrary block-modified Wishart matrix, namely:

. /W o o ¥
lim M, (F) = Z (mn)?\ (M @ MY)(A)

d—o0
ceNCY)

(2) Since our modification matrix A € M,,(C) ® M, (C) was assumed to be multiplica-
tive, in the sense of Definition 12.11, this formula reads:

. /Wv o o ag
lim M, <7) = > (mn)ll(MZ @ M7)(A)

d—o0
0ceENC)

(3) On the other hand, a bit of calculus and combinatorics show that, in the context
of Definition 12.12, given a square matrix A € M, (C) ® M, (C), having distribution
p = law(A), the moments of the modified Marchenko-Pastur law 7,,,, are given by the
following formula, for any choice of the extra parameter m € N:

Me(ﬂ'mnp) = Z (mn)|0\(]\/[§ ® Mﬁ)(A)

(4) The point now is that with this latter formula in hand, our previous asymptotic
moment formula for the block-modified Wishart matrix W simply reads:

-
i M. (z) = M)

Thus we have indeed /V[v// d ~ Tnp, in the d — oo limit, as stated. U

All the above was of course a bit technical, but we will come back later to this, with
some further details, once we will have a better understanding of the R-transform, of the
free Poisson limit theorem, and of the other things which are hidden in all the above.
In any case, welcome to free probability. Or perhaps to theoretical physics. The above
theorem was our first free probability one, in this book, and many other to follow.

Let us we work out now some explicit consequences of Theorem 12.14, by using the
modified easy linear maps from Definition 12.6. We recall from there that any modified
easy linear map ¢, can be viewed as a “block-modification” map, as follows:

Or : Mys(C) = Mys(C)

In order to verify that the corresponding matrices A, are multiplicative, we will need
to check that all the functions ¢(o, 7) = (MS ® ME)(A;) have the following property:

90(07 '7) = 90(07 U)
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For this purpose, we can use the following result, coming from [12]:

PROPOSITION 12.15. The following functions ¢ : NC(p) x NC(p) — R are multi-
plicative, in the sense that they satisfy the condition p(o,v) = ¢(0,0):

(1) ¢(o,7) = lom=| = |7].

(2) ¢(o,7) = |o7| = |7].
(3) wlo,7) =lo ATl =|7].

Proor. All this is elementary, and can be proved as follows:

(1) This follows indeed from the following computation:
pi(0,7) =l =1 =p—lo| = ¢i(o,0)

(2) This follows indeed from the following computation:

2| .

2(0,7) = loy] =1 = 07| = |o| = ¢2(0, 0)

(3) This follows indeed from the following computation:

ps3(0,7) = | =l =0=lo| = o] = ¢3(0,0)
Thus, we are led to the conclusions in the statement. [l
We can get back now to the easy modification maps, and we have:

PROPOSITION 12.16. The partitions m € P.yen(2,2) are as follows,

. o e . o e o o O i o O
L= 16 o 2T e o » BT e e T s o
with the associated linear maps o : M,(C) — My(C) being as follows:
pr(A)=A , oA =A" | p(A)=Tr(A)1 | pyA)=A°

The corresponding matrices A are all multiplicative, in the sense of Definition 12.11.

PRrOOF. The first part of the statement is something that we already know, from
Theorem 12.7. In order to prove the last assertion, recall from Theorem 12.7 that the
associated square matrices, appearing via Agpca = ¢(€ac)sd, are given by:

1 2 3 4
Aab,cd = 0apOcd Aab,cd = 0adlbe Aab,cd = 0aclbd Aab,cd = Oabed

Since these matrices are all self-adjoint, we can assume that all the exponents are 1
in Definition 12.11, and the multiplicativity condition there becomes:

(Mo ® Mw)<A) = (Mo ® Ma)(A)
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In order to check this condition, observe that for the above 4 matrices, we have:

1 -1
o T — o o 1St el e Sl
(M7 @ MT)(Ar) = ol Z Oigryiny -+ Oigyingy = 1

11...0p

1
o T — L o — ploTl=lol=I7]
(M7 @MY (Ae) = e 3 Bty - Bty = 1

91...0p

g T 1
(M7 @ M7)(As) = nlol+rl Z Z 5i1ia(1>5jljf(1> : "5ipio(p)5jpjr<p) =1

i1.niip J1-dp

1
o T - § o = ploaTl=|o]=7]
(M7 @ M7)(A) = nlol 7l Oriyyirqry - - Dipioyiry = 1

i1...0p

By using now the results in Proposition 12.15, this gives the result. U

Summarizing, the partitions m € Peyen(2,2) provide us with some concrete input for
Theorem 12.14. The point now is that, when using this input, we obtain the main known
computations for the block-modified Wishart matrices, from [5], [23], [24], [67]:

THEOREM 12.17. The asymptotic distribution results for the block-modified Wishart
matrices coming from the partitions my, 7o, T3, T4 € Peyen(2,2) are as follows:

(1) Marchenko-Pastur: 2W ~ m,, where t = m/n.

(2) Aubrun type: (id @ )W ~ m,, with v = w&l + @51.
(3) Collins-Nechita one: n(id ® tr(.)1)W ~ m,, where t = mn.

(4) Collins-Nechita two: %(id @ (.)°)W ~ .

ProOOF. All these results follow from Theorem 12.14, with the maps @1, @2, 3, @4 in

Proposition 12.16 producing the 4 matrices in the statement, modulo some rescalings,
and with the computation of the corresponding distributions being as follows:

(1) Here A = )" €ac ® €4, and so A = nP, where P is the rank one projection on
Y uta®e, € C"®C". Thus we have the following formula, which gives the result:

n?—1 1
P = n2 50+ﬁ5n

(2) Here A = ), €4 ® e is the flip operator, Ale. ® e,) = €, ® e.. Thus p =
”2—;15,1 + ”2—2151, and so we have the following formula, which gives the result:
m(n2 1)571 N m(n2+ 1)
(3) Here A = )", €aq ® €y is the identity matrix, A = 1. Thus in this case we have
the following formula, which gives m,,,, = Tp», and so nW ~ Tmn, as claimed:

01

mnp =

p =01
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(4) Here A = )" €4a ® €44 is the orthogonal projection on span(e, ® e,) C C" @ C™.
Thus we have the following formula, which gives the result:

n—1

1
p= do + —01
n

Summarizing, we have proved all the assertions in the statement. O

12d. Further results

We develop now some general theory, for the partitions m € P, (2s,2s), with s € N,
Let us begin with a reformulation of Definition 12.6, in terms of square matrices:

PROPOSITION 12.18. Given m € P(2s,2s), the square matriz A, € M,(C) ® M, (C)
associated to the linear map ¢, : M,(C) — M, (C), with n = N*, is given by:

a ... Qg C1 ... Cg
A =90
( 7r)a1...as,b1...bs,c1...cs,d1...ds T bl o bs dl o ds

In addition, we have A = Ao, where m — w° is the blockwise middle symmetry.

PROOF. The formula for A, follows from the formula of ¢, from Definition 12.6, by

using our standard convention Ay cq = ¢(€qc)sd- Regarding now the second assertion,
observe that with 7 — 7° being as above, for any multi-indices a, b, ¢, d we have:

5 (cl S Csoap ... as) s <a1 .o ag ... cs>
"\dy ... ds by ... b T \by ... by dy ... dg
Since A, is real, we conclude we have the following formula:
(AD)abea = (Ar)edab = (Aro)abed
This being true for any a, b, ¢, d, we obtain A% = Ao, as claimed. U
In order to compute now the generalized *-moments of A, we first have:
PROPOSITION 12.19. With m € P(2s,2s) and A, being as above, we have

o 1 i iy i
Mp@ M)(Ae) = o 0 D G (o i
1

i Jrqy - I3

1 ¥ ’ 1 .S
5 . Z DY Zp /Lo_(p) LIS /lo_(p)
TP -1 s 41 ]
Jp o I Jrw) o Jrp)

with the exponents ey, ..., e, € {1,%} at left corresponding to ey, ..., e, € {1,0} at right.
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PROOF. In multi-index notation, the general formula for the generalized *-moments
for a tensor product square matrix A € M, (C) ® M,,(C), with n = N*, is

(Ma ®M—r)(A) = n‘g‘+|.,.| Z A 1

21 15]1 ]p

G e
LT 1) o) dr (1) I7 (1)

AP L L .
iy 535 Tl (5) o 0) I (5) 7 1)

By using now the formulae in Proposition 12.3 for the matrix entries of A, and of its

adjoint matrix AZ = Ao, this gives the formula in the statement. U

As a conclusion, the quantities (M ® M¢)(A,) that we are interested in can be theo-
retically computed in terms of 7, but the combinatorics is quite non-trivial. As explained

n [12], some simplifications appear in the symmetric case, 7 = 7°. Indeed, for such
partitions we can use the following decomposition result:

PROPOSITION 12.20. Each symmetric T € Pryen(28,25) has a finest symmetric decom-
position ™ = [m,...,7g|, with the components m; being of two types, as follows:

(1) Symmetric blocks of m. Such a block must have r + r matching upper legs and
v + v matching lower legs, with r + v > 0.

(2) Unions U ° of asymmetric blocks of m. Here B must have r + u unmatching
upper legs and v + w unmatching lower legs, with r +u + v+ w > 0.

PRroOF. Consider indeed the block decomposition of our partition, 7 =[5y, ..., Br].
Then [51,...,07] = [B], ..., B3], so each block € 7 is either symmetric, § = §°, or is
asymmetric, and disjoint from °, which must be a block of 7 too. The result follows. [

The idea will be that of decomposing over the components of 7. First, we have:

PROPOSITION 12.21. For the pairing 1 € Peyen(2s,28) having horizontal strings,
_la b ¢ ... a b c ...
naﬁy...aﬁy...
we have (M, ® M;)(A,) =1, for any p € N, and any o,7 € NC(p).

PROOF. As a first observation, the result holds at s = 1, due to the computations in
the proof of Proposition 12.16. In general by using Proposition 12.19, we obtain:

(Mo @ Mr)(Ay) = nlo\+|r| > D dan by Vs Oty o Ot

’Ll a3 ]1 ]p

St Bigie O G

p o'( y P o (p) ]P]T(p)
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By transposing the two p x s matrices of Kronecker symbols, we obtain:

1
(Mo' ® MT)<A77) — W 12 Z 6i%iclr(1) e 6@%,7/}7(17) ’ 5]11]71_(1) e 5.7117.7.,1-(1;)

i1 5151 51
11ty J1--Jp

Z Z Oitizyy - Oigisy * Otizen = O3ty
0585 JT-Jp
We can now perform all the sums, and we obtain in this way:
1

(Ma ® MT)(An) = nlol ] (N‘UlNlﬂ)s =1

Thus, the formula in the statement holds indeed. Il
We can now perform the decomposition over the components, as follows:

THEOREM 12.22. Assuming that m € Peyen(28,2s) is symmetric, 1 = 7°, we have

R
(M, ® M,)(Ar) = [ [(M; @ M) (Ax,)
t=1
whenever ™ = [y, ...,Tg] is a decomposition into symmetric subpartitions, which each m;

being completed with horizontal strings, coming from the standard pairing 7.

PrROOF. We use the general formula in Proposition 12.19. In the symmetric case the
various e, exponents dissapear, and we can write the formula there as follows:

1 il . it P
o .. T o(z) o(z)
(Mo' & MT)(AW) - n|o-‘_|_|7_| # {27]‘ ker (]; g ]71_(1,) o jf.(x)> < W,Va:}

The point now is that in this formula, the number of double arrays [ij] that we are
counting naturally decomposes over the subpartitions ;. Thus, we have a formula of the
following type, with K being a certain normalization constant:

R
(Mo & MT)(Aw) = KH(MU ® MT)(AWt)
t=1
Regarding now the precise value of K, our claim is that this is given by:

1

8 ®

8w

ol R 1

K= plol (el @E-1) — 1

Indeed, the fraction on the left comes from the standard ﬁ normalizations of all
the (M, ® M,)(A) quantities involved. As for the term on the right, this comes from the
contribution of the horizontal strings, which altogether contribute as the strings of the
standard pairing 7 € P.ye,(2s,2s), counted R — 1 times. But, according to Proposition
12.21, the strings of 7 contribute with a n!I*I7l factor, and this gives the result. g
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Summarizing, in the easy case we are led to the study of the partitions m € P,,en (25, 25)
which are symmetric, and we have so far a decomposition formula for them.

Let us keep building on the material developed above. Our purpose will be that of
converting Theorem 12.22 into an explicit formula, that we can use later on. For this, we
have to compute the contributions of the components. First, we have:

PROPOSITION 12.23. For a symmetric partition m € P.yen(2s,2s), consisting of one
symmetric block, completed with horizontal strings, we have

(M, @ M,)(\,) = NA=rlol=vl7|
where A € P(p) is a partition constructed as follows,
oNT ifrv>1
A=<(o ifr>1,v=0
T ifr=0,v>1
and where 1 /v is half of the number of upper/lower legs of the symmetric block.

PROOF. Let us denote by aq,...,a, and by,...,b, the upper and lower legs of the
symmetric block, appearing at left, and by Ay,..., As_, and By,..., B,_, the remaining
legs, appearing at left as well. With this convention, Proposition 12.19 gives:

(M, @ M;)(A;) = nla|+lf\ Z Z H‘s AT AT

Yo (a) 2’ T<z> Jf(z)
iy gty T

Oitnityy e ey
OBy By «.uu.. 0 By By y
]T JT(T) Jx ]T<(L')
If we denote by ky,...,k, the common values of the indices affected by the long

Kronecker symbols, coming from the symmetric block, we have then:

(My ® M)(Ar) = n|g|;+|7— >

ki..kp

-a 5 A N 5,A _pAg
Z H SRER Yo(z) Z?I)k Zf”lzcr(lac) iz TZG(SJU)T
11 25 Zz
> TI0m wm oo g Gmym o bm m
1 O e OO L L e Jz = Jr(a)
Jy-dp ®

Let us compute now the contributions of the various 4, j indices involved. If we regard
both i, j as being p x s arrays of indices, the situation is as follows:

— On the ay, ..., a, columns of 7, the equations are i = ( )= k, for any e, z. Thus
when r # 0 we must have ker k& < o, in order to have solutions, and if this condition is
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satisfied, the solution is unique. As for the case r = 0, here there is no special condition
to be satisfied by k, and we have once again a unique solution.

— On the Ay,...,As_, columns of i, the conditions on the indices are the “trivial”
ones, examined in the proof of Proposition 12.21. According to the computation there,
the total contribution coming from these indices is (N7)s=" = N(s=mlol,

— Regarding now j, the situation is similar, with a unique solution coming from the
by, ...,b, columns, provided that the condition ker & < 7 is satisfied at v # 0, and with a
total NG9l contribution coming from the By, ..., Bs_, columns.

As a conclusion, in order to have solutions i, 7, we are led to the condition ker k < A,
where A € {o A 7,0,7} is the partition constructed in the statement. Now by putting
everything together, we deduce that we have the following formula:

1

_ (s=r)lo|+(s—v)|7]
(M, @ M)(A) = oy 3N
ker k<A
—  Nslol=slrl pIA py(s=n)lol+(s—v)l7|
NIM=rlol=vl7|
Thus, we have obtained the formula in the statement, and we are done. Il

In the two-block case now, we have a similar result, as follows:

PROPOSITION 12.24. For a symmetric partition m € Pryen(28,28), consisting of a
symmetric union U B° of two asymmetric blocks, completed with horizontal strings, we
have

(M(r & MT)(AW> — N‘)‘|—(7‘+U)\U\—(’U+w)|ﬂ

where v + u and v + w represent the number of upper and lower legs of 3, and where
X € P(p) is a partition constructed according to the following table,

ru\vw 11 10 01 00
11 a2 NoTt Aot a2 ANor b 0P AoT o2
10 or Aot ! ot ! oT 1)
01 To AN T? TO 7 lo 0
00 72 0 —

with the 1/0 indexing symbols standing for the positivity/nullness of the corresponding
variables r,u,v,w, and where () denotes a formal partition, having 0 blocks.

PROOF. Let us denote by aq,...,a, and ¢y, ..., ¢, the upper legs of 3, by by, ..., b, and
dy,...,d, the lower legs of 5, and by Ay,...,As_,_, and By, ..., Bs_,_, the remaining
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legs of 7, not belonging to 5 L 60. The formula in Proposition 12.19 gives:

(Mo ® M) (Ax) = |a|+m 2. Z | L

y . o(x)"" a?z)jz . z T(l) ‘77'(1‘)
21 N2 ]1 jp

57;01 .cq ;0]

ar A1 dy b1 b
Gl gyl () Ja o Je " D () I (a)

O.A A oo O Auy Agru

‘e o (x) a0 lo(a)

0. Bi Bl ... (S,BS,U Bs_p_w

Iz Jr (o) Jo o Ir(@)

We have now two long Kronecker symbols, coming from U 5°, and if we denote by
ki,...,ky and [y,... [, the values of the indices affected by them, we obtain:

(Mo ® M:)(Ar) = ﬁ >

A
E 6 ar ;€1 '(51 Cy ;01 5AA ...5A,,A,,
y 1:[ R B O O L S S
Z ’L
H5b1 b dl d (Sdl dy b1 b 5,31.31 ...5.B__ Bg_y—
J: :]S ; gzt I () jTEl;)kI Jx J:cw]T(T) ]T’l(lr)lm Jz " Jr(z) Ju o wJ.,-(i)v v
1
Let us compute now the contributions of the various i, 7 indices. On the aq,...,a,
and ¢q,..., ¢, columns of 7, regarded as an p X s array, the equations are as follows:

yae _ cf __ —
19¢ =1 (m =ky zx—z()—lx

[oa

If we denote by 7, the common value of the 7% indices, when e varies, and by I, the

common value of the i3 indices, when f varies, these equations simply become:
Uy = o(x) — k:x ) I, = icr(x) = lac

Thus we have 0 or 1 solutions. To be more precise, depending now on the positiv-
ity /nullness of the parameters r,u, we are led to 4 cases, as follows:

Case 11. Here 7,u > 1, and we must have k, = ly(2), ko) = la-

Case 10. Here 7 > 1,u = 0, and we must have ky,) = [,.

Case 01. Here 7 = 0,u > 1, and we must have k, = l,(,).

Case 00. Here » = u = 0, and there is no condition on k, .

In what regards now the Ay,..., A,_, columns of 7, the conditions on the indices
are the “trivial” ones, examined in the proof of Proposition 12.21. According to the
computation there, the total contribution coming from these indices is:

C; = (Nl = NGl
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The study for the j indices is similar, and we will only record here the final conclusions.
First, in what regards the by,...,b, and dy, ..., d, columns of j, the same discussion as
above applies, and we have once again 0 or 1 solutions, as follows:

Case 11". Here v,w > 1, and we must have k, = -y, krz) = lo.
Case 10". Here v > 1,w = 0, and we must have k, ) = [,.

Case 01'. Here v = 0, w > 1, and we must have k, = [-(,).

Case 00’. Here v = w = 0, and there is no condition on k, [.

As for the By, ..., Bs_,_, columns of j, the conditions on the indices here are “trivial”,
as in Proposition 8.21, and the total contribution coming from these indices is:

Cj _ (N|T\)s—v—w _ N(s—’u—w)h\

Let us put now everything together. First, we must merge the conditions on k, [ found
in the cases 00-11 above with those found in the cases 00’-11’. There are 4 x 4 = 16
computations to be performed here, and the “generic” computation, corresponding to the
merger of case 11 with the case 117, is as follows:

ky = la(a:)a ka(a}) = lz7 ky = lT(a:)> k’r(ac) = Iy
= [, = /{U(m), k, = lg(m), k, = lT(m), k, = ZT—I(I)
= = ka(x)a ke = kO'Z(JJ) = ka‘r(z) = km'*l(ac)

Thus in this case [ is uniquely determined by k, and k itself must satisfy:
kerk < o?*ANoT Aor!
We conclude that the total contribution of the k,[ indices in this case is:

11,11 2 -1
C«kl, _ N\a’ ANoTATT |

In the remaining 15 cases the computations are similar, with some of the above 4 con-
ditions, that we started with, dissapearing. The conclusion is that the total contribution
of the k,[ indices is as follows, with A being the partition in the statement:

Ch = NI
With this result in hand, we can now finish our computation, as follows:

1
n|‘7|+‘7|

(MO' X MT)(A’]T) = CleZCj

- NW=tw)lo|=(vtw)|r|
Thus, we have obtained the formula in the statement, and we are done. U

As a conclusion now to all this, we have the following result:
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THEOREM 12.25. For a symmetric partition m € Plyen(2$,2s), having only one com-
ponent, in the sense of Proposition 12.20, completed with horizontal strings, we have

(Ma' ® M7->(A7T) — N|)\|_7‘|0"—'U|’T‘

where A\ € P(p) is the partition constructed as in Proposition 12.23 and Proposition 12.24,
and where r /v is half of the total number of upper/lower legs of the component.

Proor. This follows indeed from Proposition 12.23 and Proposition 12.24. U

Generally speaking, the formula that we found in Theorem 12.25 does not lead to the
multiplicativity condition from Definition 12.11, and this due to the fact that the various
partitions A € P, constructed in Proposition 12.24 have in general a quite complicated
combinatorics. To be more precise, we first have the following result:

PROPOSITION 12.26. For a symmetric partition m € Piyen(258,2s) we have
(M, @ M,)(A;) = NI+P

where f1, fo are respectively linear combinations of the following quantities:
(1) Lol ||l A7l lo7], |om7!] |7ol, |77 a].
(2) 62,173, |e® AoT|, |0 Ao, |To AT, loT AoT T, [o? AoT AoT Y.

PRrROOF. This follows indeed by combining Theorem 12.22 and Theorem 12.25, with
concrete input from Proposition 12.23 and Proposition 12.24. U

In the above result, the partitions in (1) lead to the multiplicativity condition in
Definition 12.11, and so to compound free Poisson laws, via Theorem 12.14. However,
the partitions in (2) have a more complicated combinatorics, which does not fit with
Definition 12.11, nor with the finer multiplicativity notions introduced in [12].

Summarizing, in order to extend the 4 basic computations that we have, we must
fine-tune our formalism. A natural answer here comes from the following result:
PROPOSITION 12.27. For a partition m € P(2s,2s), the following are equivalent:

(1) @x is unital modulo scalars, i.e. ¢,(1) = cl, with c € C.
(2) [“] = p, where p € P(0,2s) is the pairing connecting {i} — {i + s}, and where
[“] € P(0,2s) is the partition obtained by putting u on top of m.

In addition, these conditions are satisfied for the 4 partitions in P.ye,(2,2).

PROOF. We use the formula of ¢, from Definition 12.6, namely:

ap ... Qg € ... Cg
Qow(em...as,cy..cs) = Z Z 5Tr <b11 bs di ds> €by..bs,d1...ds

b1...bs dy...ds
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By summing over indices a; = ¢;, we obtain the following formula:

5 ce. Qs ap ... g
=> > Z b, d, d, | Cor-badr..ds
i oo b ce dg
Let us first find out when ¢, (1 ) is diagonal. In order for this condition to hold, the
off-diagonal terms of ¢, (1) must all vanish, and so we must have:

a ... as a1 ... Qs\
b#d = o <61 b ody ds) =0,va
Our claim is that for any 7 € P(2s,2s) we have the following formula:
a ... as a1 ... Aag\
asl?gs 571- <b1 o bs d1 o d8> = 5%} (b1 .. bs d1 ce ds)

Indeed, each of the terms of the sup on the left are smaller than the quantity on the
right, so < holds. Also, assuming djxj(bd) = 1, we can take ai,...,as to be the indices
appearing on the strings of u, and we obtain the following formula:

a a
(2 9=
Thus, we have equality. Now with this equality in hand, we conclude that we have:

r(1) = ¢a(1)°

e Ow(by . by ody . d) <o, (b ... by dy ... dJ).Ybd
i
— [

Let us investigate now when (1) holds. We already know that 7 must satisfy [¥] < pu,
and the remaining conditions, concerning the diagonal terms, are as follows:

a ... as ap ... A4g\)
Z‘sﬂ(bl by by bs)_c’%

As a first observation, the quantity on the left is a decreasing function of A = kerb.
Now in order for this decreasing function to be constant, we must have:

a ... as a1 ... Aag\ a ... Qg ap ... Qg
So(f oy ) e (o)
ai...as ai...ag

We conclude that the condition [#] < p must be strengthened into [#] = p, as claimed.
Finally, the last assertion is clear, by using either (1) or (2). O

In the symmetric case, m = 7°, we have the following result:
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PROPOSITION 12.28. Given a partition m € P(2s,2s) which is symmetric, p. is unital
modulo scalars precisely when its symmetric components are as follows,

(1) Symmetric blocks with v < 1,
(2) Unions of asymmetric blocks with r +u = 0,v +w = 1,
(3) Unions of asymmetric blocks with r +u > 1,v +w < 1,

with the conventions from Proposition 12.20 for the values of r,u,v,w.
Proor. This follows from what we have, the idea being as follows:

— We know from Proposition 12.27 that the condition in the statement is equivalent
to [*] = p, and we can see from this that 7 satisfies the condition if and only if all the
symmetric components of 7 satisfy the condition. Thus, we must simply check the validity

of [*] = p for the partitions in Proposition 12.20, and this gives the result.

— To be more precise, for the 1-block components the study is trivial, and we are led
to (1). Regarding the 2-block components, in the case r +u = 0 we must have v +w = 1,
as stated in (2). Finally, assuming r + v > 1, when constructing [¥] all the legs on the
bottom will become connected, and so we must have v +w < 1, as stated in (3). 4

Summarizing, the condition that ¢, is unital modulo scalars is a natural generalization
of what happens for the 4 basic partitions in P,e,(2,2), and in the symmetric case, we
have a good understanding of such partitions. However, the associated matrices A, still
fail to be multiplicative, and we must come up with a second condition, coming from:

THEOREM 12.29. If w € P(2s,2s) is symmetric, the following are equivalent:

(1) The linear maps @, e+ are both unital modulo scalars.
(2) The symmetric components have < 2 upper legs, and < 2 lower legs.
(3) The symmetric components appear as copies of the 4 elements of Poyen(2,2).

ProOF. By applying the results in Proposition 12.28 to the partitions 7, 7*, and by
merging these results, we conclude that the equivalence (1) <= (2) holds indeed. As
for the equivalence (2) <= (3), this is clear from definitions. O

Let us put now everything together. The idea will be that of using the partitions
found in Theorem 12.29 as an input for Proposition 12.26, and then for the general block-
modification machinery developed in the beginning of this chapter. We will need:

PROPOSITION 12.30. The following functions ¢ : NC(p) x NC(p) — R are multi-
plicative, in the sense that they satisfy the condition p(o,v) = p(0,0):
(1) (o 7) = [ro] — I
(2) ¢lo,7) =|r""a] —|7].

Proor. This follows from some standard combinatorics, the idea being as follows:
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(1) We can use here the well-known fact, explained in chapter 11, that the numbers
|yo| — 1 and |0?] — |o| are equal, both counting the number of blocks of ¢ having even
size. Thus we have the following computation, which gives the result:

901(0-7 7) = h/o'l -1= ‘02‘ - ’U‘ = (101(07 U)
(2) Here we can use the well-known formula |oy~!| — 1 = p — |o|, and the fact that

oy~ 1,77 lo have the same cycle structure as the left and right Kreweras complements of
o, and so have the same number of blocks. Thus we have the following computation:

p2(0,7) = Iy 0| = 1=p— o] = ¢2(0,0)
But this gives the second formula in the statement, and we are done. O
We can now formulate our main multiplicativity result, as follows:
PROPOSITION 12.31. Assuming that m € Pryen(28,25) is symmetric, 7 = w°, and is
such that o, o« are unital modulo scalars, we have a formula of the following type:

(M ® M )(A ) _ Na+b|0'|+c\‘r|+d|0/\7'|+e|0"r\+f\0"r*1\+g\7’o’|+h|‘r*10'|
o T s
Moreover, the square matriz A, is multiplicative, in the sense of Definition 12.11.

PRrROOF. The first assertion follows from Proposition 12.26. Indeed, according to the
various results in Theorem 12.29, the list of partitions appearing in Proposition 12.26 (2)
dissapears in the case where both ¢, v+ are unital modulo scalars, and this gives the
result. As for the second assertion, this follows from the formula in the statement, and
from the various results in Proposition 12.15 and Proposition 12.30. U

As a main consequence, Theorem 12.14 applies, and gives:

THEOREM 12.32. Given a partition m € Pyen(28,28) which is symmetric, m = 7°, and
which is such that pr, o+ are unital modulo scalars, for the corresponding block-modified

Wishart matric W = (id @ o)W we have the asymptotic convergence formula
mW ~ Tmnp
in x-moments, in the d — oo limit, where p = law(A;).

Proor. This follows by putting together the results that we have. Indeed, due to
Proposition 12.31, Theorem 12.14 applies, and gives the convergence result. O

Summarizing, we have now an explicit block-modification machinery, valid for certain
suitable partitions m € Peyen(2s,2s), which improves the previous theory from [12].

As a conclusion to all this, the block modification of the complex Wishart matrices
leads, somehow out of nothing, to a whole new world, populated by beasts such as the
R-transform, the modified Marchenko-Pastur laws, and many more. Looks like we have
opened the Pandora box. We will see however later, in Part IV, that this whole new
world, called free probability, is in fact not that much different from ours.
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12e. Exercises

Exercises:

EXERCISE 12.33.
EXERCISE 12.34.
EXERCISE 12.35.
EXERCISE 12.36.
EXERCISE 12.37.
EXERCISE 12.38.
EXERCISE 12.39.
EXERCISE 12.40.

Bonus exercise.



Part IV

Operator laws






Exercises:

EXERCISE 13.1.
EXERCISE 13.2.
EXERCISE 13.3.
EXERCISE 13.4.
EXERCISE 13.5.
EXERCISE 13.6.
EXERCISE 13.7.

EXERCISE 13.8.

Bonus exercise.

CHAPTER 13

Operator laws

13a.
13b.
13c.
13d.

13e. Exercises
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Exercises:

EXERCISE 14.1.
EXERCISE 14.2.
EXERCISE 14.3.
EXERCISE 14.4.
EXERCISE 14.5.
EXERCISE 14.6.
EXERCISE 14.7.

EXERCISE 14.8.

Bonus exercise.

CHAPTER 14

Free probability

14a.
14b.
14c.
14d.

14e. Exercises
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Exercises:

EXERCISE 15.1.
EXERCISE 15.2.
EXERCISE 15.3.
EXERCISE 15.4.
EXERCISE 15.5.
EXERCISE 15.6.
EXERCISE 15.7.

EXERCISE 15.8.

Bonus exercise.

CHAPTER 15

Geometric aspects

15a.
15b.
15c.
15d.

15e. Exercises

213






CHAPTER 16

Quantum graphs

16a.
16b.
16c¢.
16d.
16e. Exercises

Congratulations for having read this book, and no exercises for this final chapter.
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