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Preface

The style of this book is a bit idiosyncratic. The results that interest us belong to
number theory, but the emphasis in the proofs will be on the probabilistic aspects, and
on the interaction between number theory and probability theory. In fact, we attempt to
write the proofs so that they use as little arithmetic as possible, in order to clearly isolate
the crucial number-theoretic ingredients which are involved.

This book is quite short. We attempt to foster an interest in the topic by focusing
on a few key results that are accessible and at the same time particularly appealing, in
the author’s opinion, without targeting an encyclopedic treatment of any. We also try to
emphasize connections to other areas of mathematics — first, to a wide array of arithmetic
topics, but also to some aspects of ergodic theory, expander graphs, etc.

In some sense, the ideal reader of this book is be a student who has attended at least
one introductory advanced undergraduate or beginning graduate-level probability course,
including especially the Central Limit Theorem, and maybe some aspects of Brownian
motion, and who is interested in seeing how probability interacts with number theory.
For this reason, there are almost no number-theoretic prerequisites, although it is helpful
to have some knowledge of the distribution of primes.

Probabilistic number theory is currently evolving very rapidly, and uses more and
more refined probabilistic tools and results. For many number theorists, we hope that
the detailed and motivated discussion of basic probabilistic facts and tools in this book
will be useful as a basic “toolbox”.

Ziirich, May 10, 2021
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Prerequisites and notation

The basic requirements for most of this text are standard introductory graduate
courses in algebra, analysis (including Lebesgue integration and complex analysis) and
probability. Of course, knowledge and familiarity with basic number theory (for instance,
the distribution of primes up to the Bombieri-Vinogradov Theorem) are helpful, but we
review in Appendix C all the results that we use. Similarly, Appendix B summarizes the
notation and facts from probability theory which are the most important for us.

We will use the following notation:

(1) For subsets Y; and Y3 of an arbitrary set X, we denote by Y=Y the difference
set, i.e., the set of elements x € Y; such that ¢ Yo.

(2) A locally compact topological space is always assumed to be separated (i.e.,
Hausdorff), as in Bourbaki [15].

(3) For a set X, |X| € [0,+00] denotes its cardinal, with |X| = oo if X is infinite.
There is no distinction in this text between the various infinite cardinals.

(4) If X is a set and f, g two complex-valued functions on X, then we write synony-
mously f = O(g) or f < g to say that there exists a constant C > 0 (sometimes
called an “implied constant”) such that |f(x)| < Cg(z) for all x € X. Note that
this implies that in fact g > 0. We also write f < ¢ to indicate that f < g and
g f.

(5) If X is a topological space, zo € X and f and g are functions defined on a
neighborhood of g, with g(x) # 0 for x in a neighborhood of z,, then we say
that f(z) = o(g(x)) as © — xo if f(z)/g(x) — 0 as x — xp, and that f(z) ~ g(z)
as x — xg if f(z)/g(x) — 1.

(6) We write a | b for the divisibility relation “a divides b”; we denote by (a,b) the
ged of two integers a and b, and by [a, b] their lem.

(7) Usually, the variable p will always refer to prime numbers. In particular, a series
>_,(+++) refers to a series over primes (summed in increasing order, in case it is
not known to be absolutely convergent), and similarly for a product over primes.

(8) We denote by F, the finite field Z/pZ, for p prime, and more generally by F, a
finite field with ¢ elements, where ¢ = p™, n > 1, is a power of p. We will recall
the properties of finite fields when we require them.

(9) For a complex number z, we write e(z) = e*™. If ¢ > 1 and x € Z/qZ, then
e(z/q) is then well-defined by taking any representative of x in Z to compute
the exponential.

(10) If g > 1 and « € Z (or « € Z/qZ) is an integer which is coprime to ¢ (or a residue
class invertible modulo ¢), we sometimes denote by ¢ the inverse class such that
xx = 1 in Z/qZ. This will always be done in such a way that the modulus ¢ is
clear from context, in the case where x is an integer.

(11) Given a probability space (€2, X, P), we denote by E(-) (resp. V(-)) the expecta-
tion (resp. the variance) computed with respect to P. It will often happen that
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(12)

(13)

we have a sequence (Q, X, Px) of probability spaces; we will then denote by
Eyn or Vi the respective expectation and variance with respect to Py.

Given a measure space (£2,%, 1) (not necessarily a probability space), a set Y
with a o-algebra ¥’ and a measurable map f : Q@ — Y, we denote by f.(u)
(or sometimes f(u)) the image measure on Y; in the case of a probability space,
so that f is seen as a random variable on (), this is the probability law of f
seen as a “‘random Y-valued element”. If the set Y is given without specifying a
o-algebra, we will view it usually as given with the o-algebra generated by sets
Z C Y such that f~!(Z) belongs to X.

As a typographical convention, we will use sans-serif fonts like X to denote an
arithmetic random variable, and more standard fonts (like X) for “abstract”
random variables. When using the same letter, this will usually mean that
somehow the “purely random” X is the “model” of the arithmetic quantity X.



CHAPTER 1

Introduction

1.1. Presentation

Different authors might define “probabilistic number theory” in different ways. Our
point of view will be to see it as the study of the asymptotic behavior of arithmetically-
defined sequences of probability measures, or random variables. Thus the content of this
book is based on examples of situations where we can say interesting things concerning
such sequences. However, in Chapter 7, we will quickly survey some topics that might
quite legitimately be seen as part of probabilistic number theory in a broader sense.

To illustrate what we have in mind, the most natural starting point is a famous result
of Erdés and Kac.

THEOREM 1.1.1 (the Erdés-Kac Theorem). For any positive integer n > 1, let w(n)
denote the number of prime divisors of n, counted without multiplicity. Then for any real
numbers a < b, we have

.1 w(n) —loglog N 1 b ey
Jim f{r<n<nas Joglog N gb}“ﬁ/a ¢ d.

To spell out the connection between this statement and our slogan, one sequence
of probability measures involved here is the sequence (ux)ns1 defined as the uniform
probability measure supported on the finite set Qx = {1,...,N}. This sequence is de-
fined arithmetically, because the study of integers is part of arithmetic. The asymptotic
behavior is revealed by the statement. Namely, consider the sequence of random variables

w(n) — loglog N
Vl1oglog N

defined on Qy for N > 3,' and the sequence (vy) of their probability distributions, which
are (Borel) probability measures on R defined by

XN (n) =

(n) — loglog N c AH
Vloglog N

for any measurable set A C R. These form another arithmetically-defined sequence of
probability measures, since primes are definitely arithmetic objects. Theorem 1.1.1 is, by
basic probability theory, equivalent to the fact that the sequence (vx) converges in law
to a standard gaussian random variable as N — +o00. (We recall here that a sequence of
real-valued random variables (Xy) converges in law to a random variable X if

E(f(Xx)) = E(f(X))

for all bounded continuous functions f: R — C, and that one can show that it is equiv-
alent to

1 w
n(A) = in(Xy € A) = N]{1 <n<N |

Pla<Xy<b) - Pla<X <))

L Simply so that loglog N > 0.



for all a < b such that P(X = a) = P(X = b) = 0; for the standard gaussian, this means
for all a and b; see Section B.3 for reminders about this).

The Erdés-Kac Theorem is probably the simplest case where a natural deterministic
arithmetic quantity (the number of prime factors of an integer), which is individually
very hard to grasp, nevertheless exhibits a statistical or probabilistic behavior which fits
a very common probability distribution. This is the prototype of the kinds of statements
we will discuss (although sometimes the limiting measures will be far from standard!).

We will prove Theorem 1.1.1 in the next chapter. Before we do this, we will begin
with a few results that are much more elementary but which may, with hindsight, be
considered as the simplest cases of the type of results we want to describe.

1.2. How does probability link with number theory really?

Before embarking on this, however, it might be useful to give a rough idea of the way
probability theory and arithmetic will combine to give interesting limit theorems like the
Erdés-Kac Theorem. The strategy that we outline here will be, in different guises, at the
core of the strategy of the proofs of many theorems in this book.

We typically will be working with a sequence (X,,) of arithmetically interesting random
variables, and we wish to prove that it converges in law. In many cases, we do this with
a two-step process.

(1) We begin by approximating (X,,) by another sequence (Y,,), in such a way that
convergence in law of these approximations implies that of (X,,), with the same
limit. In other words, we see Y,, as a kind of perturbation of X,,, which is small
enough to preserve convergence in law. Notably, the approximation might be
of different sorts: the difference X,, —Y,, might, for instance, converge to 0 in
probability, or in some LP-space; in fact, we will sometimes encounter a process
of successive approximations, where the successive perturbations are small in
different senses, before reaching a convenient approximation Y,, (this is the case
in the proof of Theorem 4.1.2).

(2) Having found a good approximation Y,, we prove that it converges in law using a
probabilistic criterion that is sufficiently robust to apply; typical examples are the
method of moments, and the convergence theorem of P. Lévy based on character-
istic functions (i.e., Fourier transforms), because analytic number theory often
gives tools to compute approximately such invariants of arithmetically-defined
random variables.

Both steps are sometimes quite easy to motivate using some heuristic arguments (for
instance, when X,, or Y,, are represented as a sum of various terms, we might guess that
these are “approximately independent”, to lead to a limit similar to that of sums of
independent random variables), but they may also involve quite subtle ideas.

We will not dwell further on this overarching strategy, but the reader will be able to
recognize how it fits into this skeleton when we discuss the steps of the proof of some of
the main theorems.

In many papers written by (or for) analytic number theorists, the approximations
of Step 1, as well as (say) the moment computations of Step 2, are performed using
notation, terminology and normalizations coming from the customs and standards of
analytic number theory. In this book, we will try to express them instead, as much as
possible, in good probabilistic style (e.g., we attempt to mention as little as possible
the “elementary events” of the underlying probability space). This is usually simply a
matter of cosmetic transformations, but sometimes it leads to slightly different emphasis,
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in particular concerning the nature of the approximations in Step 1. We suggest that the
reader compare our presentation with that of some of the original source papers, in order
to assess whether this style is enlightening (as we often find it to be), or not.

1.3. A prototype: integers in arithmetic progressions

As mentioned above, we begin with a result that is so elementary that it is usually
not presented as a separate statement (let alone as a theorem!). Nevertheless, as we
will see, it is the basic ingredient (and explanation) for the Erdés-Kac Theorem, and
generalizations of it become quite quickly very deep.

THEOREM 1.3.1. For N > 1, let Qx = {1, ..., N} with the uniform probability measure
Px. Fiz an integer ¢ > 1, and denote by m, : Z — Z/qZ the reduction modulo ¢ map.
Let Xy be the random variables given by Xn(n) = m,(n) for n € Qx.

As N — 400, the random wvariables Xy converge in law to the uniform probability
measure p, on Z/qZ. In fact, for any function

f:Z/qZ — C,
we have
(11) B(/(%x) ~ B()| < =]
where
Ifli=">_ 1/l
a€Z/qZ

PROOF. It is enough to prove (1.1), which gives the convergence in law by letting
N — +o00. This is quite simple. By definition, we have

B(/0) = 5 O Fmln),
and . o
E(f)== Y fla)
anZ/qZ

The idea is then clear: among the integers 1 < n < N, roughly N/q are in any given
residue class a (mod ¢), and if we use this approximation in the first formula, we obtain
precisely the second.

To do this in detail, we gather the integers in the sum according to their residue class
a modulo ¢. This gives

1 1
I CAOE SO FED SR}

1<ngN a€Z/qZ 1<n<N
n=a (mod q)

The inner sum, for each a, counts the number of integers n in the interval 1 < n < N such
that the remainder under division by ¢ is a. These integers n can be written n = mq+a
for some m € Z, if we view a as an actual integer, and therefore it is enough to count
those integers m € Z for which 1 < mq + a < N. The condition translates to

l1—a N—-a
SM < ;

q q

and therefore we are reduced to counting integers in an interval. This is not difficult,
although we have to be careful with boundary terms, since the bounds of the interval are
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not necessarily integers. The length of the interval is (N —a)/q— (1 —a)/q= (N —1)/q.
In general, in an interval [a, §] with a < /3, the number N, 5 of integers satisfies

/B—Q—lgNa’ﬂgﬁ_O{‘i‘l

(and the boundary contributions should not be forgotten, although they are typically
negligible when the interval is long enough).
Hence the number N, of values of m satisfies

N-1 N-1

(12) —_1<Na<—+17
q q
and therefore N .
‘Na__‘ < 1+—
q q

By summing over a in Z/qZ, we deduce now that
1 1 N, 1
< 2 ) -= Y @ =] Y fa(-2)]
N q N ¢
1<ngN a€Z/qZ a€Z/qZ

-1
< 1+gq

> 1f@] < 2l

a€Z/qZ

g

REMARK 1.3.2. As a matter of notation, we will sometimes remove the variable N
from the notation of random variables, since the value of N is usually made clear by the
context, frequently because of its appearance in an expression involving Px(+) or Ex(-),
which refers to the probability and expectation on €.

Despite its simplicity, this result already brings up a number of important features
that will occur extensively in later chapters.

A first remark is that we actually proved something much stronger than the statement
of convergence in law: the bound (1.1) gives a rather precise estimate of the speed of
convergence of expectations (or probabilities) computed using the law of Xy to those
computed using the limit uniform distribution ;. Most importantly, as we will see
shortly, these estimates are uniform in terms of ¢, and give us information on convergence,
or more properly speaking on the “distance” between the law of Xy and 4, even if ¢
depends on N in some way.

To be more precise, take f to be the characteristic function of a residue class a € Z/qZ.
Then since E(f) = 1/q, we get

1 2
P(my(n) =a) — p < N’
This is non-trivial information as long as ¢ is a bit smaller than N. Thus, this states
that the probability that n < N is congruent to a modulo ¢ is close to the intuitive
probability 1/¢, uniformly for all ¢ just a bit smaller than N, and also uniformly for all
residue classes. We will see, both below and in many similar situations, that uniformity
aspects are essential in applications.

The second remark concerns the interpretation of the result. Theorem 1.3.1 can
explain what is meant by such intuitive statements as the probability that an integer is
divisible by 2 is 1/2. Namely, this is the probability, according to the uniform measure
on Z/2Z, of the set {0}, and this is simply the limit given by the convergence in law of
the variables mo(n) defined on Qy to the uniform measure ps.
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This idea applies to many other similar-sounding problems. The most elementary
among these can often be solved using Theorem 1.3.1. We present one famous example:
what is the “probability” that an integer n > 1 is squarefree, which means that n is not
divisible by a square m? for some integer m > 2 (or, equivalently, by the square of some
prime number)? Here the interpretation is that this probability should be

1
i — <n< i .
NLHEOO N {1 <n <N | nissquarefree}|

If we prefer (as we do) to speak of sequences of random variables, we can take the sequence
of Bernoulli random variables By indicators of the event that n € (ly is squarefree, so
that

1
PBy=1)= NHl <n <N | nissquarefree}|.
We then ask about the limit in law of (By). The answer is as follows:

PROPOSITION 1.3.3. The sequence (Bx) converges in law to a Bernoulli random vari-
able B with P(B = 1) = %. In other words, the “probability” that an integer n is
squarefree, in the interpretation discussed above, is 6/72.

PRroOF. The idea is to use inclusion-exclusion: to say that n is squarefree means that
it is not divisible by the square p? of any prime number. Thus, if we denote by Py the
probability measure on )y, we have

Px(n is squarefree) = PN( ﬂ {p? does not divide n})

p prime

There is one key step now that is both obvious and crucial: because of the nature of
Qn, the infinite intersection may be replaced by the intersection over primes p < v/'N,
since all integers in 2y are < N. Applying the inclusion-exclusion formula, we obtain

(1.3) PN< ﬂ {p? does not divide n}> = z:(—l)‘I| Py (r]{p2 divides n}>

p<N1/2

where I runs over the set of subsets of the set {p < N'/2} of primes < N'/2, and [I] is the
cardinality of I. But, by the Chinese Remainder Theorem, we have

ﬂ{p2 divides n} = {d? divides n}
pel

where dj is the product of the primes in I. Once more, note that this set is empty if
d? > N. Moreover, the fundamental theorem of arithmetic shows that I+ dj is injective,
and we can recover |I| also from d; as the number of prime factors of dj. Therefore, we
get

P (n is squarefree) = Z p(d) Px(d* divides n)

d<N1/2

where p(d) is the Mébius function, defined for integers d > 1 by

(d) = 0 if d is not squarefree,
& = (—=1)* if d=p;---p; with p; distinct primes

(see Definition C.1.3).



But d? divides n if and only if the image of n by reduction modulo d? is 0. By
Theorem 1.3.1 applied with ¢ = d? for all d < N'/2, with f the indicator function of the
residue class of 0, we get

1
PN(d2 divides n) = = + O(N_l)

for all d, where the implied constant in the O(-) symbol is independent of d (in fact, it is
at most 2). Note in passing how we use crucially here the fact that Theorem 1.3.1 was
uniform and explicit with respect to the parameter q.

Summing the last formula over d < N%/2, we deduce

wu(d 1
Py (n is squarefree) ( >
N( q d<§n:1/2 \/N

Since the series with terms 1/d? converges, this shows the existence of the limit, and
that (By) converges in law as N — +o00 to a Bernoulli random variable B with success
probability

pi(d) pu(d
o PB=0)=1-) —

d>1 d>1

It is a well-known fact (the “Basel problem”, first solved by Euler; see Exercise 1.3.4 for

a proof) that
S5
2 6

d>1

Moreover, a basic property of the Mobius function states that
p(d) 1

d> ((s)

for any complex number s with Re(s) > 1, where

1
zzg

d>1

d>1

is the Riemann zeta function (Corollary C.1.5), and hence we get
S =
N O

g

EXERCISE 1.3.4. In this exercise, we explain a proof of Euler’s formula ¢(2) = 7%/6.

(1) Assuming that
2

(S

n=1

(another formula of Euler), find a heuristic proof of ((2) = 7?/6. [Hint: First, express
the sum of the inverses of the roots of a polynomial (with non-zero constant term) in
terms of its coefficients.]

The following argument, due to Cauchy, can be seen as a way to make rigorous the
previous idea.



(2) Show that for n > 1 and x € R—7Z, we have

Z?f;fz = > (=" <2mn+ 1) cotan ()"~ ),

0<m<n/2

(3) Let m > 1 be an integer and let n = 2m + 1. Show that

znhb:cotan(z)2 = —Zm(2m —b

— n 6
and
= 1 2m(2m+2)
Z Co/rmN2 6
r=1 SlIl(—)
n

[Hint: Using (1), view the numbers cotan(rm/n)? as the roots of a polynomial of degree m,
and use the formula for the sum of the roots of a polynomial.]
(4) Deduce that

2m(2m — 1) & (2m+1)2 2m(2m + 2)
—_— < <

Z 6 )
and conclude.

The proof of Proposition 1.3.3 above was written in probabilistic style, emphasizing
the connection with Theorem 1.3.1. It can be expressed more straightforwardly as a
sequence of manipulation with finite sums, using the formula

1 if n is squarefree
(1.4) S uld) - {

0 otherwise,
d2|n

for n > 1 (which is implicit in our discussion) and the approximation

for the number of integers in an interval which are divisible by some d > 1. This goes as

follows:
SIRES ST IS SIS
n<N n<N d2|n d<vN n<N
n squarefree d?|n
N 1(d)
= 2 i) +0) =N3FE + OV
d<VN d

Obviously, this is much shorter, although one needs to know the formula (1.4), which
was implicitly derived in the previous proof.? But there is something quite important to
be gained from the probabilistic viewpoint, which might be missed by reading too quickly
the second proof. Indeed, in formulas like (1.3) (or many others), the precise nature of the
underlying probability space {2y is quite hidden — as is customary in probability where
this is often not really relevant. In our situation, this suggests naturally to study similar

2 Readers who are already well-versed in analytic number theory might find it useful to translate
back and forth various estimates written in probabilistic style in this book.
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problems for different sequences of integer-valued random variables rather than taking
integers uniformly between 1 and N.

This has indeed been done, and in many different ways. But even before looking at
any example, we can predict that some new — interesting — phenomena will arise when
doing so. Indeed, even if our first proof of Proposition 1.3.3 was written in a very general
probabilistic language, it did use one special feature of {2y: it only contains integers
n < N, and even more particularly, it does not contain any element divisible by d? for d
larger than +/N. (More probabilistically, the probability Py(d? divides n) is then zero).

Now consider the following extension of the problem, which is certainly one of the
first that may come to mind beyond our initial setting: we fix an irreducible polynomial
P € Z[X] of degree m > 1, and consider new Bernoulli random variables Bp x which are
indicators of the event that P(n) is squarefree on Qy (instead of n itself). Asking about the
limit of these random variables means asking for the “probability” that P(n) is squarefree,
when 1 < n < N. But although there is an elementary analogue of Theorem 1.3.1, it is
easy to see that this does not give enough control of

P (d? divides P(n))

when d is “too large” compared with N. And this explains partly why, in fact, as of 2020
at least, there is not even a single irreducible polynomial P € Z[X] of degree 4 or higher
for which it is known that P(n) is squarefree infinitely often.

EXERCISE 1.3.5. (1) Let £ > 2 be an integer. Compute the “probability”, in the
same sense as in Proposition 1.3.3, that an integer n is k-free, i.e., that there is no integer
m > 2 such that m* divides n.

(2) Compute the “probability” that two integers n; and ns are coprime, in the sense
of taking the corresponding Bernoulli random variables on €2y x Qx and their limit as
N — +o0.

EXERCISE 1.3.6. Let P € Z[X] be an irreducible polynomial of degree m > 1. For ¢ >
1, let m, be the projection from Z to Z/qZ as before.

(1) Show that for any ¢ > 1, the random variables Xx(n) = m,(P(n)) converge in law
to a probability measure pp, on Z/qZ. Is up , uniform?

(2) Find values of T, depending on N and as large as possible, such that

Px(P(n) is not divisible by p* for p < T) > 0.
How large should T be so that this implies straightforwardly that
{n =1 | P(n) is squarefree}

is infinite?
(3) Prove that the set

{n>1| P(n)is (m+ 1)-free}
is infinite.

We conclude this section with another very important feature of Theorem 1.3.1 from
the probabilistic point of view, namely its link with independence. If ¢; and ¢, are positive
integers which are coprime, then the Chinese Remainder Theorem implies that the map

Z/qqol — Z/ W2 X L/, Z
x> (x (modqy), z (mod ¢s))

11



is a bijection (in fact, a ring isomorphism). Under this bijection, the uniform probability
measure fig,q, on Z/q1q2Z corresponds to the product measure fi,, ® p,,. In particular,
the random variables x — x (mod ¢;) and x — z (mod ¢2) on Z/q1¢2Z are independent.

The interpretation of this is that the random variables 7, and 7, on {lx are asymp-
totically independent as N — 400, in the sense that

lim Py(7mg,(n) =a and 7, (n) =b) = L ( lim Py(7mg,(n) = a)) X

N—+oo q]_ q2 N—+oo
(i Pt -)

for all (a,b) € Z2. Intuitively, one would say that divisibility by q; and ¢z are independent,
and especially that divisibility by distinct primes are independent events. We summarize
this in the following extremely useful proposition:

PROPOSITION 1.3.7. For N > 1, let Qx = {1,...,N} with the uniform probability
measure Pn. Fix a finite set S of pairwise coprime integers.
As N — +o0, the vector (1) qes seen as random vector on Qy with values in

Xs =[] 2Z/qz

q€eS

converges in law to a vector of independent and uniform random wvariables. In fact, for
any function

fZXS—)C

we have

(15 B(/((mg)ees) ~ B)| < 21711

PRrROOF. This is just an elaboration of the previous discussion. Let r be the product
of the elements of S. Then the Chinese Remainder Theorem gives a ring-isomorphism
Xg — Z/rZ such that the uniform measure u, on the right-hand side corresponds to
the product of the uniform measures on Xg. Thus f can be identified with a function
g : Z/rZ — C, and its expectation to the expectation of g according to u,. By
Theorem 1.3.1, we get

B/ ((my)yes) — B(S)| = [Bg(n,)) ~ Blg)| < 219,

which is the desired result since f and g have also the same ¢! norm. U

REMARK 1.3.8. (1) Note that the random variables obtained by reduction modulo
two coprime integers are not exactly independent: it is not true in general that

Py (mg, (n) = a and my,(n) = b) = Px(7g, (n) = a) Px(my, (n) = b).

This is the source of many interesting aspects of probabilistic number theory where clas-
sical ideas and concepts of probability for sequences of independent random variables are
generalized or “tested” in a context where independence only holds in an asymptotic or
approximate sense.

(2) There is one subtle point that appears in quantitative applications of Theo-
rem 1.3.1 and Proposition 1.3.7 that is worth mentioning. Given an integer ¢ > 1, certain
functions f on Z/qZ might have a large norm || f||1, and yet they may have expressions

as linear combinations of functions f on certain spaces Z/dZ, where d is a divisor of g,
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which have much smaller norms Hle Taking such possibilities into account and arguing
modulo d instead of modulo ¢ may lead to stronger estimates for the error

Ex(f(mq(n))) — E(f)

than those we have written down in terms of || f||;. This is, for instance, especially clear
if we take f to be a non-zero constant, in which case the difference is actually 0, but || f||;
is of size q.

One can incorporate formally these improvements by using a different norm than || f||;,
as we now explain

Let ¢ > 1 be an integer. Let @, be the set of functions ¢g,: Z/gZ — C which are
characteristic functions of classes x = a (mod d) for some positive divisor d | ¢ and some
a € Z/dZ (these are well-defined functions modulo ¢). In particular, the function ¢, , is
just the delta function at a in Z/qZ, and ¢, o is the constant function 1.

For an arbitrary function f: Z/qZ — C, let

||f||c1—1nf{z Z [Aaal | f= Z Z )\dagpda}

dlqg a(modd) dlqg a(modd)

This defines a norm on the space of functions on Z/qZ (the subscript ¢ refers to congru-
ences); the norm || f||.1 measures how simply the function f may be expressed as a linear
combination of indicator functions of congruence classes modulo divisors of ¢.> Note that
| fllea < || f]]1, because one always has the representation

f=> fa)pga
a€Z/qZ

Now the estimates (1.1) and (1.5) can be improved to
2
(1.6) E(/(x3) — E()| < <l lleas

(1.7) (B (ma)ees)) — B()| < w1l

respectively. Indeed, it suffices (using linearity and the triangle inequality) to check this
for f = a, for some divisor d | ¢ and some a € Z/dZ (with ||@4.||c1 replaced by 1 in
the right-hand side), in which case the difference (in the first case) is

1 1 1 1
N -2 2 =g 2 l-g

n<N q z (mod q) n<N
n=a (mod d) z=a (mod d) n=a (mod d)

which reduces to the case of single element modulo d, for which we now apply Theo-
rem 1.3.1.

Another corollary of these elementary statements identifies the limiting distribution of
the valuations of integers. To state it, we denote by Sy the identity random variable on the
probability space Qx = {1,..., N} with uniform probability measure of Theorem 1.3.1.

COROLLARY 1.3.9. For p prime, let v, denote the p-adic valuation on Z. The random
vectors (v,(Sx)), converge in law, in the sense of finite distributions, to a sequence (Vy),
of independent geometric random variables with

1\ 1
P(V,=k) = (1—5)];

3 In terms of functional analysis, this means that this is a quotient norm of the ¢! norm on the space
with basis ®,.
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for k = 0. In other words, for any finite set of primes S and any non-negative inte-
gers (kp)pes, we have

lim Py(v,(Sx) =k, forp € 8) = [[P(V, = k).

N—+oo
PES

PROOF. For a given prime p and integer k& > 0, the condition that v,(n) = k means
that n (mod p**!) belongs to the subset in Z/p**'Z of residue classes of the form bp*
where 1 < b < p—1; by Theorem 1.3.1, we therefore have

. .. _p—1_ B
NETOO PN(UP(SN) = /C) == ka = P(Vp = k)
Proposition 1.3.7 then shows that this extends to any finite set of primes. O

ExAMPLE 1.3.10. Getting quantitative estimates in this corollary is a good example
of Remark 1.3.8 (2). We illustrate this point in the simplest case, which will be used in
Section 2.2.

Consider two primes p # ¢ and the probability

Px(up(Sn) = v4(Sn) = 1).
The indicator function ¢ of this event is naturally defined modulo p*¢?, and its norm ||¢||;
is the number of integers modulo p?¢? that are multiples of pg, but not of p? or ¢*>. By
inclusion-exclusion, this means that ||¢|l; = (p — 1)(¢ — 1). On the other hand, we have
© = 1= P2 — P3 + @4 Where
e The function ¢; is defined modulo pq as the indicator of the class 0;
e The function ¢, is defined modulo p?q as the indicator of the class 0;

e The function (5 is defined modulo pg? as the indicator of the class 0;
e The function ¢, is defined modulo p?¢? as the indicator of the class 0.

Hence, in the notation of Remark 1.3.8 (2), we have ||¢]|.1 < 4; using this remark, or by
applying Theorem 1.3.1 four times, we get

P (1(Sx) = y(Sw) = 1) = piq(l - }?) (1- g) +o(3).

instead of having an error term of size pg/N, as suggested by a direct application of (1.1).

1.4. Another prototype: the distribution of the Euler function

Although Proposition 1.3.7 is extremely simple, it is the only necessary arithmetic
ingredient in the proof of a result that is another prototype of probabilistic number the-
ory in our sense. This is a theorem proved by Schoenberg [108] in 1928, which therefore
predates the Erdés—Kac Theorem by about ten years (although Schoenberg phrased the
result quite differently, since this date is also before Kolmogorov’s formalization of prob-
ability theory).

The Euler “totient” function is defined for integers n > 1 by ¢(n) = |(Z/nZ)*| (the
number of invertible residue classes modulo n). By the Chinese Remainder Theorem (see
Example C.1.8), this function is multiplicative, in the sense that ¢(ning) = w(ng)e(ns)
for n; coprime to ny. Computing p(p*) = p* — p*~1 = p*(1 —1/p) for p prime and k > 1,

one deduces that (n) .
LT

) 1- =

n H P

pn
for all integers n > 1 (where the product is over primes p dividing n).
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Now define random variables Fx on Qx = {1,...,N} (with the uniform probability
measure as before) by

We will prove that the sequence (Fy)ns1 converges in law, and identify its limiting dis-
tribution. For this purpose, let (B,), be a sequence of independent Bernoulli random
variables, indexed by primes, with

1
PB, =)=, PB,=0)=1-

(such random variables will also occur prominently in the next chapter).

PROPOSITION 1.4.1. The random variables Fx converge in law to the random variable

given by
F = H(l - ﬂ)
p p ’

where the infinite product ranges over all primes and converges almost surely.

This proposition is not only a good illustration of limiting behavior of arithmetic ran-
dom variables, but the proof that we give, which emphasizes probabilistic methods, is an
excellent introduction to a number of techniques that will occur later in more complicated
contexts. Before we begin, note how the limiting random variable is highly non-generic,
and in fact retains some arithmetic information, since it is a product over primes. In
particular, although the arithmetic content does not go beyond Proposition 1.3.7, this
theorem is certainly not an obvious fact.

PROOF. For M > 1, we denote by Fy v the random variable on Qy defined by

Faa(m) = TT (1~ 1).

pln b

p<M
It is natural to think of these as approximations to Fy. On the other hand, for a fixed M,
these are finite products and hence easier to handle. We will use a fairly simple “per-
turbation lemma” to prove the convergence in law of the sequence (Fy)ns1 from the
understanding of the behavior of Fy . The lemma is precisely Proposition B.4.4, which
the reader should read now.*

First, we fix M > 1. Since only primes p < M occur in the definition of Fy 1, it follows

from Proposmon 1.3.7 that the random variables Fy converge in law as N — 400 to

the random variable B
Fu=]] (1 - —p).
p<M p
Thus Assumption (1) in Proposition B.4.4 is satisfied. We proceed to check Assumption

(2), which concerns the approximation of Fyx by Fxa on average.
We write Exy = Fx — Fxu. The expectation of |Ey, M\ is given by

WIS 1 (RS | ((BH Pl | (B

pln n<N pln
p<M p>M

4 Note that a similar argument reappears in a much more sophisticated context in Chapter 5 (see
the proof of Theorem 5.2.2, page 86).
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For a given n, expanding the product, we see that the quantity

H(1—%)—1

pln
p>M

is bounded by the sum of 1/d over integers d > 2 which are squarefree, divide n, and
have all prime factors > M; let D,, be the set of such integers. In particular, we always
have M <d<NifdeD,

Thus
NNYIEED 55 DRI DELTIIN SIS T PR
n<N dEDn M<d<N n;on(fnlid 0 M<d<N

for all N > M. Assumption (2) of Proposition B.4.4 follows immediately, and we conclude
that (Fx)ns1 converges in law, and that its limit is the limit in law F of the random
variables Fy; as M — +o00. The last thing to check in order to finish the proof is that the
random product

(1.8) H(1 - %)

» p

over primes converges almost surely, and has the same law as F. The almost sure con-
vergence follows from Kolmogorov’s Three Series Theorem, applied to the logarithm of
this product, which is a sum

B
SV, Y, = log<1 - —p)
- p

of independent random variables. Note that Y, < 0 and that it only takes the values 0
(with probability 1 — 1/p) and log(1 — 1/p) (with probability 1/p), so that

E(Y,) = })log(l - 1) oL

p p?’
1 e 1 e 1
V(Y,) = E(Y2) — B(Y.,)? = - lo (1——) o (1——) < =
(V) = BYD) — Y, = Slog(1 - ) = Zhos(1-3) <

which implies by Theorem B.10.1 that the random series )Y, converges almost surely,
and hence so does its exponential, which is the product (1.8). Now, from this convergence
almost surely, it is immediate that the law of the random product is also the law of F. [J

In Section 2.2 of the next chapter, we will state and prove a theorem due to Erdos
and Wintner that implies the existence of limiting distributions for much more general
multiplicative functions.

REMARK 1.4.2. The distribution function of the arithmetic function n +— ¢(n)/n is
the function defined for x € R by

f(x) = P(F < a).
This function has been extensively studied, and is still the object of current research. It
is a concrete example of a function exhibiting unusual properties in real analysis: it was
proved by Schoenberg [108, | that f is continuous and strictly increasing, and by
Erd6s [34] that it is purely singular, i.e., that there exists a set N of Lebesgue measure 0

in R such that P(F € N) = 1; this means that the function f is differentiable for all z ¢ N,
with derivative equal to 0 (Exercise 1.4.4 explains the proof).
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FIGURE 1.1. Empirical plot of the distribution function of ¢(n)/n for n < 10°.

In Figure 1.1, we plot the “empirical” values of f coming from integers n < 106.
In the next two exercises, we use the notation of Proposition 1.4.1.

EXERCISE 1.4.3. Prove probabilistically that

| o | L RC)SE)
NEI}-IOO Ex(Fn) = @7 Ngrfoo Ex(Fy') = H<1 " p(p ) B

p

where
¢s)=]Ja—-p="
p
is the Riemann zeta function (see Corollary C.1.5 for the product expression). In other
words, we have

I TR W Rt o)
Nl—>+o<>N7§;\I n ¢(2)’ Nl—>+0°N7§\ISO(n) ¢(6) -

Recover these formulas using Mé&bius inversion (as in the “direct” proof of Proposi-
tion 1.3.3).

EXERCISE 1.4.4. (1) Prove that the support of the law of F is [0,1]. [Hint: Use
Proposition B.10.8.]

By the Jessen—Wintner purity theorem (see, e.g. [20, Th. 3.26]), this fact implies that
the function f is purely singular (in the sense of Remark 1.4.2), provided there exists a
set N of Lebesgue measure 0 such that P(F € N) > 0. In turn, by elementary properties
of absolutely continuous probability measures, this follows if there exists a > 0 and, for
any £ > 0, a Borel set I. C [0, 1] such that
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(1) We have P(F € I.) > « for all € small enough,
(2) The Lebesgue measure of I. tends to 0 as ¢ — 0.

The next questions will establish the existence of such sets. We define G = log(F), and
for M > 2, we let Gy denote the partial sum

GM—glog( )

(2) Prove that for any 6 > 0, we have
1
P(lG — —
(|G- Gu| >0) K i

for any M > 0.
(3) For any finite set T of primes p < M, with characteristic function xr, prove that

1
P(B, = vr(p) for p < M 12
( p XT(p) Orp )>> logM XpETp

[Hint: Use the Mertens Formula (Proposition C.3.1).]
(4) Let A be a set of subsets T of the set of primes p < M, and let Xy be the event

{ there exists T € Z} such that B, = xr(p) for p <M }.
Show that

P (Xy) >>— > H—.

Te P pET

(5) Let 6 > 0 be some auxiliary parameter and

U [Zlog(l —1/p) — (5,Zlog(1 —1/p) + (5,].

TeAr peT peT

Show that the Lebesgue measure of Iy is < 20| %] and that

PGe)> e Y -

TEyM pGT

(6) Conclude by finding a choice of § > 0 and Zjy such that the Lebesgue measure
of Iy tends to 0 as M — 400 whereas P(G € Iy;) > 1 for M large enough.

1.5. Generalizations

Theorem 1.3.1 and Proposition 1.3.7 are obviously very simple statements. However,
Proposition 1.4.1 has already shown that they should not be disregarded as trivial (and
our careful presentation should — maybe — not be considered as overly pedantic). A further
and even stronger sign in this direction is the fact that if one considers other natural
sequences of probability measures on the integers, instead of the uniform measures on
{1,...,N}, one quickly encounters very delicate questions, and indeed fundamental open
problems.

We have already mentioned the generalization related to polynomial values P(n) for
some fixed polynomial P € Z[X]. Here are two other natural sequences of measures that
have been studied.
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1.5.1. Primes. Maybe the most important variant consists in replacing the space
Qn of positive n < N by the subset IIy of prime numbers p < N (with the uniform
probability measure on these finite sets). According to the Prime Number Theorem
(Theorem C.3.3), there are about N/(log N) primes in IIy. In this case, the qualitative
analogue of Theorem 1.3.1 is given by the theorem of Dirichlet, Hadamard and de la
Vallée-Poussin on primes in arithmetic progression (Theorem C.3.7), which implies that,
for any fixed ¢ > 1, the random variables 7, on IIx converge in law to the probability
measure on Z/qZ which is the uniform measure on the subset (Z/qZ)* of invertible
residue classes (this change of the measure compared with the case of integers is simply
due to the obvious fact that at most one prime may be divisible by the integer ¢).

It is expected that a bound similar to (1.1) should be true. More precisely, there
should exist a constant C > 0 such that

B C(log gN)?
(1.9) Eny(f(m)) = BN < =5 I/l

but that statement, once it is translated to more standard notation, is very close to the
Generalized Riemann Hypothesis for Dirichlet L-functions (which is Conjecture C.5.8).”
Even a similar bound with v/N replaced by N for any fixed 6 > 0 is not known, and would
be a sensational breakthrough. Note that here the function f is defined on (Z/¢Z)* and

we have
E(f) Z fla

€(Z/qZ)*
with ¢(q) = |(Z/qZ)*| denoting the Euler function (see Example C.1.8).
However, weaker versions of (1.9), amounting roughly to a version valid on average
over ¢ < VN, are known: the Bombieri- Vinogradov Theorem states that, for any constant
A > 0, there exists B > 0 such that we have

1 1
(1.10) Z max (P (m, =a) — < <
v s ") p(g)! — (logN)

where the implied constant depends only on A (see, e.g.,[59, ch. 17]). In many applica-
tions, this is essentially as useful as (1.9).

EXERCISE 1.5.1. Compute the “probability” that p — 1 be squarefree, for p prime.
(This can be done using the Bombieri-Vinogradov theorem, for instance.)

[Further references: Friedlander and Iwaniec [43]; Iwaniec and Kowalski [59].]

1.5.2. Random walks. A more recent (and extremely interesting) type of problem
arises from taking measures on Z derived from random walks on certain discrete groups.
For simplicity, we only consider a special case. Let m > 2 be an integer, and let G =
SL..(Z) be the group of m x m matrices with integral coefficients and determinant 1.
This is a complicated infinite (countable) group, but it is known to have finite generating
sets. We fix one such set S, and assume that 1 € S and S = S™! for convenience. (A
well-known example is the set S consisting of 1 and the elementary matrices 1 + E; ; for
1 <@ # j < m, where E;; is the matrix where only the (7, j)-th coefficient is non-zero,
and equal to 1, and their inverses 1 — E; ;; the fact that these generate SL,(Z) can be
seen from the row-and-column operation reduction algorithm for such matrices).

5 It implies it for non-trivial Dirichlet characters.
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The generating set S defines then a random walk (7,)n=0 on G: let (§,),>1 be a
sequence of independent S-valued random variables (defined on some probability space
Q) such that P(§, = s) = 1/|S] for all n and all s € S. Then we let

Yo = 1, Y1 = Ynn+1-

Fix some (non-constant) polynomial function F of the coefficients of an element g € G,
so F € Z[(g;;)] (for instance F(g) = g1,1, or F(g) = Tr(g) for g = (g;;) in G). We can then
study the analogue of Theorem 1.3.1 when applied to the random variables 7,(F(~v,)) as
n — 400, or in other words, the distribution of F(g) modulo ¢, as g varies in G according
to the distribution of the random walk.

Let G, = SL,,(Z/qZ) be the finite special linear group. It is an elementary exercise,
using finite Markov chains and the surjectivity of the projection map G — G, to check
that the sequence of random variables (7m,(F(7,)))n>0 converges in law as n — +oo.
Indeed, its limit is a random variable F, on Z/qZ defined by

P(F, = 1) = @\{ge G, | Flg) = o},

for all x € Z/qZ, where we view F as also defining a function F : G, — Z/¢Z. (In
other words, F, is distributed like the direct image under F of the uniform measure on
Gq)

In fact, elementary Markov chain theory (or direct computations) shows that there
exists a constant ¢, > 1 such that for any function f : G, — C, we have

/11

7
Cq

(1.11) E(f(ry(m)) — E(f)| <

Y

in analogy with (1.1), with

£l =D 1f(9)l.

9€Gyq

This is a very good result for a fixed g (note that the number of elements reached by
the random walk after n steps also grows exponentially with n). For applications, our
previous discussion already shows that it will be important to exploit (1.11) for ¢ varying
with n, and uniformly over a wide range of q. This requires an understanding of the
variation of the constant ¢, with ¢. It is a rather deep fact (Property (7) of Lubotzky
for SLy(Z), and Property (T) of Kazhdan for SL,,(Z) if m > 3) that there exists ¢ > 1,
depending only on m, such that ¢, > c for all ¢ > 1. Thus we do get a uniform bound

E(f(m(v)) — B()| < L

Cn
valid for all n > 1 and all ¢ > 1. This is related to the theory (and applications) of
expander graphs.

[Further references: Breuillard and Oh [21], Kowalski [65], [67].]

1.6. Outline of the book

Here is now a quick outline of the main results that we will prove in the text. For
detailed statements, we refer to the introductory sections of the corresponding chapters.
Chapter 2 presents first the Erdés—Wintner Theorem on the limiting distribution of
additive functions, before discussing the Erdés-Kac Theorem. These are good examples
to begin with, because they are the most natural starting point for probabilistic number
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theory, and remain quite lively topics of contemporary research. This will lead to natural
appearances of the gaussian distribution as well as Poisson distributions.

Chapters 3 and 4 are concerned with the distribution of values of the Riemann zeta
function. We discuss results outside of the critical line (due to Bohr-Jessen, Bagchi and
Voronin) in the first of these chapters, and consider deeper results on the critical line (due
to Selberg, but following a recent presentation of Radziwill and Soundararajan) in the
second. The limit theorems one obtains can have rather unorthodox limiting distributions
(random Euler products, sometimes viewed as random functions, and — conjecturally —
also eigenvalues of random unitary matrices of large size).

Chapter 5 takes up a fascinating topic in the distribution of prime numbers: the
Chebychev bias, which attempts to compare the number of primes < x in various residue
classes modulo a fixed integer ¢ > 1, and to see if some classes are “more equal” than
others. Our treatment follows the basic paper of Rubinstein and Sarnak.

In Chapter 6, we consider the distribution, in the complex plane, of polygonal paths
joining partial sums of Kloosterman sums, following work of the author and W. Sawin [79,

|. Here we will use convergence in law in Banach spaces and some elementary prob-
ability in Banach spaces, and the limit object that arises will be a very special random
Fourier series.

In all of these chapters, we usually only discuss in detail one specific example of fairly
general results and theories: just the additive function w(n) instead of more general
additive functions, just the Riemann zeta function instead of more general L-functions,
and specific families of exponential sums. However, we will briefly mention some of the
natural generalizations of the results presented.

Similarly, since our objective in this book is explicitly to write an introduction to the
topic of probabilistic number theory, we did not attempt to cover the most refined results
or the cutting-edge of research, or to discuss all possible topics. For the same reason, we
do not discuss in depth the applications of our main results, although we usually mention
at least some of them. Besides the discussion in Chapter 7 of other areas of interaction
between probability theory and number theory, the reader is invited to read the short
survey by Perret-Gentil [92].

At the end of the book are appendices that discuss the results of complex analysis,
probability theory and number theory that we use in the main chapters of the book. In
general, these are presented with some examples and detailed references, but without
complete proofs, at least when they can be considered to be standard parts of their
respective fields. We do not expect every reader to already be familiar with all of these
facts, and in order to make it possible to read the text relatively linearly, each chapter
begins with a list of the main results from these appendices that it will require, with
the corresponding reference (when no reference is given, this means that the result in
question will be presented within the chapter itself). We also note that the number-
theoretic results in Appendix C are stated in the “classical” style of analytic number
theory, without attempting to fit them to a probabilistic interpretation.
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CHAPTER 2

Classical probabilistic number theory

Probability tools Arithmetic tools

Definition of convergence in law (§ B.3) Integers in arithmetic progressions (§ 1.3)

Convergence in law using auxiliary param- | Mertens and Chebychev estimate

eters (prop. B.4.4) (prop. C.3.1)
Central Limit Theorem (th. B.7.2) Additive and multiplicative functions
(§ C.1, C.2)

Gaussian random variables (§ B.7)

The method of moments (th. B.5.5)

Poisson random variables (§ B.9)

2.1. Introduction

This chapter contains some of the earliest theorems of probabilistic number theory.
We will prove the Erdés—-Kac Theorem, but first we consider an even more classical
topic: the distribution of multiplicative and additive arithmetic functions. The essential
statements predate the Erdés—Kac Theorem, and can be taken to be the beginning of true
probabilistic number theory. As we will see, the limiting distributions that are obtained
are far from generic.

2.2. Distribution of arithmetic functions

The classical problem of the distribution of the values of arithmetic functions concerns
the limiting behavior of (arithmetic) random variables of the form ¢(Sy), where ¢ is
an additive or multiplicative function, and Sy is the identity random variable on the
probability space Qx = {1, ..., N} with uniform probability measure. We saw an example
in Proposition 1.4.1, but we will now prove a much more general statement.

In fact, in the additive case (see Section C.2 for the definition of additive functions),
there is a remarkable characterization of those additive functions g for which the se-
quence (g(Sn))n converges in law as N — +oo. Arithmetically, it may be surprising
that it depends on no more than Theorem 1.3.1 (or Corollary 1.3.9), and the simplest
upper-bound of the right order of magnitude for the numbers of primes less than a given
quantity (Chebychev’s estimate); this was not even needed for Proposition 1.4.1.

THEOREM 2.2.1. Let g be a complez-valued additive function such that the series

¥ @’ 3 lg(p)|2’ 3 1

oo P o<t P w17
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converge. Then the sequence of random variables (g(Sx))n converges in law to the series
over primes

(2.1) > a™),
p

where (V,), s a sequence of independent geometric random variables with

I\ 1

P(V, = k)= (1--)—

p/ p
for k > 0.

Recall that, in terms of p-adic valuations of integers, we can write

g(n) = g(p”™)

for any integer n > 1. Since the sequence of p-adic valuations converges in law to the
sequence (V,) (Corollary 1.3.9), the formula (2.1) for the limiting distribution appears
as a completely natural expression.

PRrROOF. We write g = ¢° + ¢* where both summands are additive functions, and

if k=1 and <1
gb(pk:) _ g<p) ‘ |g(p)|
0 otherwise.

Thus ¢*(p) = 0 for a prime p unless |g(p)| > 1. We denote by (B,) the Bernoulli random
variable indicator function of the event {V, = 1}; we have

P(B, = 1) _1(1—1).

p p
We will prove that the vectors (¢°(Sx), g*(Sx)) converge in law to

(o). Y s ).

and the desired conclusion then follows by composing with the continuous addition map
C? — C (i.e., applying Proposition B.3.2).

We will apply Proposition B.4.4 to the random vectors Gy = (¢°(Sx), ¢*(Sx)) (with
values in C?), with the approximations Gy = Gy m + Ex v where

G = (D2 g 79), 37 g (™) ).

p<M p<M

Let M > 1 be fixed. The random vectors Gy are finite sums, and are expressed as
obviously continuous functions of the valuations v, of the elements of €y, for p < M. Since
the vector of these valuations converges in law to (V,),<m by Corollary 1.3.9, applying
composition with a continuous map (Proposition B.3.2 again), it follows that (Gna)n
converges in law as N — 400 to the vector

(Z g "), Zgﬁ(pvf’))

It is therefore enough to verify that Assumption (2) of Proposition B.4.4 holds, and
we may do this separately for each of the two coordinates of the vector (by taking the
norm on C? in the proposition to be the maximal of the modulus of the two coordinates).
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We begin with the second coordinate involving ¢*. For any § > 0, and 2 < M < N,
we have

PN<‘ Z gﬁ(p”"(sN ‘ > Z Px(v,(Sn) = Z Px(v,(Sn) = 1)

M<p<N M<p<N M<p<N

lg(p)|>1
22 DN
p>M p>M
lg(p \>1

(simply because, if the sum is non-zero, at least one term must be non-zero, and the
probability of a union of countably many sets is bounded by the sums of the probabilities
of the individual sets).

Since the right-hand side converges to 0 as M — +oo (by assumption), this verifies
that the variant discussed in Remark B.4.5 of the assumption of Proposition B.4.4 holds

(note that the series
> d ™)

p<M

converges in law by a straightforward application of Kolmogorov’s Three Series Theorem,
which is stated in Remark B.10.2 — indeed, since |g*| > 1, it suffices to observe that

> P(lgipy) > 2) < +oo,

p<M

which follows by arguing as in (2.2).)
We next handle g°. We denote by By, the Bernoulli random variable indicator of the
event {v,(Sx) = 1}, and define

wN(p) = PN(BN,p = 1) = PN<Up(SN) = 1)
We also write w(p) = P(B, = 1). Note that

<l == 10-1)ro(d) <=+ ofd).

The first coordinate of Ex is

Hxo = Z g (") = Z g’ (p)Bnp

p>M p>M
(which is a finite sum for each n € Q, so convergence issues do not arise). We will prove
that

lim i Ex(|H 0
m Il\In—l%Si-liop N(|Ham|?) = 0,

which will also us to conclude.
By expanding the square, we have

(2.3)  Ex(|Hxu|?) = EN(‘Z 9 (p)Bxy 2> > EN( (pQ)BNplBNm)

p1,p2>M

The contribution of the diagonal terms p; = py to (2.3) is

S 1P 0)Pex) < 3 ’g

p>M p>M
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We have
1
Ex(Bxp:Brn) = Pr(0p,(Sx) = 1, (Sx) = 1) = @(pr)=(p2) + O( )
(by Example 1.3.10), so that the non-diagonal terms become

(2.4 > Fg mwree) +0(x 3 19 eolle' ()

p1,p2>M p1,p2>M
P17£Pp2 p1p2<N

The first term S; in this sum is

=[S w0 - Xl 0Pee? < | @)= = |3 @@ -3

p>M p>M

2

)

where the right-hand side of the last equality is convergent because of the assumptions
of the theorem, so that the left-hand side is also finite.
Next, since |¢’(p)] < 1 for all primes the second term S in (2.4) satisfies

log log N
S = 1<
2 << Z log N
p1 p2>M
pip2<N

for all M > 1 by Chebychev’s estimate of Proposition C.3.1 (extended to products of two
primes as in Exercise C.3.2 (2)). Finally, from the convergence assumptions, this means

that o
lim sup Ex(|Hx m[?) <<‘Zg } +ZM
N—+o00 p
p>M p>M
as M — +o00, and this concludes the proof. O
REMARK 2.2.2. The result above is due to Erdés [33]; the fact that the converse

assertion also holds (namely, that if the sequence (g(Sx))n converges in law, then the

three series o )|2 .
RO SECCED O

st o<t P l9I>1
are convergent) is known as the Erdés-Wintner Theorem [36]. The reader may be inter-
ested in thinking about proving this; see, e.g., [115, p. 327-328] for the details.

Although it is of course customary and often efficient to pass from additive func-
tions to multiplicative functions by taking the logarithm, this is not always possible. For
instance, the (multiplicative) Mobius function pu(n) does have the property that the se-
quence (1(Sy))n converges in law to a random variable taking values 0, 1 and —1 with
probabilities which are equal, respectively, to

] 6 3 3

B -
The limiting probability that p(n) = 0 comes from the elementary Proposition 1.3.3, but
the fact that, among the values 1 and —1, the asymptotic probability is equal, is quite a
bit deeper: it turns out to be “elementarily” equivalent to the Prime Number Theorem

in the form
T

m(@) ~ log x

as r — +oo (see, e.g., [59, §2.1] for the proof). However, there is no additive func-
tion log (n), so we cannot even begin to speak of its potential limiting distribution!
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3 0 5
FIGURE 2.1. The normalized number of prime divisors for n < 101°.

2.3. The Erdés—Kac Theorem
We begin by recalling the statement (see Theorem 1.1.1), in its probabilistic phrasing:

THEOREM 2.3.1 (Erd6és-Kac Theorem). For N > 1, let Qx = {1,...,N} with the
uniform probability measure Py. Let Xy be the random variable

w(n) — loglogN
Vloglog N

on Qx for N > 3. Then (Xn)ns3 converges in law to a standard gaussian random variable,
i.e., to a gaussian random variable with expectation 0 and variance 1.

n—

Figure 2.1 shows a plot of the empirical density of Xy for N = 10': one can see
something that could be the shape of the gaussian density appearing, but the fit is very
far from perfect (we will comment later why this could be expected).

The original proof of Theorem 2.3.1 is due to Erdés and Kac in 1939 [35]. We will
explain a proof following the work of Granville and Soundararajan [51] and of Billings-
ley [9, p. 394]. As usual, the presentation emphasizes the probabilistic nature of the
argument.

As before, we begin by explaining why the statement can be considered to be unsur-
prising. This is an elaboration of the type of heuristic argument that we used to justify
the limit in Theorem 2.2.1.

The arithmetic function w is additive. Write

w(n) =7 By(n)

for n € Qy, where B, is as usual the Bernoulli random variable on 2y that is the char-
acteristic function of the event p | n. Using Proposition 1.3.7, the natural probabilistic
guess for a limit (if there was one) would be the series

2By
p

where (B,) are independent Bernoulli random variables, as in Proposition 1.4.1. But this
series diverges almost surely: indeed, the series

ZE(B;D) = Z%
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diverges by the basic Mertens estimate from prime number theory, namely

1
Z — =loglog N + O(1)

p<N

for N > 3 (see Proposition C.3.1 in Appendix C), so that the divergence follows from
Kolmogorov’s Theorem B.10.1 (or indeed an application of the Borel-Cantelli Lemma,
see Exercise B.10.4).

One can however refine the formula for w by observing that n € )y has no prime
divisor larger than N, so that we also have

(2.5) win) =) By(n)

for n € Q. Correspondingly, we may expect that the probabilistic distribution of w
on €y will be similar to that of the sum

(2.6) > B,

p<N

But the latter is a sum of independent (though not identically distributed) random
variables, and its asymptotic behavior is therefore well-understood. In fact, a simple case
of the Central Limit Theorem (see Theorem B.7.2) implies that the renormalized random

variables
> B> !
p<N p<N
> pta-ph
p<N

converge in law to a standard gaussian random variable. It is then to be expected that
the arithmetic sums (2.5) are sufficiently close to (2.6) so that a similar renormalization
of w on Qy will lead to the same limit, and this is exactly the statement of Theorem 2.3.1
(by the Mertens Formula again).
We now begin the rigorous proof. We will prove convergence in law using the method
of moments, as explained in Section B.3 of Appendix B, specifically in Theorem B.5.5
and Remark B.5.9. This is definitely not the only way to confirm the heuristic above,
but it may be the simplest.
More precisely, we will proceed as follows:
(1) We show, using Theorem 1.3.1, that for any fixed integer k£ > 0, we have
Ex(Xy) = E(XX) +o(1),
where (Xy) is the same renormalized random variable described above, namely
_ Zn — E(Zx)
N= ——
V(Zx)

with
(2.7) Zx = B,
p<N

(2) As we already mentioned, the Central Limit Theorem applies to the sequence

(Xy), and shows that it converges in law to a standard gaussian random variable
N.
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(3) It follows that
lim Ex(XE) = E(NY),
N—+o00

and hence, by the method of moments (Theorem B.5.5), we conclude that Xy
converges in law to N. (Interestingly, we do not need to know the value of the
moments E(N*) for this argument to apply.)

This sketch indicates that the Erdés-Kac Theorem is really a result of very general
nature that should be valid for many random integers, and not merely for a uniformly
chosen integer in (2y. Note that only Step 1 has real arithmetic content. As we will see,
that arithmetic content is concentrated on two results: Theorem 1.3.1, which makes the
link with probability theory, and the Mertens estimate, which is only required in the form
of the divergence of the series

>
» p

(at least if one is ready to use its partial sums

>
p<N p
for renormalization, instead of the asymptotic value loglogN.)

We now implement this strategy. As will be seen, some tweaks will be required. (The
reader is invited to check that omitting those tweaks leads, at the very least, to a much
more complicated-looking problem!).

Step 1 (Truncation). This is a classical technique that applies here, and is used to
shorten and simplify the sum in (2.7), in order to control the error terms in the next step.
We consider the random variables B, on Qx as above, i.e., B,(n) = 1 if p divides n and

B,(n) = 0 otherwise. Let
1
oN= )Y -.
N=2

p<N
We only need recall at this point that oy — +00 as N — +o00. We then define
(2.8) Q = N1/(loglogN)!/
and .
) =3 1=D"B,m),  Gln) =Y (B(n)— - ).
pln p<Q p<Q p

p<Q
viewed as random variables on €2yx. The point of this truncation is the following: first,
for n € Qly, we have
&(n) <w(n) < @(n) + (loglog N)'/2,
simply because if a > 0 and if pq, ..., p,, are primes > N dividing n < N, then we get
N < pre-pm <N,

and hence m < a~!. Second, for any N > 1 and any n € Qy, we get by definition of oy
the identity

" =w(n)— !
wo(n) = w(n) 2y
(2.9) = w(n) — ox + O((loglog N)'/?)

28



because the Mertens formula

1
Z — =loglogz + O(1),
p<T p

and the definition of oxn show that

1 1
> == —+0(logloglogN) = ox + O(loglog log N).

p<Q p p<N
Now define ()
v wWoln
X =
~n(n) NG
as random variables on 2. We will prove that >~(N converges in law to N. The elementary
Lemma B.5.3 of Appendix B (applied using (2.9)) then shows that the random variables

w(n) —ox

VON
converge in law to N. Finally, applying the same lemma one more time using the Mertens
formula we obtain the Erdds-Kac Theorem.

It remains to prove the convergence of Xy. We fix a non-negative integer k, and our
target is to prove the limit

(2.10) Ex(XE) — E(NF)

as N — +o00. Once this is proved for all k, then the method of moments shows that (Xy)
converges in law to the standard normal random variable N.

n—

REMARK 2.3.2. We might also have chosen to perform a truncation at p < N® for some
fixed o €]0, 1[. However, in that case, we would need to adjust the value of o depending
on k in order to obtain (2.10), and then passing from the truncated variables to the
original ones would require some minor additional argument. Note that the function
(loglog N)l/ 3 which is used to define the truncation could be replaced by any function
going to infinity slower than (loglog N)/2.

Step 2 (Moment computation). We now begin the proof of (2.10). We use the
definition of &y(n) and expand the k-th power in Ex(X%) to derive

B0 = g 3 T (B ) (B )

(where we omit for simplicity the subscrlpts N for the arithmetic random variables B,, ).
The crucial point is that the random variable

(2.11) (Bpl - p%) (Bpk - pik)

can be expressed as f(m,;) for some modulus ¢ > 1 and some function f : Z/qZ — C,
so that the basic result of Theorem 1.3.1 may be applied to each summand.

To be precise, the value at n € {dy of the random variable (2.11) only depends on the
residue class z of n in Z/qZ, where ¢ is the least common multiple of py, ..., pg. In fact,
this value is equal to f(z) where



with J,, denoting the characteristic function of the residues classes modulo ¢ which are 0
modulo p;. It is clear that |f(z)| < 1, as product of terms which are all < 1, and hence
we have the bound

£l < q
(this is extremely imprecise, but suffices for now). From this we get

(B~ 1) (o~ 1)) R <2 <%
by Theorem 1.3.1.

But by the definition of f, we also see that

50 =B((B ) (B )

where the random variables (B,) form a sequence of independent Bernoulli random vari-
ables with P(B, = 1) = 1/p (the (B,) for p dividing ¢ are realized concretely as the
characteristic functions d, on Z/qZ with uniform probability measure).

Therefore we derive

B(X4) = 1 > 3 {B((Bn - =)o (B - )+ 0@N )

() st o

ON

- (T—N>k/2 E(X%) + o(1)

ON
by our choice (2.8) of Q, where

and

™ = Z%Q . %) =Y VB,

p<Q

Step 3 (Conclusion). We now note that the version of the Central Limit Theorem
which is recalled in Theorem B.7.2 applies to the random variables (B,), and implies
precisely that Xy converges in law to N. But moreover, the sequence (Xy) satisfies
the uniform integrability assumption in the converse of the method of moments (see
Example B.5.7, applied to the variables B, — 1/p, which are independent and bounded
by 1), and hence we have in particular

E(XY) — E(N®).

Since 7y ~ on by the Mertens formula, we deduce that Ex(X%) converges also to E(N¥),
which was our desired goal (2.10).

EXERCISE 2.3.3. One can avoid appealing to the converse of the method of moments
by directly using the combinatorics involved in proofs of the Central Limit Theorem based
on moments, which directly imply the convergence of moments for (Xy). Find such a
proof in this special case. (See for instance [9, p. 391]; note that one must then know what
are the moments of gaussian random variables,; these are recalled in Proposition B.7.3).
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EXERCISE 2.3.4. Consider the probability spaces Q3 consisting of integers 1 < n < N
that are squarefree, with the uniform probability measure. Prove a version of the Erdés—
Kac Theorem for the number of prime factors of an element of Q.

EXERCISE 2.3.5. For an integer N > 1, let m(N) denote the set of integers that occur
in the multiplication table for integers 1 < n < N:
m(N)={k=ab | 1<a<N, 1<b<N}CQe
Prove that Py2(m(N)) — 0, i.e., that

L )|

No+4oo N2 =0

This result is the basic statement concerning the “multiplication table” problem of
Erdés; the precise asymptotic behavior of |m(N)| has been determined by K. Ford [41]
(improving results of Tenenbaum): we have

’mlélj)’ = (log N)~*(log log N)~3/2
where
1+ loglog 2
a7 log2
See also the work of Koukoulopoulos [64] for generalizations.

EXERCISE 2.3.6. Let Q(n) be the number of prime divisors of an integer n > 1,
counted with multiplicity (so 2(12) = 3)." Prove that

Py (Q(n) —w(n) = (loglog N)1/4) < (loglog N)’l/‘l,
and deduce that the random variables
Q(n) — loglog N
Vl1oglog N

nw—

also converge in law to N.

EXERCISE 2.3.7. Try to prove the Erdos—Kac Theorem using the same “approxima-
tion” approach used in the proof of the Erdés—Wintner Theorem; what seems to go wrong
(suggesting — if not proving — that one really should use different tools).

2.4. Convergence without renormalization

One important point that is made clear by the proof of the Erdés-Kac Theorem is that,
although one might think that a statement about the behavior of the number of prime
factors of integers tells us something about the distribution of primes (which are those
integers n with w(n) = 1), the Erdés-Kac Theorem provides no such information. This
can be seen mechanically from the proof, where the truncation step means in particular
that primes are simply discarded unless they are smaller than the truncation level Q,
or intuitively from the fact that the statement itself implies that “most” integers of size
about N have loglog N prime factors. For instance, as N — +o00, we have

PN<|w(n) —loglog N| > a+/loglog N) — P(|N| > a)

2 Foo 72/2 72/4
</ - e dr L e
™ a

1 'We only use this function in this section and hope that confusion with Qx will be avoided.
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FIGURE 2.2. The number of prime divisors for n < 10'° (blue) compared
with a Poisson distribution.

The problem lies in the normalization used to obtain a definite theorem of convergence
in law: this “crushes” to some extent the more subtle aspects of the distribution of
values of w(n), especially with respect to extreme values. One can however still study
this function probabilistically, but one must use less generic methods, to go beyond the
“universal” behavior given by the Central Limit Theorem. There are at least two possible
approaches in this direction, and we now briefly survey some of the results.

Both methods have in common a switch in probabilistic focus: instead of looking
for a gaussian approximation of a normalized version of w(n), one looks for a Poisson
approximation of the un-normalized function.

Recall (see also Section B.9 in the Appendix) that a Poisson distribution with real
parameter \ > 0 satisfies

X
k!

for any integer £ > 0. It turns out that an inductive computation using the Prime
Number Theorem leads to the asymptotic formula

PA=k)=e

(loglog N)k—1 _ —loglogN (loglog N)k—1

1
(k—1)! log N (k—1)! 7

L <N | wn) = K| ~

for any fixed integer k£ > 1. This suggests that a better probabilistic approximation to the
arithmetic function w(n) on Qy is a Poisson distribution with parameter loglogN. The
Erdos-Kac Theorem would then be, in essence, a consequence of the simple fact that a
sequence (X,,) of Poisson random variables with parameters A, — +o00 has the property
that

Xy = An
vV

as explained in Proposition B.9.1. Figure 2.2 shows the density of the values of w(n)
for n < 10'° and the corresponding Poisson density. (The values of the probabilities for
consecutive integers are joined by line segments for readability).

(2.12) — N,

REMARK 2.4.1. The fact that the approximation error in such a statement is typically

of size comparable to A\, 12 explains why one can expect that the convergence to a gaussian
in the Erd6s—Kac Theorem should be extremely slow, since in that case the normalizing
factor is of size loglog N, and goes to infinity very slowly.
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To give a rigorous meaning to these ideas of Poisson approximation of w(n), one must
first give a precise definition, which can not be a straightforward convergence property,
because the parameter of the Poisson approximation is not fixed.

Harper [53] (to the author’s knowledge) was the first to implement explicitly such
an idea. He derived an explicit upper-bound for the total variation distance between a
truncated version of w(n) on 2y and a suitable Poisson random variable, namely between

Z 1, where Q = N1/ (3loglogN)?
P|

p<Q
and a Poisson random variable Poy with parameter
1N
Nl
N Z NLlp
p<Q

(so that the Mertens formula implies that Ax ~ loglog N).
Precisely, Harper proves that for any subset A of the non-negative integers, we have

1
P( 1 A)—PP A‘ _
‘ szln: < (Pox € )<<loglogN
p<Q

and moreover that the decay rate (loglogN)~! is best possible. This requires some
additional arithmetic information than the proof of Theorem 2.3.1 (essentially some form
of sieve), but the arithmetic ingredients remain to a large extent elementary. On the
other hand, new ingredients from probability theory are involved, especially cases of
Stein’s Method for Poisson approximation.

A second approach starts from a proof of the Erdés—Kac Theorem due to Rényi and

Turdn [100], which is the implementation of the Lévy Criterion for convergence in law.
Precisely, they prove that
(2.13) Ex(e™() = (Iog N)*'~1(@(t) + o(1))

for any ¢t € R as N — 400 (in fact, uniformly for ¢t € R — note that the function here is
2m-periodic), with a factor ®(t) given by

(2.14) B(t) = F(;t) T1(- 1)

p

eit
1 )
( +p—1

where the product over all primes is absolutely convergent. Recognizing that the term
(log N)¢“~1 is the characteristic function of a Poisson random variable Poy with parameter
loglog N, one can then obtain the Erdos-Kac Theorem by the same computation that
leads to (2.12), combined with the continuity of ® that shows that

ezt

t
Bt} e =1
Vl1oglog N (0)
as N — +4-o0.
The computation that leads to (2.13) is now interpreted as an instance of the Selberg—
Delange method (see [115, IL.5, Th. 3] for the general statement, and [115, I1.6, Th. 1]

for the special case of interest here).

It should be noted that the proof of (2.13) is quite a bit deeper than the proof
of Theorem 2.3.1, and this is at it should be, because this formula contains precise
information about the extreme values of w(n), which we saw are not relevant to the
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Erdés-Kac Theorem. Indeed, taking t = m and observing that ®(7w) = 0 (because of the
pole of the Gamma function), we obtain

1 oo o it 1
NZ;I(_” " =B ) _O<(1ogN)2>

It is well-known (as for the partial sums of the Mdbius function, mentioned in Re-
mark 2.2.2) that this implies elementarily the Prime Number Theorem

N
ZlN log N

p<N

(see again [59, §2.1]).

The link between the formula (2.13) and Poisson distribution was noticed in joint
work with Nikeghbali [77]. Among other things, we remarked that it implies easily a
bound for the Kolmogorov-Smirnov distance between n — w(n) on {2y and a Poisson
random variable Poy. Additional work with A. Barbour [5] leads to bounds in total vari-
ation distance, and to even better (but non-Poisson) approximations. Another suggestive
remark is that if we consider the independent random variables that appear in the proof
of the Erdés-Kac theorem, namely

XN:Z<BP—1),

p<N p

where (B,) is a sequence of independent Bernoulli random variables with P(B, = 1) =
1/p, then we have (by a direct computation) the following analogue of (2.13):

it

E(e™™) = (log N)*"~! (H(1 - 1) (1 + pe_ 1) + 0(1)).

p

It is natural to ask then if there is a similar meaning to the factor 1/T'(e") that also
appears in (2.14). And there is: for N > 1, define ¢y as the random variable on the
symmetric group Gy that maps a permutation o to the number of cycles in its canonical
cyclic representation (where we count fixed points as cycles of length 1, so for instance
we have /x(1) = N). Then, giving Gy the uniform probability measure, we have

(2.15) E(e") = Neit_l(r(iit) + 0(1)>,

corresponding to a Poisson distribution with parameter log N this time. This is not an
isolated property: see the survey paper of Granville [48] for many significant analogies
between (multiplicative) properties of integers and random permutations.”

REMARK 2.4.2. Observe that (2.13) would be true if we had a decomposition
w(n) = Pox(n) + Yn(n)

as random variables on {2y, where Yy is independent of Poy and converges in law to a
random variable with characteristic function ®. However, this is not in fact the case,
because ® is not a characteristic function of a probability measure! (It is unbounded on
R).

2 Some readers might also enjoy the comic-book version [49].
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EXERCISE 2.4.3. The goal of this exercise is to give a proof of the formula (2.15). We
assume basic familiarity with the notion of tensor product of vector spaces and symmetric
powers of vector spaces, and elementary representation theory of finite groups.

For N > 1, we define /N as a random variable on Gy as above.

(1) Show that the formula (2.15) follows from the exact expression

E(e) — ﬁ(l L e—t>

e A

valid for all N > 1 and all ¢ € R. [Hint: Use the formula

1 ( z 1\—=
—— =] 1+—>(1+—>
I(z+1) e k k
which is valid for all z € C (this is due to Euler).]

(2) Show that (1) is also equivalent with the formula

N

(2.16) E(m') = E(l - % + ?)

for all N > 1 and all integers m > 0.
(3) Let m > 0 be a fixed integer. Let V be an m-dimensional complex vector space.
For any N > 1, there is a homomorphism

on: Gy = GL(V® ---® V) = GL(V®Y)

(with N tensor factors) such that o € Sy is sent to the unique automorphism of the
tensor power VN which satisfies

T1® QIN > To) ® -+ ® To(n)-

for all (z1,...,zx) € VEN. (This is a representation of Gy on the vector space VEN; note
that this space has dimension m~.)

(4) Show that for any o € Gy, the trace of the automorphism oy(c) of VN is equal
to m™(@),

(5) Deduce that the formula (2.16) holds. [Hint: Use the fact that for any representa-
tion o: G — GL(E) of a finite group on a finite-dimensional C-vector space, the average
of the trace of p(g) over g € G is equal to the dimension of the space of vectors z € E
that are invariant, i.e., that satisfy o(g)(z) = x for all g € G (see, e.g. [70, Prop. 4.3.1]
for this); then identify this space to compute its dimension.]

(6) Deduce also from (2.16) that there exists a sequence (B;);>1 of independent
Bernoulli random variables such that we have an equality in law

x =B+ + By

forall N > 1, and P(B; = 1) = 1/j for all j > 1. (This decomposition is often obtained
by what is called the “Chinese Restaurant Process” in the probabilistic literature; see for
instance [2, Example 2.4].)

2.5. Final remarks

Classically, the Erdés—Wintner and the Erdés—Kac Theorem (and related topics) are
presented in a different manner, which is well illustrated in the book of Tenenbaum [ ,
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I11.1, 111.2]. This emphasizes the notion of density of sets of integers, namely quantities
like

limsupl]{l <n<N | neA}

N—+o00 N
for a given set A, or the associated liminf, or the limit when it exists. Convergence in
law is then often encapsulated in the existence of these limits for sets of the form

A={n>1] fn) <zl

the limit F(z) (which is only assumed to exist for continuity points of F) being a “distri-
bution function”, i.e., F(z) = P(X < z) for some real-valued random variable X.

Our emphasis on a more systematic probabilistic presentation has the advantage of
leading more naturally to the use of purely probabilistic techniques and insights. This will
be especially relevant when we consider random variables with values in more complicated
sets than R (as we will do in the next chapters), in which case the analogue of distribution
functions becomes awkward or simply doesn’t exist. Our point of view is also more natural
when we come to consider arithmetic random variables Yy on Qy that genuinely depend
on N, in the sense that there doesn’t exist an arithmetic function f such that Yy is the
restriction of f to Qy for all N > 1.

Among the many generalizations of the Erdés—Kac Theorem (and related results for
more general arithmetic functions), we wish to mention Billingsley’s work [8, Th. 4.1,
Example 1, p. 764] that obtains a functional version where the convergence in law is
towards Brownian motion (we refer to Billingsley’s very accessible text [7] for a first
presentation of Brownian motion, and to the book of Revuz and Yor [104] for a complete

modern treatment): for 0 < ¢ < 1, define a random variable Xy on QN with values in the
Banach space C([0, 1]) of continuous functions on [0, 1] by putting Xx(n)(0) = 0 and

S log log k 1
Xn(n) <log log N) B (loglog N)1/2 <pz|n: 1= loglog k)

p<k

for 2 < k < N, and by linear interpolation between such points. Then Billingsley proves
that Xy converges in law to Brownian motion as N — 4-o00.

Another very interesting limit theorem of Billingsley (see [6] and also [10, Th. 1.4.5])
deals with the distribution of all the prime divisors of an integer n € (ly, and establishes
convergence in law of a suitable normalization of these. Precisely, let X be the compact

topological space
X =]]lo,1.

k=1
For all integers n > 1, denote by

P12 P2 2 2 Don)

the prime divisors of n, counted with multiplicity and in non-increasing order. Moreover,
define py = 1 if & > Q(n). Define then an X-valued random variable Dy = (Dnx)r>1
where

(n) = log py,

MR logn
for n € Qy (in other words, we have p, = nP~+™). Then Billingsley proved that the
random variables Dy converge, as N — +o00, to a measure on X, which is called the
Poisson—Dirichlet distribution (with parameter 1). This measure is quite an interesting
one, and occurs also (among other places) in a similar limit theorem for random variables
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encoding the length of the cycles occurring in a random permutation, again ordered to
be non-increasing (another example of the connections between prime factorizations and
permutations which were mentioned in the previous section 2.4).

A shorter proof of this limit theorem was given by Donnelly and Grimmett [27]. Tt
is based on the remark that the Poisson—Dirichlet measure is the image under a certain
continuous map of the natural measure on X under which the components of elements
of X form a sequence of independent uniformly distributed random variables on [0, 1];
arithmetically, it turns out to depend only on the estimate

1
3 in —logN + O(1),

p<N
which is at the same level of depth as the Mertens formula (see C.3.1 (3)).

[Further references: Tenenbaum [115].]
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CHAPTER 3

The distribution of values of the Riemann zeta function, I

Probability tools Arithmetic tools

Definition of convergence in law (§ B.3) Dirichlet series (§ A.4)
Kolmogorov’s Theorem for random series Riemann zeta function (§ C.4)

(th. B.10.1)

Weyl Criterion and Kronecker’s Theorem Fundamental theorem of arithmetic

(§ B.6, th. B.6.5)
Menshov—-Rademacher Theorem (th. B.10.5) | Mean square of ((s) outside the critical line

(prop. C.4.1)
Lipschitz test functions (prop. B.4.1) Euler product (lemma C.1.4)
Support of a random series (prop. B.10.8) Strong Mertens estimate and Prime Number

Theorem (cor. C.3.4)

3.1. Introduction

The Riemann zeta function is defined first for complex numbers s such that Re(s) > 1,
by means of the series
1
((s)=> vl

n>1

It plays an important role in prime number theory, arising because of the famous Euler
product formula, which expresses ((s) as a product over primes, in this region: we have

(3.1) ((s)=[[a-p)"

p

if Re(s) > 1 (see Corollary C.1.5). By standard properties of series of holomorphic
functions (note that s+ n® = 196" is entire for any n > 1), the Riemann zeta function
is holomorphic for Re(s) > 1. It is of crucial importance however that it admits an
analytic continuation to C — {1}, with furthermore a simple pole at s = 1 with residue
1.

This analytic continuation can be performed simultaneously with the proof of the
functional equation: the function defined by

E(s) = 7*/*T(s/2)¢(s)
satisfies

§(1—s5) =¢&(s),
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and has simple poles with residue 1 at s = 0 and s = 1. Since the inverse of the
Gamma function is an entire function (Proposition A.3.2), the analytic continuation of
the Riemann zeta function follows immediately.

However, for many purposes (including the results of this chapter), it is enough to
know that ((s) has analytic continuation for Re(s) > 0, and this can be checked quickly
using the following computation, based on summation by parts (Lemma A.1.1): using the
notation (z) for the fractional part of a real number z, namely the unique real number
in [0, 1] such that z — (z) € Z for Re(s) > 1, we have

Zni - s/1+oo< 3 1>t‘5‘1dt

n>1 1<n<t

=5 /m(t — ()t tdt

+00 “+00 s “+oo
= s/ t5dt — 3/ {tyt="tdt = - s/ ({tyt="dt.
1 1 s—1 1

The rational function s — s/(s — 1) has a simple pole at s = 1 with residue 1. Also,
since 0 < (t) < 1, the integral defining the function

“+oo
s s/ )t 1dt
1

is absolutely convergent, and therefore this function is holomorphic, for Re(s) > 0. The
expression above then shows that the Riemann zeta function is meromorphic, with a
simple pole at s = 1 with residue 1, for Re(s) > 0.

Since ((s) is quite well-behaved for Re(s) > 1, and since the Gamma function is a
very well-known function, the functional equation £(1 — s) = £(s) shows that one can
understand the behavior of ((s) for s outside of the critical strip

S={seC | 0<Re(s) <1}.

The Riemann Hypothesis is a fundamental (still conjectural) statement about the Rie-
mann zeta function in the critical strip: it states that if s € S satisfies ((s) = 0, then the
real part of s must be 1/2. Because holomorphic functions (with relatively slow growth, a
property true for ¢, although this requires some argument to prove) are essentially char-
acterized by their zeros (just like polynomials are!), the proof of this conjecture would
enormously expand our understanding of the properties of the Riemann zeta function.
Although it remains open, this should motivate our interest in the distribution of values
of the zeta function. Another motivation is that it contains crucial information about
primes, which will be very visible in Chapter 5.

We first focus our attention to a vertical line Re(s) = 7, where 7 is a fixed real number
such that 7 > 1/2 (the case 7 < 1 will be the most interesting, but some statements do
not require this assumption). We consider real numbers T > 2 and define the probability
space Qp = [T, T] with the uniform probability measure dt/(2T). We then view

t = C( +1it)

as a random variable Z, 1 on Qp = [T, T]. These are arithmetically defined random
variables. Do they have some specific, interesting, asymptotic behavior?

1A more standard notation would be {z}, but this clashes with the notation used for set
constructions.
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FIGURE 3.1. The modulus of {(s+it) for s in the square [3/4—1/8,3/4+
1/8] x [~1/8,1/8], for ¢ = 0, 21000, 58000 and 75000.

The answer to this question turns out to depend on 7, as the following first result of
Bohr and Jessen reveals:

THEOREM 3.1.1 (Bohr-Jessen). Let 7 > 1/2 be a fized real number. Define Z. 1 as the
random variable t — ((T + it) on Qp. There exists a probability measure p, on C such
that Z. 1 converges in law to p. as T — +o00. Moreover, the support of ju, is compact if
T > 1, and is equal to C if 1/2 < 17 < 1.

We will describe precisely the measure p, in Section 3.2: it is a highly non-generic
probability distribution, whose definition (and hence properties) retains a significant
amount of arithmetic, in contrast with the Erdés—Kac Theorem, where the limit is a
very generic distribution.

Theorem 3.1.1 is in fact a direct consequence of a result due to Voronin [119] and
Bagchi [4], which extends it in a very surprising direction. Instead of fixing 7 €]1/2, 1|
and looking at the distribution of the single values ((7 + it) as t varies, we consider for
such 7 some radius r such that the disc

D={seC||s—7|<r}

is contained in the interior of the critical strip, and we look for ¢ € R at the functions

J D — C
(ot s = ((s+it)

which are “vertical translates” of the Riemann zeta function restricted to D. For each
T > 0, we view ¢t — (p as a random variable (say Zp ) on ([—T,T], dt/(2T)) with values
in the space H(D) of functions which are holomorphic in the interior of D and continuous
on its boundary. Bagchi’s remarkable result is a convergence in law in this space, i.e.,
a functional limit theorem: there exists a probability measure v on H(D) such that the
random variables Zp v converge in law to v as T — +o00. Computing the support of v
(which is a non-trivial task) leads to a proof of Voronin’s Universality Theorem: for any
function f € H(D) which does not vanish on D, and for any € > 0, there exists t € R
such that

¢

1C(- 4+ it) = flls <,
where the norm is the supremum norm on D. In other words, up to arbitrarily small
error, all homomorphic functions f (that do not vanish) can be seen by looking at some
vertical translate of the Riemann zeta function!

We illustrate this fact in Figure 3.1, which presents contour plots of |((s + it)| for
various values of t € R, as functions of s in the square [3/4—1/8,3/4+1/8] x [—1/8,1/8].
Voronin’s Theorem implies that, for suitable ¢, such a picture will be indistinguishable
from that associated to any holomorphic function on this square that never vanishes
there.
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We will prove the Bohr-Jessen-Bagchi theorems in the next section, and use in par-
ticular the computation of the support of Bagchi’s limiting distribution for translates of
the Riemann zeta function to prove Voronin’s universality theorem in Section 3.3.

3.2. The theorems of Bohr-Jessen and of Bagchi

We begin by stating a precise version of Bagchi’s Theorem. In the remainder of this
chapter, we denote by Qr the probability space ([T, T],dt/(2T)) for T > 1. We will
often write Er(-) and Pr(+) for the corresponding expectation and probability.

THEOREM 3.2.1 (Bagchi [4]). Let 7 be such that 1/2 < 7. If1/2 <7 <1, letr >0
be such that
D={seC||s—7|<r}C{seC| 1/2 <Re(s) <1},
and if T > 1, let D be any compact subset of {s € C | Re(s) > 1} such that 7 € D.
Consider the H(D)-valued random variables Zp v defined by
t— (s ((s+it))

on Qp. Let (X,), be a sequence of independent random variables, indexed by the primes,
which are identically distributed, with distribution uniform on the unit circle S* C C*.

Then we have convergence in law Zpt — Zp as T — 400, where Zp s the random
Euler product defined by

Zp(s) = (1 —p~X,) "

In this theorem, the space H(D) is viewed as a Banach space (hence a metric space,
so that convergence in law makes sense) with the norm

[fllee = sup [f(2)]
z€D

We can already see that Theorem 3.2.1 is (much) stronger than the convergence in
law component of Theorem 3.1.1, which we now prove assuming this result:

COROLLARY 3.2.2. Fiz 7 such that 1/2 < 7. AsT — +o0, the random variables Z, r
of Theorem 3.1.1 converge in law to the random variable Zp(7), where D is either a disc

D={seC||s—7|<r}

contained in the interior of the critical strip, if T < 1, or any compact subset of {s € C |
Re(s) = 1} such that 7 € D.

PrOOF. Fix D as in the statement. Tautologically, we have

Lir = CD,T(T)
or Z,t = e; o (p,r, where
. { HD) — C
L o= fn)
is the evaluation map. This map is continuous on H(D), so it follows by composition
(Proposition B.3.2 in Appendix B) that the convergence in law Zp 1+ — Zp of Bagchi’s

Theorem implies the convergence in law of Z, 1 to the random variable e, o Zp, which is
simply Zp (7). O

In order to prove the final part of Theorem 3.1.1, and to derive Voronin’s universality
theorem, we need to understand the support of the limit Zp in Bagchi’s Theorem. We
will prove in Section 3.3:
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THEOREM 3.2.3 (Bagchi, Voronin). Let 7 be such that 1/2 < 7 <1, and r such that
D={seC||s—7|<r}C{seC | 1/2 <Re(s) <1}.
The support of Zp contains
H(D)* ={f € HD) | f(2) #0 for all z € D}

and is equal to H(D)* U {0}.
In particular, for any function f € H(D)*, and for any € > 0, there ezists t € R such
that

(3.2) sup |((s + it) — f(s)| < e.

seD

It is then obvious that if 1/2 < 7 < 1, the support of the Bohr-Jessen random variable
Zp(7) is equal to C.

EXERCISE 3.2.4. Prove that the support of the Bohr-Jessen random variable Zp(1) is
also equal to C.

We now begin the proof of Theorem 3.2.1 by giving some intuition for the result
and in particular for the shape of the limiting distribution. Indeed, this very elementary
argument will suffice to prove Bagchi’s Theorem in the case 7 > 1. This turns out to be
similar to the intuition behind the Erdés-Kac Theorem. We begin with the Euler product

((s+it) = [Ja—p)7,

which is valid for Re(s) > 1. We can express this also (formally, we “compute the
logarithm”, see Proposition A.2.2 (2)) in the form

(3.3) C(s+it) = exp(— Z log(1 — p‘“”)).

This displays the Riemann zeta function on {21 as the exponential of a sum involving
the sequence (indexed by primes) of random variables (X, 1), such that

Xpr(t) =p~",
each taking value in the unit circle S!. To understand how the zeta function will behave

statistically on €2r, the first step is to understand the limiting behavior of this sequence.
This has a very simple answer:

PROPOSITION 3.2.5. For T > 0, let Xy = (X, 1), be the sequence of random variables
on Qr given by
te (p™")p.
Then Xt converges in law as T — 400 to a sequence X = (X,), of independent random
variables, each of which is uniformly distributed on S*.

Bagchi’s Theorem is therefore to be understood as saying that we can “pass to the
limit” in the formula (3.3) to obtain a convergence in law of ((s + it), for s € D, to

exp(= S log1 - 57%,),

viewed as a random function.
This sketch is of course incomplete in general, the foremost objection being that we
are especially interested in the zeta function outside of the region of absolute convergence,
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so the meaning of (3.3) is unclear. But we will see that nevertheless enough connections
remain to carry the argument through.

We isolate the crucial part of the proof of Proposition 3.2.5 as a lemma, since we will
also use it in the proof of Selberg’s Theorem in the next chapter (see Section 4.2).

LEMMA 3.2.6. Let r > 0 be a real numbers. We have

) 1
3.4 Er(r—)| < mi (1, —)
(3:4) [ Er(r™)] < min T|log r|

In particular, if r = ny/ny for some positive integers ny # no, then we have

(3.5) By () < min(1, @ )

where the implied constant is absolute.

PROOF OF LEMMA 3.2.6. Since |r~%| = 1, we see that the expectation is always < 1.
If  # 1, then we get
iT i)

. 11 i _ 1T  i(r
E —it - |: 7Zt:| —
() 2T Llog U 2T(logr) '
which has modulus at most |logr|~*T~!, hence the first bound holds.
Assume now that r = ny /ny with ny # ny positive integers. Assume that ny > nq > 1.
Then ny > nqy + 1, and hence

2> 1+ )| 5
og —| =2 |10 — 1 .
gng & nq nq 1Mo

If ny < ny, we exchange the role of n; and ns, and since both sides of the bound (3.5)
are symmetric in terms of n; and ns, the result follows. O

PROOF OF PROPOSITION 3.2.5. It is convenient here to view the sequences (X, 1),
and (X,), as two random variables on {2, taking value in the infinite product

S'=]]s'
p

of copies of the unit circle indexed by primes. Note that Slisa compact abelian group
(with componentwise product).
In this interpretation, the limit (or more precisely the law of (X,)) is simply the

probability Haar measure on the group St (see Section B.6). This allows us to prove
convergence in law using the well-known Weyl Criterion: the statement of the proposition
is equivalent with the property that

(3.6) lim BEr(x(X,r)) =0

T—+o00

for any non-trivial continuous unitary character y : S! — Sl An elementary property
of compact groups shows that for any such character there exists a finite non-empty
subset S of primes, and for each p € S some integer m, € Z — {0}, such that

x(z) =1]="

peES

for any z = (2,), € S! (see Example B.6.2(2)). We then have by definition

1 * —itm, 1 * —it
Br(x(Xor) = 5 | 1]p7mdt =55 [ vt
i -
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where r > ( is the rational number given by
r= H PP,
PES

Since we have r # 1 (because S is not empty and m, # 0), we obtain Ev(x(X,r)) — 0
as T — +oo from (3.4). O

As a corollary, Bagchi’s Theorem follows formally for 7 > 1 and D contained in the
set of complex numbers with real part > 1. This is once more a very simple fact which
is often not specifically discussed, but which gives an indication and a motivation for the
more difficult study in the critical strip.

SPECIAL CASE OF THEOREM 3.2.1 FOR 7 > 1. Assume that 7 > 1 and that D is a
compact subset containing 7 contained in {s € C | Re(s) > 1}. We view Xt = (X, 1)

as random variables with values in the topological space §1, as before. This is also (as a
countable product of metric spaces) a metric space. We claim that the map

S!' — H(D)
® (xp,) <s»—>—210g(1—xpp_s)>

is continuous (see Definition A.2.1 again for the definition of the logarithm here). If this
is so, then the composition principle (see Proposition B.3.2) and Proposition 3.2.5 imply
that ¢(Xt) converges in law to the H(D)-valued random variable ¢(X), where X = (X))
with the X, uniform and independent on S'. But this is exactly the statement of Bagchi’s
Theorem for D.

Now we check the claim. Fix € > 0. Let T > 0 be some parameter to be chosen later
in terms of €. For any = = (z,,) and y = (y,) in S!, we have

lo(x) = e()lloo < D I1og(1 — zp~*) — log(1 = ypp~*) [+

p<T
D og(1 = 2p~*)lloo + Y 1108 (1 = 4pp™*) [lso-
p>T p>T

Because D is compact in the half-plane Re(s) > 1, the minimum of the real part of
s € D is some real number oy > 1. Since |z,| = |y,| = 1 for all primes, and since

|log(1 — 2)| < 2J]
for |z] < 1/2 (Proposition A.2.2 (3)), it follows that
> og(1 = 2p~*)lloo + D I10g(1 = pp ")l <4 p~*° < T,
p>T p>T p>T
We fix T so that T!77° < ¢/2. Now the map
(p)per = > [1og(1 = 2,p~*) = log(1 = ypp™*)loc
p<T

is obviously continuous, and therefore uniformly continuous since the domain is a compact
set. This function has value 0 when z, = y,, for p < T, so there exists § > 0 such that

—S —S 5
> Nog(l —zyp™*) —log(1 = yp™*)| < 5

p<T
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if |z, — y,| < 0 for p < T. Therefore, provided that

max |z, — y,| < 0,

p<T
we have
le(@) = eyl < e
This proves the (uniform) continuity of . O

We now begin the proof of Bagchi’s Theorem in the critical strip. The argument fol-
lows partly his original proof [4], which is quite different from the Bohr—Jessen approach,
with some simplifications. Here are the main steps of the proof:

e We prove convergence almost surely of the random Euler product, and of its
formal Dirichlet series expansion; this also shows that they define random holo-
morphic functions;

e We prove that both the Riemann zeta function and the limiting Dirichlet series
are, in suitable mean sense, limits of smoothed partial sums of their respective
Dirichlet series;

e We then use an elementary argument to conclude using Proposition 3.2.5.

We fix from now on a sequence (X,), of independent random variables all uniformly

distributed on S'. We often view the sequence (X,) as an S!-valued random variable, as
in the proof of Proposition 3.2.5. Furthermore, for any positive integer n > 1, we define

(3.7) X, = szp(n)
pln
where v,(n) is the p-adic valuation of n. Thus (X,,) is a sequence of S'-valued random

variables.

EXERCISE 3.2.7. Prove that the sequence (X,,),>1 is neither independent nor sym-
metric.

EXERCISE 3.2.8. The following exercise provides the starting point of recent prob-
abilistic approaches to the problem of estimating the so-called pseudomoments of the
Riemann zeta function (see the thesis of M. Gerspach [46]), although it is often proved
using different approaches, such as the ergodic theorem for flows.

For any real numbers ¢ > 0 and z > 1 and any sequence of complex numbers (a,),

prove that the limit
1 [ ,
1‘ ‘E " —ut
Tirilw T/I‘ nlt

n<x
q)

We first show that the limiting random functions are indeed well-defined as H(D)-
valued random variables.

q
dt

exists, and that it is equal to

E()Zanxn

n<e

PROPOSITION 3.2.9. Let 7 €]1/2,1[ and let U, = {s € C | Re(s) > 7}.
(1) The random Euler product defined by

Z(s) =] =Xp™) 7!
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converges almost surely for any s € U.. For any compact subset K C U,, the random

function
K —C
ZK .
s = Z(s)

is an H(K)-valued random variable.
(2) The random Dirichlet series defined by

7 = Z X,n"?
n=1

converges almost surely for any s € U,. For any compact subset K C U, the random
function Zx : s — Z(s) on K is an H(K)-valued random variable.
(3) We have Zx = Zx almost surely.

PRrROOF. (1) For N > 1 and s € K we have by definition

Zlog(l —X,p¥) = Z % + Z Z

p<N p<N k=2 p<N

Since Re(s) > 1/2 for s € K, the series

X
Sy

k=2 p

X

pk
5"

pk

converges absolutely for s € U,. By Lemma A.4.1, its sum is therefore an H(K)-valued
random variable for any compact subset K of U.,.

Fix now 7 < 7 such that r > % We can apply Kolmogorov’s Theorem B.10.1 to the
independent random variables (X,p~™), since

ZV(p_”Xp) = Z ! < +00.
p P

p27'1

Thus the series

X

/4

1
pp

converges almost surely. By Lemma A .4.1 again, it follows that
X
P(s) = —
>

converges almost surely for all s € U, and is holomorphic on U,. By restriction, its sum
is an H(K)-valued random variable for any K compact in U,.
These facts show that the sequence of partial sums

Zlog(l — X,p )t
p<N

converges almost surely as N — 400 to a random holomorphic function on K. Taking
the exponential, we obtain the almost sure convergence of the random Fuler product to
a random holomorphic function Zk on K.

(2) The argument is similar, except that the sequence (X,,),>1 is not independent.
However, it is orthonormal: if n # m, we have

E(X,X,) =0, E(X,*)=1
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(indeed X,, and X,,, may be viewed as characters of §1, and they are distinct if n # m,
so that this is the orthogonality property of characters of compact groups). We can then
apply the Menshov—-Rademacher Theorem B.10.5 to (X,,) and a,, = n~™: since

1 2
3 loaf(logn? = 3 WIS < o0

n=>1 n=>1

the series > X,,n~™ converges almost surely, and Lemma A.4.1 shows that 7 converges
almost surely on U, and defines a holomorphic function there. Restricting to K leads to
Zx as H(K)-valued random variable.
Finally, to prove that Zx = Zx almost surely, we may replace K by the compact
subset
Ki={seC | n<o<A, |t <B}

with A > 2 and B chosen large enough to ensure that K C K;. The previous argument
shows that the random Euler product and Dirichlet series converge almost surely on Kj.
But K; contains the open set

V={seC| 1<Re(s)<2 [t|<B}

where the Euler product and Dirichlet series converge absolutely, so that Lemma C.1.4
proves that the random holomorphic functions Zg, and ZKl are equal when restricted
to V. By analytic continuation (and continuity), they are equal also on K, hence a
posterior:, on K. Il

We will prove Bagchi’s Theorem using the random Dirichlet series, which is easier to
handle than the Euler product. However, we will still denote it Z(s), which is justified
by the last part of the proposition.

Some additional properties of this random Dirichlet series are now needed. Most
importantly, we need to find a finite approximation that also applies to the Riemann zeta
function. This will be done using smooth partial sums.

First we need to check that Z(s) is of polynomial growth on average on vertical strips.

LEMMA 3.2.10. Let Z(s) be the random Dirichlet series Y X,n~* defined and holo-
morphic almost surely for Re(s) > 1/2. For any o1 > 1/2, we have

E(|Z(s)]) < 1+ |s]
uniformly for all s such that Re(s) = o7.

PROOF. The series
X,

not
n=1
converges almost surely. Therefore the partial sums

X
Su = —_—
not

n<u

are bounded almost surely.
By summation by parts (Lemma A.1.1), it follows that for any s with real part o > oy,
we have

+o0 Su
Z(S) = (8 — 01)[ Wdu,
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where the integral converges almost surely. Hence

+o0
2ol < 1+l [ By,

uo—o1+1 '

Fubini’s Theorem (for non-negative functions) and the Cauchy—-Schwarz inequality
then imply

too du

E([Z(s)]) < (1+]s]) 1 E(Sul)—=m

too du
<@l [ IS
1

oo 1 \Y2 du
—asl) [ (C ) e

n<u

1
using the orthonormality of the variables X,,. The integrand is < u 2~ 7, hence the
integral converges uniformly for o > 0. U

We can then deduce a good result on average approximation by partial sums. We
refer to Section A.3 for the definition and properties of the Mellin transform.

PROPOSITION 3.2.11. Let ¢ : [0,4+00[— [0,1] be a smooth function with compact
support such that p(0) = 1. Let $ denote its Mellin transform. For N > 1, define the

H(D)-valued random variable
n —s
ZD,N = ;XTL@(N>TL .

There exists 6 > 0 such that
E(||Zp — Zpllee) < N7°
for N > 1.
We recall that the norm || - || refers to the sup norm on the compact set D.

PRrROOF. The first step is to apply the smoothing process of Proposition A.4.3 in
Appendix A. The random Dirichlet series

Z(s) = Z X,n~*
n=1

converges almost surely for Re(s) > 1/2. For ¢ > 1/2 and any § > 0 such that

—0+0>1/2,
we have therefore almost surely the representation
1 ~
(3.8) Zp(s) —Zpn(s) = —=— Z(s +w)p(w)NYdw
um (—8)

for s € D. (Figure 3.2 may help understand the location of the regions involved in the
proof.)

Note that here and below, it is important that the “almost surely” property holds for
all s; this is simply because we work with random variables taking values in H(D), and
not with particular evaluations of these random functions at a specific s € D.

We need to control the supremum norm on D, since this is the norm on the space
H(D). For this purpose, we use Cauchy’s integral formula.
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F1GURE 3.2. Regions and contours in the proof of Proposition 3.2.11.

Let S be a compact segment in |1/2,1[ such that the fixed rectangle R = S x
[—1/2,1/2] C C contains D in its interior. Then, almost surely, for any v in D, Cauchy’s

theorem gives
Zo(0) = Zox(v) = 51 [ (Zn() = Zox(9) ;™
p(v) pN(v) = 2 8R( DS D,N(S s — 0
where the boundary of R is oriented counterclockwise. The definition of R ensures that
|s —v|7' > 1 for v € D and s € 9R, so that the random variable ||Zp — Zp x|| satisfies

170 — Zoxle < / Zi(s) — Zoxe(s)] |ds].
OR

Using (3.8) and writing w = —6 + iu with u € R, we obtain

1Zn — Zp e < N-é/ / Z(—0 + 0 +i(t +u)| |B(—8 + iw)||ds]|du.
OR JR

Therefore, taking the expectation, and using Fubini’s Theorem (for non-negative func-
tions), we get

E(||Zp — Zpx|leo) < N7 /BR/RE(|Z(—5 +o+i(t+u))|) |P(—0 + iuw)||ds|du

<N sup /E(]Z(—(5+o+i(t+u))\) 1B(=6 + )| du.
R

s=o+iteR
We therefore need to bound

/ E(|Z(=6 + o +i(t + w)]) |B(=5 + iu)|du.
R
for some fixed o + it in the compact rectangle R. We take
1

0= §(minS —1/2)

which is > 0 since S is compact in |1/2, 1], so that
—0+0>1/2, 0<éd<1.

Since @ decays faster than any polynomial at infinity in vertical strips, and

E(|Z(s)]) <1+ |s]
uniformly for s € R by Lemma 3.2.10, we have

/R E(|Z(=6 + 0 + i(t +w))]) |3(=0 + iw)|du < 1
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uniformly for s = o + it € R, and the result follows. O

The last preliminary result is a similar approximation result for the translates of the
Riemann zeta function by smooth partial sums of its Dirichlet series.

PROPOSITION 3.2.12. Let ¢ : [0,+o0o[—> [0,1] be a smooth function with compact
support such that (0) = 1. Let @ denote its Mellin transform. For N > 1, define

On(s) =) @(%)n_s7

and define® Zxr to be the H(D)-valued random variable t — (s + (x(s + it)).
There exists 6 > 0 such that

Er(|Zpr — Znrllec) < N0+ NT
forN>1and T > 1

Note that (y is an entire function, since ¢ has compact support, so that the range
of the sum is in fact finite. The meaning of the statement is that the smoothed partial
sums (y give very uniform and strong approximations to the vertical translates of the
Riemann zeta function.

ProoF. We will write Zt for Zp r for simplicity. We begin by applying the smoothing
process of Proposition A.4.3 in Appendix A in the case a, = 1. For ¢ > 1/2 and any
d > 0 such that —6 + o > 1/2, we have (as in the previous proof) the representation

(3.9) C(s) — —5 / C(s +w)P(w)NYdw — N'*5(1 — s)

where the second term on the right-hand side comes from the fact that the Riemann zeta
function has a pole at s = 1 with residue 1.

As before, let S be a compact segment in ]1/2, 1] such that the fixed rectangle R =
S x [-1/2,1/2] C C contains D in its interior. Then for any v with Re(v) > 1/2 and
t € R, Cauchy’s theorem gives

Clo+it) = Glo+ i) = 7 [ (Gl +it) = Guls +it) =,

S —v

where the boundary of R is oriented counterclockwise; using |s —v|™! > 1 for v € D and
s € OR, we deduce that the random variable ||Z1 — Zy 1|/, Which takes the value

sup |((s + it) — (n(s + it)|
seD
at t € Qr, satisfies

120 — Zarloe < / 1C(s + it) — G (s + it)]|ds]
OR

for t € Qp. Taking the expectation with respect to ¢ (i.e., integrating over ¢ € [—T,T])
and applying Fubini’s Theorem for non-negative functions leads to

B (120~ Zuale) < | Ba(C(s-+it) — Guls + i) lds
OR

(3.10) < S%%ET(K(S—{-iﬂ — (n(s +1t)]).

2 There should be no confusion with Zp,T.
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We take again 6 = 3(minS —1/2) > 0, so that 0 < § < 1. For any fixed s = o + it € IR,

we have . .
) >—40>-.
+0/2+ 5

Applying (3.9) and using again Fubini’s Theorem, we obtain

B (|C(s +it) — Cx(s + it)) <<N_‘S/R|{5(—5+iu)|ET(|§(a—6+i(t+u))|)du
N B (51— s — ).

The rapid decay of @ on vertical strips shows that the second term (arising from the
pole) is < NT~!. In the first term, since 0 — ¢ > min(S) — é§ > 1 + 6, we have

(3.11) Er(|¢lc—d+i(t+uw))|) = %/T IC(c =0+ i(t+u))|dt <1+ %u' < 1+ |ul

by Proposition C.4.1 in Appendix C. Hence
(3.12) Er([¢(s+it) — (n(s +it)]) < N7° / |P(—6 + )| (1 + |u|)du + NTL,
R

Now the fast decay of $(s) on the vertical line Re(s) = —¢ shows that the last integral is
bounded, and we conclude from (3.10) that

ET(HZT — ZN,THQQ) < NP4 NT !,

as claimed.

Finally we can prove Theorem 3.2.1:

PrOOF OF BaGcHI’'S THEOREM. By Proposition B.4.1, it is enough to prove that
for any bounded and Lipschitz function f : H(D) — C, we have

Er(f(Zpr)) — E(f(Zp))

as T — +oo. We may use the Dirichlet series expansion of Zp according to Proposi-
tion 3.2.9, (2).

Since D is fixed, we omit it from the notation for simplicity, denoting Zt = Zp 1 and
7. = 7p. Fix some integer N > 1 to be chosen later. We denote

G (M
Zin =2 ()
n=>1
(viewed as random variable defined for ¢t € [T, T]) and
e (N
ZN = ; Xnn QD(N)

the smoothed partial sums of the Dirichlet series as in Propositions 3.2.12 and 3.2.11.
We then write

|Ex(f(Z7)) — E(f(2)| < |Ex(f(Z7) — f(ZrN))[+

| Ex(f(Zrn)) = E((Z)| + |E(f(Zn) = F(Z))].
Since f is a Lipschitz function on H(D), there exists a constant C > 0 such that
)

[f(z) = f(y)] < Cllz = ylloo
51



for all z, y € H(D). Hence we have

|Ex(f(Zr)) — E(f(2))] < CEx([|Zr — ZrN|lo0)+
| E1(f(Zrx)) — E(f(Zx))] + CE([|Zx — Z||)-

Fix € > 0. Propositions 3.2.12 and 3.2.11 together show that there exists some N > 1
and some constant C; > 0 such that

C{N
Er([|Z1 — Z1xl00) -

T

forall T > 1 and

E(|Zx — 7l < =
We fix such a value of N. By Proposition 3.2.5 and composition, the random variables
Z7 x (which are Dirichlet polynomials) converge in law to Zy as T — 4o00. Since N/T — 0
also for T — +o00, we deduce that for all T large enough, we have

| Ex(f(Z1)) = E(f(Z))] < 4e.

This finishes the proof. O
EXERCISE 3.2.13. Prove that if o > 1/2 is fixed, then we have almost surely
17 2
TEI-POO 5T /. |Z(o +it)|"dt = ((20).

[Hint: Use the Birkhoff-Khintchine pointwise ergodic theorem for flows, see e.g. [30,
§8.6.1].]

Before we continue towards the computation of the support of Bagchi’s measure,
and hence the proof of Voronin’s Theorem, we can use the current available information
to obtain bounds on the probability that the Riemann zeta function is “large” on the
subset D. More precisely, it is natural to discuss the probability that the logarithm of the
modulus of translates of the zeta function is large, since this will also detect how close it
might approach zero.

PROPOSITION 3.2.14. Let oy be the infimum of the real part of s for s € D. There
exists a positive constant ¢ > 0, depending on D, such that for any A > 0, we have

lim sup Pt (|| log |Zp 1| [l > A) < cexp(—c —LAL/(=00) (]gg A)1/(2(1—00))),
T—+4o00

Proor. Convergence in law implies that
lim sup Pr([|log [Zp 1] [ > A) < Pr(|[log|Zp|[lec > A)

T—4o00

and <
log|Zo| = 3 Re(p—j) +0(1)
p

where the implied constant depends on D. In addition, we have
X
P re(G)] > 4) < P[22 = )
(x (23

Since oy > % and the random variables (X,) are independent and bounded by 1, we
can therefore estimate the right-hand side of this last inequality using the variant of
Proposition B.11.13 discussed in Remark B.11.14 (2) for the Banach space H(D), and
hence conclude the proof. U
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REMARK 3.2.15. It is also possible to obtain lower bounds for these probabilities, by
evaluating at a fixed element of D (see Theorem 6.3.1 for a similar argument, although
the shape of the lower bound is different).

3.3. The support of Bagchi’s measure

Our goal in this section is to explain the proof of Theorem 3.2.3, which is due to
Bagchi [4, Ch. 5]. Since it involves results of complex analysis that are quite far from the
main interest of this book, we will only treat in detail the part of the proof that involves
arithmetic, giving references for the other results that are used.

The support is easiest to compute using the random Euler interpretation of the random
Dirichet series, because it is essentially a sum of independent random variables. To be

precise, define
X
- Z p_f’ Z Z k:s
p

(see the proof of Proposition 3.2.9). The series converge almost surely for Re(s) > 1/2.
We claim that the support of the distribution of P, when viewed as an H(D)-valued
random variable, is equal to H(D). Let us first assume this.

Since 7Z = exp(ls), we deduce by composition (see Lemma B.2.1) that the support of
Z is the closure of the set of functions of the form e?, where g € H(D). But this last set
is precisely H(D)*, and Lemma A.5.5 in Appendix A shows that its closure in H(D) is

H(D)* u{0}.
Finally, to prove the approximation property (3.2), which is the original version of
Voronin’s Universality Theorem, we simply apply Lemma B.3.3 to the family of random

variables Zr, which gives the much stronger statement that for any € > 0, we have

liminf A({t € [=T,T] | sup|{(s +it) — f(s)] <e}) >0,
T—+o0 seD

where A denotes Lebesgue measure.

From Proposition B.10.8 in Appendix B, the following proposition will imply that the
support of the random Dirichlet series P is H(D). The statement is slightly more general
to help with the last step afterwards.

PROPOSITION 3.3.1. Let T be such that 1/2 < 17 < 1. Let r > 0 be such that
D={seC||s—7|<r}C{seC| 1/2 <Re(s) <1}.
Let N be an arbitrary positive real number. The set of all series
Z 2 with  (z,) € ST,
pon P

which converge in H(D) is dense in H(D).

We will deduce the proposition from the density criterion of Theorem A.5.1 in Ap-
pendix A, applied to the space H(D) and the sequence (f,) with f,(s) = p~*® for p prime.
Since || fplloc = p~ 7", where oy = 7 —r > 1/2, the condition

Yl < 4o
p

holds. Furthermore, Proposition 3.2.9 certainly shows that there exist some (x,) € €St
such that the series Zp z, f, converges in H(D). Hence the conclusion of Theorem A.5.1
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is what we seek, and we only need to check the following lemma to establish the last
hypothesis required to apply it:

LEMMA 3.3.2. Let u € C(D) be a continuous linear functional. Let

9(2) = (s > )

be its Laplace transform. If

(3.13) > " lg(log p)| < +oo,

p

then we have g = 0.

Indeed, the point is that u(f,) = u(s — p~*) = g(log p), so that the assumption (3.13)
concerning ¢ is precisely (A.3).

This is a statement that has some arithmetic content, as we will see, and indeed the
proof involves the Prime Number Theorem.

PROOF. Let
o = lim sup 28190
r——+o00 r

which is finite by Lemma A.5.2 (1). By Lemma A.5.2 (3), it suffices to prove that o < 1/2
to conclude that g = 0. To do this, we will use Theorem A.5.3, that provides access to
the value of p by “sampling” g along certain sequences of real numbers tending to infinity.

The idea is that (3.13) implies that |g(logp)| cannot be often of size at least 1/p =
e~ 187 since the series > p~! diverges. Since the sequence log p increase slowly, this makes
it possible to find real numbers r;, — 400 growing linearly and such that |g(ry)| < e ",
and from this and Theorem A.5.3 we will get a contradiction.

To be precise, we first note that for y € R, we have

9y < Nl lls = €*lloe < [lpalle™
(since the maximum of the absolute value of the imaginary part of s € D is r), and
therefore

| .
lim sup M <r

yeR |y|
ly|—+o0

We put o = r < 1/4. Then the first condition of Theorem A.5.3 holds for the function
g. We also take f =1 so that af < 7.

For any k > 0, let I, be the set of primes p such that e¥ < p < e**'. By the Mertens
Formula (C.4), or the Prime Number Theorem, we have

1 1
25T

pEly p

as k — +o0o. Let further A be the set of those £ > 0 for which the inequality
1

g(logp)| =
|g(log p)| "
holds for all primes p € I, and let B be its complement among the non-negative integers.

We then note that
Z% < ZZ% <) gllogp)| < +oc.

keA keA pely keA pely
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This shows that B is infinite. For k& € B, let p, be a prime in I, such that |g(log p)| < p,.*.
Let 7, = log pr. We then have

1
lim sup 2819
k—+o0 Tk
Since py € I, we have
ry = logpr ~ k.

Furthermore, if we order B in increasing order, the fact that
S <o
k
k¢B

implies that the k-th element n, of B satisfies n; ~ k.
Now we consider the sequence formed from the 7o, arranged in increasing order. We
have ro /k — 2 from the above. Moreover, since ry € I, we have

Tokt2 — Togp 2 1,
by construction, hence |ro, — 79| > |k — [|. Since [g(rox)| < e+ for all k € B, we can
apply Theorem A.5.3 to this increasing sequence and we get

o log |9(rar)|
0 = limsup ——————+
k—+o0 T2k
as desired. O

<-1<1/2,

There remains a last lemma to prove, that allows us to go from the support of the
series P(s) of independent random variables to that of the full series P(s).

LEMMA 3.3.3. The support of P(s) is H(D).

PROOF. We can write
P

— Z log(1 — X,p~*)
P

where the random variables (log(1 — X,p~*)), are independent, and the series converges
almost surely in H(D). Therefore it is enough by Proposition B.10.8 to prove that the
set of convergent series

~Slog(l — @), (x,) €S
p

is dense in H(D).
Fix f € H(D) and £ > 0 be fixed. For N > 1 and any (z,) € S', let

NOEDIp e

p>N k>2

This series converges absolutely for any s such that Re(s) > 1/2 and (x,) € S!, and we

have .
||hN||oo < ZZW — 0

p>N k>2
as N — 400, uniformly with respect to (z,) € S!. Fix N such that |hx]loo < § for any
(z,) € S.
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Now let 2, = 1 for p < N and define f; € H(D) by
fo(s) = f(s) + Y log(1 — z,p™*).

p<N

For any choice of (z,),~x such that the series
Tp
S

o P

defines an element of H(D), we can then write

Fs) + D log(1 = a,p™") = gn(s) + fo(s) + ha(s)
P
for s € D, where
x
gn(s) = —i
p>N p
By Proposition 3.3.1, there exists (z,),>n such that the series gn converges in H(D)
and ||gn + folle < 5. We then have

)f + > log(1 —z,p )

<E.

o0

g

EXERCISE 3.3.4. This exercise uses Voronin’s Theorem to deduce that the Riemann
zeta function is not the solution to any algebraic differential equation.
(1) For (ag,--.,a,) € C™ such that ay # 0, prove that there exists (by,...,bn) €

C™*+! such that we have
m

exp (kin: bksk> = Z %sk +0O(s™)
-0

for s € C.

Now fix a real number o with % < 0 < 1 and let g be a holomorphic function on C
which does not vanish.

(2) For any € > 0, prove that there exists a real number ¢ and r > 0 such that

k

, r
sup [((s + o +it) — g(s)| < e
|s|<r .

(3) Let m > 1 be an integer. Prove that there exists t € R such that for all integers
k with 0 < k <n — 1, we have

(" (o +it) — g™ (0)] <e.
(4) Let n > 1 be an integer. Prove that the image in C™ of the map
R— C"
te (C(o+it),...,C" V(o +it))

is dense in C".
(5) Using (4), prove that if n > 1 and N > 1 are integers, and Fy, ..., Fy are
continuous functions C" — C, not all identically zero, then the function

> S FR(C($), ¢ (8), - (I (s))
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is not identically zero. In particular, the Riemann zeta function satisfies no algebraic
differential equation.

3.4. Generalizations

If we look back at the proof of Bagchi’s Theorem, and at the proof of Voronin’s
Theorem, we can see precisely which arithmetic ingredients appeared. They are the
following;:

e The crucial link between the arithmetic objects and the probabilistic model is
provided by Proposition 3.2.5, which depends on the unique factorization of
integers into primes; this is an illustration of the asymptotic independence of
prime numbers, similarly to Proposition 1.3.7;

e The proof of Bagchi’s theorem then relies on the mean-value property (3.11) of
the Riemann zeta function; this estimate has arithmetic meaning;

e The Prime Number Theorem, which appears in the proof of Voronin’s Theorem,
in order to control the distribution of primes in (roughly) dyadic intervals.

Note that some arithmetic features remain in the Random Dirichlet Series that arises
as the limit in Bagchi’s Theorem, in contrast with the Erdos-Kac Theorem, where the
limit is the universal gaussian distribution. This means, in particular, that going beyond
Bagchi’s Theorem to applications (as in Voronin’s Theorem) still naturally involves arith-
metic problems, many of which are very interesting in their interaction with probability
theory (see below for a few references).

From this analysis, it shouldn’t be very surprising that Bagchi’s Theorem can be
generalized to many other situations. The most interesting concerns perhaps the limiting
behavior, in H(D), of families of L-functions of the type

L(f.s) = 3 Asln)n ™
n>1

where f runs over some sequence of arithmetic objects with associated L-functions, or-
dered in a sequence of probability spaces (which need not be continuous like Q1). We
refer to [59, Ch. 5] for a survey and discussion of L-functions, and to [69] for a discus-
sion of families of L-functions. There are some rather elementary special cases, such as
the vertical translates L(x, s + it) of a fixed Dirichlet L-function L(y, s), since almost
all properties of the Riemann zeta function extend quite easily to this case. Another
interesting case is the finite set 2, of non-trivial Dirichlet characters modulo a prime
number ¢, with the uniform probability measure. Then one can look at the distribution
of the restrictions to D of the Dirichlet L-functions L(s, x) for x € Q,, and indeed one
can check that Bagchi’s Theorem extends to this situation.

A second example, which is treated in [72] is, still for a prime ¢ > 2, the set €,
of holomorphic cuspidal modular forms of weight 2 and level ¢, either with the uniform
probability measure, or with that provided by the Petersson formula ([69, 31, ex. 8§]).
An analogue of Bagchi’s Theorem holds, but the limiting random Dirichlet series is not
the same as in Theorem 3.2.1: with the Petersson average, it is

(3.14) [T =X +p2)7
p

where (X,) is a sequence of independent random variables, which are all distributed
according to the Sato—Tate measure (the same that appears in Example B.6.1 (3)). This
different limit is simply due to the form that “local spectral equidistribution” (in the sense
of [69]) takes for this family (see [69, 38]). Indeed, the local spectral equidistribution
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property plays the role of Proposition 3.2.5. The analogue of (3.11) follows from a stronger
mean-square formula, using the Cauchy—Schwarz inequality: there exists a constant A > 0
such that, for any oo > 1/2 and all s € C with Re(s) > gy, we have

(3.15) > wilL(f,8) P < (1+[s])A
€y
for ¢ > 2, where wy is the Petersson-averaging weight (see [76, Prop. 5], which proves an

even more difficult result where Re(s) can be as small as £ + c(log ¢)™!).

However, extending Bagchi’s Theorem to many other families of L-functions (e.g.,
vertical translates of an L-function of higher rank) requires restrictions, in the current
state of knowledge. The reason is that the analogue of the mean-value estimates (3.11)
or (3.15) is usually only known when Re(s) > oy > 1/2, for some oy such that oy < 1.
Then the only domains D for which one can prove a version of Bagchi’s Theorem are
those contained in Re(s) > oy.

[Further references: Titchmarsh [117], especially Chapter 11, discusses the older
work of Bohr and Jessen, which has some interesting geometric aspects that are not
apparent in modern treatments. Bagchi’s Thesis [4] contains some generalizations as well
as more information concerning the limit theorem and Voronin’s Theorem..]
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CHAPTER 4

The distribution of values of the Riemann zeta function, 1I

Probability tools Arithmetic tools

Definition of convergence in law (§ B.3) Riemann zeta function (§ C.4)

Kronecker’s Theorem (th. B.6.5) Mébius function (def. C.1.3)

Central Limit Theorem (th. B.7.2) Mean-square of ((s) on the critical line
(prop. C.4.1)

Gaussian random variable (§ B.7) Multiplicative functions (§ C.1)

Lipschitz test functions (prop. B.4.1) Euler products (lemma C.1.4)

Method of moments (th. B.5.5)

4.1. Introduction

In this chapter, as indicated previously, we will continue working with the values of
the Riemann zeta function, but on the critical line s = % + it, where the issues are much
deeper.

Indeed, the analogue of Theorem 3.1.1 fails for 7 = 1/2, which shows that the Riemann
zeta function is significantly more complicated on the critical line. However, there is a
limit theorem after normalization, due to Selberg, for the logarithm of the Riemann zeta
function. To state it, we specify carefully the meaning of log( (% + it). We define a
random variable Lt on Qr by putting L(¢) = 0 if ((1/2 + it) = 0, and otherwise

Ln(t) = log ¢(} + ),
where the logarithm of zeta is the unique branch that is holomorphic on a narrow strip
{s=0+iyeC|o>35—-0, |y—tl<d}
for some § > 0, and satisfies log (o + it) — 0 as 0 — +00.

THEOREM 4.1.1 (Selberg). With notation as above, the random variables
Lt

@/%loglogT

on Q1 converge in law as T — 400 to a standard complex gaussian random variable.

We will in fact only prove “half” of this theorem: we consider only the real part
of log(( + it), or in other words, we consider log|(( + it)]. So we (re)define the
arithmetic random variables Lt on Qp by Lp(¢) = 0 if (5 + it) = 0, and otherwise
Lr(t) = log|¢(5 + it)|. Note that dealing with the modulus means in particular that we
need not worry about the choice of the branch of the logarithm of complex numbers. We
will prove:
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THEOREM 4.1.2 (Selberg). The random variables
Lt

,/%loglogT

converge in law as T — 400 to a standard real gaussian random variable.

4.2. Strategy of the proof of Selberg’s theorem

We present the recent proof of Theorem 4.1.2 due to Radziwilt and Soundararajan [95].
In comparison with Bagchi’s Theorem, the strategy has the common feature of the use of
suitable approximations to (, and the probabilistic limiting behavior will ultimately derive
from the independence and distribution of the vector ¢ — (p~*), (as in Proposition 3.2.5).
However, one has to be much more careful than in the previous section.

Precisely, the approximation used by Radziwilt and Soundararajan involves three
steps:

e Step 1: An approximation of Lt by the random variable ET given by t —
log |( (oo + it)| for oy sufficiently close to 1/2 (where oy depends on T);

e Step 2: For the random variable Zt given by ¢t — ((oo+it), so that log |Zr| = Lr,
an approximation of the inverse 1/Zr by a short Dirichlet polynomial Dt of the
type

Dr(s) = > ar(n)u(n)n™*
n=1
where ar(n) is zero for n large enough (again, depending on T); here p(n)
denotes the Mébius function (see Definition C.1.3), and we recall once more that

it satisfies .

> () = )

n=1
if Re(s) > 1 (see Corollary C.1.5). At this point, we get an approximation of Lt
by —log |Drl;
e Step 3: An approximation of |Dr| by what is essentially a short Euler product,
namely by exp(— Re(Pr)), where

1 1
(4.1) Pr(t) = Z ks pklooit

pF<X
for suitable X (again depending on T). In this definition, and in all formulas in-
volving such sums below, the condition p* < X is implicitly restricted to integers
k > 1. At this point, Lt is approximated by Re(Pr).
Finally, the last probabilistic step is to prove that the random variables

Re(PT)

/1
3 loglog T

converge in law to a standard gaussian random variable as T — 4-o00.

None of these steps (except the last) is easy, in comparison with the results discussed
up to now, and the specific approximations that are used (namely, the choices of the
coefficients ar(n) as well as of the length parameter X) are quite subtle and by no means
obvious (they can be seen to be related to sieve methods). Even the nature of the
approximation will not be the same in the three steps!
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In order to simplify the reading of the proof, we first specify the relevant parameters.
We assume from now on that T > e¢”. We denote by

or = \/%loglogT > 1,

the normalizing factor in the theorem. We then define

1 W 1 (log or)*
4.2 W = (loglog log T)* = (1 4 - _ (_>
(4.2) (logloglog T)* < (log o1)*, o9 2 g T 5 +0 oo T

(4.3) X — T/ (ogloglog T)* _ 1/VW

Note that we omit the dependency on T in most of these notation. We will also require
a further parameter

(4.4) Y = T/(oglogT)* _ /0" < X

We begin by stating the precise approximation statements. All parameters are now
fixed as above for the remainder of this chapter. After stating the precise form of each
steps of the proof, we will show how they combine to imply Theorem 4.1.2, and finally
we will establish these intermediate results.

PROPOSITION 4.2.1 (Moving outside of the critical line). We have

Ex(|Lr — Lxf) = olor)
as T — +o0.

We now define properly the Dirichlet polynomials that appear in the second step of
the approximation. It is here that the arithmetic subtlety lies, since the definition is quite
delicate. We define first

(4.5) my = 100loglog T =< ot my = 1001og loglog T =< log or-.

We denote by br(n) the characteristic function of the set of squarefree integers n > 1
such that all prime factors of n are <Y, and n has at most m; prime factors. We denote
by cr(n) the characteristic function of the set of squarefree integers n > 1 such that all
prime factors p of n satisfy Y < p < X, and n has at most my prime factors. We associate
to these the Dirichlet polynomials

B(s) = p(n)br(n)n=,  C(s) =Y pu(n)er(n)n
n>1 n=1
for s € C. Finally, define D(s) = B(s)C(s). The coefficient of n™* in the expansion of
D(s) is the Dirichlet convolution

S br(der@p(dute) = 3 br(d)er(e)u(d)ule)

de=n de=n
(d,e)=1

=pu(n) Y br(d)er(e) = p(n)ar(n),
(ot

say, by Proposition A.4.4, where we used the fact that d and e are coprime if br(d)cr(e)
is non-zero since the set of primes dividing an integer in the support of br is disjoint
from the set of primes dividing an integer in the support of cr. It follows then from this
formula that ar(n) is the characteristic function of the set of squarefree integers n > 1
such that

(1) All prime factors of n are < X;
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(2) There are at most my prime factors p of n such that p <Y;
(3) There are at most my prime factors p of n such that Y < p < X.

It is immediate, but very important, that ap(n) = 0 unless n is quite small, namely

n < YIOO loglogTXIOOIOgloglogT — T¢

where
100 100

‘= loglog T + log log log T
Finally, we define the arithmetic random variable

REMARK 4.2.2. Although the definition of D(s) may seem complicated, we will see
its different components coming together in the proofs of this proposition and the next.

If we consider the support of ar(n), we note that (by the Erdés—Kac Theorem,,
restricted to squarefree integers as in Exercise 2.3.4) the typical number of prime factors
of an integer n < Y™ is about loglog Y™ ~ loglog T. Therefore the integers satisfying
br(n) = 1 are quite typical, and only extreme outliers (in terms of the number of prime
factors) are excluded. On the other hand, the integers satisfying cr(n) = 1 have much
fewer prime factors than is typical, and are therefore quite rare (they are, in a weak
sense, “almost prime”). This indicates that ar is a subtle arithmetic truncation of the
characteristic function of integers n < T¢, and hence that

S ax(n)p(n)n

n>1

—0 asT — +oo.

is an arithmetic truncation of the Dirichlet series that formally gives the inverse of ((s).
This should be contrasted with the more traditional analytic truncations of ((s) that
were used in Lemma 3.2.10 and Proposition 3.2.11. For comparison, it is useful to note
that Selberg himself used in many applications certain truncations that are roughly of
the shape

w(n) (1 logn>
ns log X/

n<X

PROPOSITION 4.2.3 (Dirichlet polynomial approximation). The difference ZtDt con-
verges to 1 in L2, i.e., we have

lim ET(|1 - ZTDT|2> = 0.
T—+o00

PROPOSITION 4.2.4 (Euler product approximation). The random variables Dt exp(—Pr)
converge to 1 in probability, i.e., for any € > 0, we have

lim PT(|DT exp(Pr) — 1| > a) —0.
T—400
In particular, Pr(Dt = 0) tends to 0 as T — 4o00.

Despite our probabilistic presentation, the three previous statement are really theo-
rems of number theory, and would usually be stated without probabilistic notation. For
instance, Proposition 4.2.1 means that

T
%/T |log [C(1/2 +it)| — log |C(o¢ + it)||dt = o(+/loglog T).

The last result finally introduces the probabilistic behavior,

62



PROPOSITION 4.2.5 (Gaussian Euler products). The random variables lePT converge
m law as T — 400 to a standard complex gaussian random variable. In particular, the

random variables
Re ( PT)

@/%loglogT

converge in law to a standard gaussian random variable.
We will now explain how to combine these ingredients for the final step of the proof.

PrROOF OF THEOREM 4.1.2. Until Proposition 4.2.5 is used, this is essentially a vari-
ant of the fact that convergence in probability implies convergence in law, and that con-
vergence in L' or L? implies convergence in probability.

For the details, fix some standard gaussian random variable N. Let f be a bounded
Lipschitz function R — R, and let C > 0 be a real number such that

[f(@) = fy)l < Clz —yl,  [f(@)] <C, for z, y € R

We consider the difference L
Be(f(5r)) ~BUOD)

and must show that this tends to 0 as T — +o0.
We estimate this quantity using the “chain” of approximations introduced above: we
have

w2 for(5(22)) o)

e (1 (55) 1 G0 e (s () - (252 )+
me(r () s (5 # e () - meo

or or
and we discuss each of the four terms on the right-hand side using the four previous
propositions (here and below, we define |Dt|™! to be 0 if Dt = 0).
The first term is handled straightforwardly using Proposition 4.2.1: we have

ET((f(;—z) - f(E—TN) < QQET(|LT L)) — 0

or T

Y

Y

as T — +o0.
For the second term, let At C Q1 be the event

{Dr =0} U {|Ly — log |Dp|™| > 1/2},
and Al its complement. Since log |Zt| = L, we then have

el (51) -5 (E) ) < 20matan)

Proposition 4.2.3 implies that Pp(Ar) — 0 (convergence to 1 of ZpDy in L? implies
convergence to 1 in probability, hence convergence to 0 in probability for the logarithm
of the modulus) and therefore

o [ () - (22 ) o
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We now come to the third term on the right-hand side of (4.7). Distinguishing ac-
cording to the events

Br = {|log |Dy exp(Pr)|| > 1/2}
and its complement, we get as before
log\DT| 1) <Re PT)D C
— ) = f— < 2CPr(Bt) + —,
(|17, A= B

and this also tends to 0 as T — +o0o by Proposition 4.2.4.
Finally, Proposition 4.2.5 implies that

)ET(f(R‘;fT)) ~B(f(N)] = 0

as T — 400, and hence we conclude the proof of the theorem, assuming the approxima-
tion statements. U

We now explain the proofs of these four propositions. We begin with the easiest part,
which also happens to be where the transition to the pure probabilistic behavior hap-
pens. A key tool is the quantitative form of Proposition 3.2.5 contained in Lemma 3.2.6.
More precisely, as in Section 3.2, let X = (X,), be a sequence of independent random
variables uniformly distributed on S!. We define X,, for n > 1 by multiplicativity as in
formula (3.7).

LEMMA 4.2.6. Let (a(n)),>1 be any sequence of complex numbers with bounded sup-
port. For any T > 2 and o > 0, we have

e () - S ro(p X M

n>1 n>1 m,n=1 )

l\')l»—A
v

m#1
X, 12 la(m
=n(| ) roly X 1)
; ne m;;zll ) %

where the implied constant is absolute.

Proor. We have
a(n) |2 a(m)a(n) n i
B (|3 o] ) - E X = () )
We now apply Lemma 3.2.6 and separate the “diagonal” contribution where m = n from

the remainder. This leads to the first formula in the lemma, and the second then reflects
the orthonormality of the sequence (X,,);>1- d

When applying this lemma, we call the first term the “diagonal” contribution, and
the second the “off-diagonal” one.

PROOF OF PROPOSITION 4.2.5. We have Pt = Qr + Ry, where Qr is the contribu-
tion of the primes, and Rt the contribution of squares and higher powers of primes. We
first claim that Ry is uniformly bounded in L? for all T. Indeed, using Lemma 4.2.6, we
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get

ET(|RT| ET(‘Z Z —kao —kit

)

k>2p<X1/k

L oo 1 1 oyt X?log X
=N —p e O(— — 70 2) 1+ 2202 <1
S o Y% et «r XX
pF<X k22 pkgl<X
k>2 PF#q

since X < T¢ for any € > 0.

From this, it follows that it is enough to show that Qr/or converges in law to a
standard complex gaussian random variable N. For this purpose, we use moments, i.e.,
we compute

Er(Q}Q%)
for integers k, £ > 0, and we compare with the corresponding moment of the random
variable
Qr = ZP_UOXP‘
p<X

After applying Lemma 3.2.6 again (as in the proof of Lemma 4.2.6), we find that
— — 1 .
Er(Q5Q%) = B(QEQL) + O D (mn) 7+172)

m*n
where the sum in the error term runs over integers m (resp. n) with at most k prime
factors, counted with multiplicity, all of which are < X (resp. at most ¢ prime factors,
counted with multiplicity, all of which are < X). Hence this error term is

Xk—i—é

1 ket
- 1)
<321 <7

p<X

Next, we note that
Zp—Qa'o V X2 ZP_ZUO
p<X p<X

We compute this sum by splitting in two ranges p < Y and Y < p < X (recall that oy
depends on T). The second sum is

1 1 X
< Z 1_9 - log(lZEY) + O(1) < logloglog T

by Proposition C.3.1 and (4.2). On the other hand, for p <Y = T/(gloeT)* e have
- - log p) - W
200 _ 1 gy (9L W>: 1<1 o( )
b b exp( (log T) P * (loglog T)? )
which, in view of (4.2), implies that V(Qr) ~ % loglog T = 0% as T — +o0.
It is finally again a case of the Central Limit Theorem that Qr/1/V(Qr), and hence
also Qr/or, converges in law to a standard complex gaussian random variable, with

convergence of the moments (Theorem B.7.2 and Theorem B.5.6 (2), Remark B.5.8), so
the conclusion follows from the method of moments since X¥*/T — 0 as T — +o0. O

The other propositions will now be proved in order. Some of the arithmetic results
that we will used are only stated in Appendix C (with suitable references).
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PROOF OF PROPOSITION 4.2.1. We appeal to Hadamard’s factorization of the Rie-
mann zeta function (Proposition C.4.3) in the form of its corollary, Proposition C.4.4.
Let t € Qr be such that there is no zero of zeta with ordinate ¢ (this only excludes finitely
many values of ¢ for a given T). We have

(4] ! g0 !/

log [¢ (00 + it)| — log|((5 +it)| = Re(/1/2 %(o—i—it)da) = /1/2 Re(%(o—l—it))da.

For any o with % < 0 < 0p, we have

i = Y e+ Ollog(2 + )

¢ o+t

[t—Im(o)|<1
by Proposition C.4.4, where the sum is over zeros ¢ of ((s), counted with multiplicity,
such that |0 + it — o| < 1.
We fix ty € Qr and integrate over ¢ such that |t — 5| < 1. This leads to

to+1 to+1
/ log ¢ (00 + it)| = log [¢(5 + z't)|(dt / /
to—1 t

|Im(,g )—to|<1 Y to~1
An elementary integral (1) gives

to+1 _
/ )Re(ﬁwﬂmA\Re(#t_g)’dh/l{(g_g'; +@_7)th=w

for all o and p. Hence we get

3
T [t—to|<1

where m(tg) is the number of zeros ¢ such that |ty — Im(p)| < 1. This is < log(2 + |to|)
by Proposition C.4.4 again. Finally, by summing the bound

)‘dtda
a+zt— 0

m(to)
T

log [C(4 + it — 0)| ~ log [¢(o + it — )| dt < (o0 — })

log(2 + [to])
T M

T [t—to|<1

log [¢(L + it — g)] — log (o0 + it — g)|’dt < (00— 1)

over a partition of Q1 in < T intervals of length 2, we deduce that
Er(|Ly — Ly|) < (0 — 1) log T = W.

We have W = o(p1) (by a rather wide margin!), and the proposition follows. O

The last two propositions are more involved, and we present their proofs is separate
sections

4.3. Dirichlet polynomial approximation
We will prove Proposition 4.2.3 in this section, i.e., we need to prove that
Er(|1 — ZtDr[?),

where Z1(t) = ((0¢+it), tends to 0 as T — +oo. This is arithmetically the most involved
part of the proof.
First of all, we use the approximation formula

((og +it) = Z n- 7" Zt—I—O<| T 1/2>

1<n<T
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for t € Qr (see Proposition C.4.5). Multiplying by Dr, we obtain

7(ZrDr) = > ar(m)p(m) Ex((mn) =)+

m>1
n<T

O(Tl/2 Z ar(m)Er((jt| +1)71) + T2 Z aT(m)m_‘m).

m>=1 m>=1

We recall that |ar(n)| < 1 for all n, and ap(n) = 0 unless n < T¢, for any £ > 0. Hence,
by (3.4), this becomes

Er(ZrDy) =1+ O(% >~ ar(m)(mn) =" (log mn)> + O(T~ /%)

n<T
m#n

-1+ O(T—1/2+€)

for any € > 0 (in the diagonal terms, only m = n = 1 contributes, and in the off-diagonal
terms mn # 1, we have Er((mn)™") < T~'log(mn)). It follows that it suffices to prove
that

lim ET(|ZTDT|2) =
T—4o00

We expand the mean-square using the formula for D, and obtain
p(m
(|1ZDr E (( ) z )
2(1220af?) = 3 0 R anmyan (o) Ea () 12

Now the asymptotic formula of Proposition C.4.6 translates to a formula for Ex((m/n)"|Zr|?),
namely

() 12af) = o (20)

+ (2 — 200) (M)“’” ET<<M>1%O> + O(min(m, n)T~o0*)

mn 27

for any € > 0, where the expectation is really the integral

1 [T/t \1-20
— (M) dt,
2T J_p\2m
and we recall that (m,n) denotes here the ged of m and n.
Using the properties of ar(n), the error term is easily handled, since it is at most

2
T-oote Z(mn)_ooaT(m)aT(n) min(m,n) < T~ (Z m1/2aT(m)> & Toot2e

m,n

for any € > 0. Thus we only need to handle the main terms, which we write as

(15) CComMy 2 =20 Ba((3) e
where

M, = Z %ﬁg&?aﬂm)aﬂn) (m,n)?°
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and My is the other term. Using the multiplicative structure of ar, the first term factors
in turn as M; = MM/, where

M =3 %wm)bﬂn),

M = Z %cﬂm)cﬂn).

We compare M/ to the similar sum M/ where bp(n) and by (m) are replaced by charac-
teristic functions of integers with all prime factors <Y, forgetting only the requirement
to have < m; prime factors. By Example C.1.7, we have

Mll - H(l_p2100>'

p<Y

The difference M), — M/ can be bounded from above by

2e IZ—[m,n]QUO e

where the sum runs over integers with all prime factors <Y (this step is a case of what
is called “Rankin’s trick”: the condition £2(m) > m; is handled by bounding its charac-
teristic function by the non-negative function e®*(™)~"1). Again from Example C.1.7, this
is at most

1+2
2(log T) 10 H (1 + ’ 6) < (log T)™™

p<Y
(By Proposition C.3.6). Thus
Mll ~ H(l — p_QUO)
p<Y
as T — 4o00. One deals similarly with the second term M/, which turns out to satisfy
M7 ~ H (1 —p_QUO),
Y <p<X

and hence

My~ ((200) [J(1=p7>) = TT(1=p).

p<X p>X

Now, by the choice of the parameters, we obtain from the Prime Number Theorem
(Theorem C.3.3) the upper-bound

Z 2o <</+oo 1 dt < X172ao B Xl*ZO’O o 1
=" v Pologt S Qop—1logX | 2VW S VW

Since this tends to 0 as T — +oo, it follows that

H(l — p72) = exp (Z <p21"0 + O( 4100>> = exp<— Zp*2ao> (1+0(1))

p>X p>X p

converges to 1 as T — +o0.
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There only remains to check that the second part My of the main term (4.8 tends to
0 as T — +o0o0. We have

m, n]2—20'0

M, = Z WOLT(m)aT(n)(m, n)* 270 = Z MaT(m)aT(n) (mmn)t—270,

m,n

The procedure is very similar: we factor My = M,MJ, where M, has coefficients bt instead
of ar, and M} has cr. Applying Example C.1.7 and Rankin’s Trick to both factors now
leads to
1 1 1 1 2 1
My ~ H (1 T e (_p200—1 T o1 T p400—2)> - H (1 ) T p20—0>'

p

p<X p<X

We deduce from this that the contribution of My to (4.8) is

~ (2 — 200) m((%)l_m) 11(1 - 2 v pj%).

P<

Since ((s) has a pole at s = 1 with residue 1, this last expression is
TI—QUO 1
(1--) <

D

T1—2UO

< (200 — 1) log X

200—1 <X

X

In terms of the parameter W, since 209 — 1 = 2W/log T and X = Tl/*/W, the right-hand
side is simply exp(—2W)W~1/2  and hence tends to 0 as T — +o0. This concludes the
proof.

4.4. Euler product approximation

This section is devoted to the proof of Proposition 4.2.4. We need to prove that
Dt exp(Pr) converges to 1 in probability. This involves some extra decomposition of Pr:
we write

Pr=Qr +Rr

where Qr is the contribution to (4.1) of the prime powers p* <Y.
In addition, for any integer m > 0, we denote by exp,, the Taylor polynomial of
degree m of the exponential function at 0, i.e.

m

Zj
expm(Z) = Z _|
=0 /'

We have an elementary lemma:
LEMMA 4.4.1. Let z € C and m > 0. If m > 100|z|, then
exp,,(z) = € + O(exp(—m)) = €*(1 + O(exp(—99|z|))).

PROOF. Indeed, since j! > (j/e)* for all j > 0 and |z| < m/100, the difference
e* — exp,,(z) is at most

m/100)? em \J
)3 o < Z(moj') < exp(=m).

|
ji>m J: ji>m
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We define
ET = expml(—QT), FT = expm2(—RT),
where we recall that m; and mqy are the parameters defined in (4.5). We have by definition

Dt = BrCr, with
Br(t) = Z br(n)p(n)n=0"", Cr(t) = Z cp(n)p(n)n =707,
n>1 n>1

where br and cr are defined after the statement of Proposition 4.2.1, e.g., br(n) is the
characteristic function of squarefree integers n such that n has < my prime factors, all of
which are <Y.

The idea of the proof is that, usually, Qr (resp. Rr) is not too large, and then the
random variable Et is a good approximation to exp(—Qr). On the other hand, because
of the shape of Et (and the choice of the parameters), it will be possible to prove that
Et is close to Br in L?-norm, and similarly for Fr and Cy. Combining these facts will
lead to the conclusion.

We first observe that, as in the beginning of the proof of Proposition 4.2.5, by the
usual appeal to Lemma 3.2.6, we have

Er(|Qr]?) < or, Er(|Rr[*) < log or.

Markov’s inequality implies that Pt (|Qr| > or) tends to 0 as T — 4o00. Now by
Lemma 4.4.1, whenever |Qr| < or, we have

Er = exp(—Qr7) (1 + O((log T)’99)>.

Similarly, the probability Pr(|Rt| > log or) tends to 0, and whenever |Rt| < log or, we
have

Fr = exp(—Re) (14 O((loglog T)~*")).

For the next step, we claim that
(4.9) ET<|ET — BT|2> < (log )™,

(4.10) Er (\FT . cT|2) < (loglog T)~%.
We begin the proof of the first estimate with a lemma.
LEMMA 4.4.2. Fort € Qr, we have

Ex(t) = Y a(n)n ",
n>1

where the coefficients a(n) are zero unless n < Y™ and n has only prime factors < Y.
Moreover |a(n)| < 1 for all n, and a(n) = p(n)br(n) if n has < my prime factors,
counted with multiplicity, and if there is no prime power p* dividing n such that p* >Y.

PROOF. Since

Er = exp,, (—Qr) = ) (_P]

1 J
‘ <Z kpk:(ao-‘rit)) )

j=0 J pk<Y
we obtain by expanding the j-th power an expression of the desired kind, with coefficients

—1)/ 1
a(n) = Z <~1) Z key- Ky

0<j<ma kK
RS pll.__ij:n

pri<Y




We see from this expression that «(n) is 0 unless n < Y™ and n has only prime factors
< Y. Suppose now that n has < my prime factors, counted with multiplicity, and that
no prime power p® > Y divides n. Then we may extend the sum defining a(n) to all
7 = 0, and remove the redundant conditions pfi <Y, so that

—1)J 1
O I e

|
P A
pitopy’ =n

But we recognize that this is the coefficient of n™* in the expansion of

exp(= X 1) = exp(- o C(9) = 715 = 3 A,

k>1 n=1

(viewed as a formal Dirichlet series, or by restricting to Re(s) > 1). This means that, for
such integers n, we have a(n) = u(n) = pu(n)br(n).
Finally, for any n > 1 now, we have

1
Z Z kl...kal’

>O k1
1z p1 p]

since the right-hand side is the coefficient of n™* in exp(log ((s)) = ((s). O
Now define 6(n) = a(n) — u(n)br(n) for all n > 1. We have

Exr(|Er — Brl?) =B (|3 7f<—n+) )
n>1

which we estimate using Lemma 4.2.6. The contribution of the off-diagonal term is

<z 3 msm)mnz < o 3 1) <1

m,n<Y ™M1 m<Y™1

for any € > 0, hence is negligible. The diagonal term is

a =y P 5~

n>1 n>1

By Lemma 4.4.2; we have §(n) = 0 unless either n has > m; prime factors, counted with
multiplicity, or is divisible by a power p* such that p* >Y (and necessarily p <Y since §
is supported on integers only divisible by such primes). The contribution of the integers
satisfying the first property is at most
v 1
~-

Q(n)>mq
pln=p<Y

We use Rankin’s trick once more to bound this from above: for any fixed real number
n > 1, we have

1
E gLy H (1 + n +.. > < 7™ (log Y)" < (log T) 100kzm+n,
Q(n)>my " p<Y p
pln=p<Y

by Proposition C.3.6. Selecting n = e?/? < 2, for instance, this shows that this contribu-
tion is < (log T)~%°
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The contribution of integers divisible by p* > Y is at most

(Z %)( ) %) S %( > 1) 11 _1p1 <Y 2(logY),

I;fY pln=p<Y VY<pby  p<Y
pe>Y k>2

which is even smaller. This concludes the proof of (4.9).
The proof of the second estimate (4.10) is quite similar, with one extra consideration
to handle. Indeed, arguing as in Lemma 4.4.2, we obtain the expression

Fre(t) =Y Bln)n=""",
n=1

for t € Qp, where the coefficients 5(n) are zero unless n < X™? and n has only prime
factors < X, satisfy |5(n)| < 1 for all n, and finally satisfy 8(n) = u(n) if n has < meo
prime factors, counted with multiplicity, and if there is no prime power p* dividing n
with Y < p* < X.

Using this, and defining now 6(n) = 5(n) — u(n)er(n), we get from Lemma 4.2.6 the

bound ) .
2
Br(fFr-GP) < Y mm< D
n>1 n>1
d(n)#£0 (n)#0

But the integers that satisfy d(n) # 0 must be of one of the following types:

(1) Those with e¢p(n) = 1, which (by the previous discussion) must either have Q(n) >
my (and be divisible by primes < X only), or must be divisible by a prime power p* such
that p¥ > X (the possibility that p* <Y is here excluded, because cr(n) = 1 implies that
n has no prime factor <'Y). The contribution of these integers is handled as in the case
of the bound (4.9) and is < (loglog T)~%.

(2) Those with ¢p(n) = 0 and (n) # 0; since

—1)7 1
Bn) = Z (j!) Z ky-k;’

0<j<ma J

k k;
Pyt py =n

Y<pli<x
as in the beginning of the proof of Lemma 4.4.2, such an integer n has at least one
factorization n = plfl e pfj for some j < mo, where each prime power pf is between Y
and X. Since c¢p(n) = 0, either Q(n) > mgy, or n has a prime factor p > X, or n has
a prime factor p < Y. The first two possibilities are again handled exactly like in the
proof of (4.9), but the third is somewhat different. We proceed as follows to estimate its
contribution, say N. We have
N= > N

0<j<ma

1

N; = > -
<Y k kj n

px n:pkpll "'pj]

Y<pi-€i <X

where

is the contribution of integers with a factorization of length j + 1 as a product of prime
powers between Y and X. By multiplicativity, we get

E T HE Y

p<Y Y<pk<X pSXY<ph<X
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Con81der the first factor. For a given prime p <Y, let [ be the smallest integer such that
p' > Y. The sum over k is then

Z 1 1 N 1 s 1 < 1
_k ol I+1 _z =X N
Y<pk<Xp p p Y

so that the first factor is < 7(Y)/Y < (logY)™!. On the other hand, for the second
factor, we have

) Z =2 2 —+ > Z ULENSS Z
P<X Y<pkg <X P<Y Y<pkg <X Y<p<X Y<pkg <X Y<p<X Y<pkg <X

where we used the bound arising from the first factor. For a given prime p with Y < p <
X, the last sum over k is

11 1
St
pop p

and the sum over p is therefore

1 log X

E - = log< 08 > + O(1) = logloglog T + O(1),
D logY

Y <p<X

using the values of X and Y and Proposition C.3.1. Hence the final estimate is

N« (logloglog T)™ < (loglog T)(log log log T)™(log T) ™' — 0

logY

as T — +oo, from which we finally deduce that (4.10) holds.
With the mean-square estimates (4.9) and (4.10) in hand, we can now finish the proof
of Proposition 4.2.5. Except on sets of measure tending to 0 as T — 400, we have

Br = Er +O((logT)™%),  Ep= exp(—QT)<1 + O((log T)*%))
1
log T

< exp(—Qr) < (log T)
(where the first property follows from (4.9)), and hence
Br = exp(—Qr) (1+ O((log T) ™)),
again outside of a set of measure tending to 0. Similarly, using (4.10), we get
Cr = exp(—Ry) (1 + O((log log T)_20)>
outside of a set of measure tending to 0. Multiplying the two equalities shows that
Dt = exp(—Pr) (1 + O((log log T)_20)>

with probability tending to 1 as T — +o00. This concludes the proof.

EXERCISE 4.4.3. Try to see what happens if one uses a single range p* < X, instead
of having the distinction between p* <Y and Y < pF < X.
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4.5. Further topics

Generalizations of Selberg’s Central Limit Theorem are much harder to come by than
those of Bagchi’s Theorem (which is another illustration of the fact that arithmetic L-
functions have much more delicate properties on the critical line). There are very few
cases other than that of the Riemann zeta function where such a statement is known
(see the remarks in [95, §7] for references). For instance, consider the family of modular
forms f that is described in Section 3.4. The natural question is now to consider the
distribution (possibly with weights wy) of L(f,1). First, it is a known fact (due to
Waldspurger and Kohnen—Zagier) that L(f, %) > 0 in that case. This property reflects a
different type of expected distribution of the values L(f, %), namely one expects that the
correct normalization is
s log L(f, 3) + 5 loglog g

Vvl1oglogq ’
in the sense that this defines a sequence of random variables on €2, that should converge
in law to a standard (real) gaussian random variable. Now observe that such a statement,
if true, would immediately imply that the proportion of f € €, with L(f, %) = 0 tends
to 0 as ¢ — 400, and this is not currently known (this would indeed be a major result
in the analytic theory of modular forms).

Nevertheless, there has been significant progress in this direction, for various families,

in recent and ongoing work of Radziwilt and Soundararajan. In [96], they prove sub-
gaussian upper bounds for the distribution of L-values in certain families similar to €2,
(specifically, quadratic twists of a fixed modular form). In [97], they announce gaussian

lower bounds, but for families conditioned to have L(f, 3) # 0 (which, for a number of
cases, is known to be a subfamily with positive density as the size tends to infinity).

In addition to these developments, it should be emphasized that Selberg’s Theorem
serves as a general guiding principle when studying any probabilistic question for the
Riemann zeta function on the critical line, and the ideas in its proof are often the starting
points towards other results. Indeed, some of the deepest works in probabilistic number
theory in recent years have been devoted to studies of finer aspects of the distribution of
the Riemann Zeta function on the critical line. A particular focus has been a conjecture
of Fedorov, Hiary and Keating [39] that addresses the distribution of the maximum
of ((1/2+it) when ¢ varies over an interval of length 1 (and ¢ is taken uniformly at random
in [T, T] or [T, 2T] with T — +00). This leads to links with objects like log-correlated
fields, branching random walks, or gaussian multiplicative chaos. We refer to the Bourbaki
seminar survey of Harper [54] for a discussion of the work of Najnudel [90] and Arguin—
Belius-Bourgade-Radziwill-Soundararajan [1], and to Harper’s recent preprint [55] for
the latest developments in this direction.

One of the reasons that Central Limit Theorems are expected to hold is that they are
known to follow from the widely believed moment conjectures for families of L-functions,
which predict (with considerable evidence, theoretic, numerical and heuristic) the asymp-
totic behavior of the Laplace or Fourier transform of the logarithm of the special values
of the L-functions. In other words, taking the example of the Riemann Zeta function,
these conjectures (due to Keating and Snaith [63]) predict the asymptotic behavior of

slo 1 TANE) 1 ' ) |°
B (e <50 = B+ i) = 5 [ 16(h -+l
-T

for suitable s € C. It is of considerable interest that, besides natural arithmetic factors
(related to the independence of Proposition 3.2.5 or suitable analogues), these conjectures
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involve certain terms which originate in Random Matrix Theory. In addition to imply-
ing straightforwardly the Central Limit Theorem, note that the moment conjectures also
immediately yield the generalization of (3.11) or (3.15), hence can be allowed to deduce
general versions of Bagchi’s Theorem and universality. Moreover, these moment conjec-
tures (in suitably uniform versions) are also able to settle other interesting conjectures
concerning the distribution of values of ( (% + it). For instance, as shown by Kowalski
and Nikeghbali [78], they are known to imply that the image of t — ((5 +1t), for t € R,
is dense in C (a conjecture of Ramachandra).

[Further references: Katz—Sarnak [62], Blomer, Fouvry, Kowalski, Michel, Mili¢evié
and Sawin [11].]
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CHAPTER 5

The Chebychev bias

Probability tools Arithmetic tools

Definition of convergence in law (§ B.3) Primes in arithmetic progressions

Kronecker’s Theorem (th. B.6.5) Orthogonality of Dirichlet characters
(prop. C.5.1)

Convergence in law using auxiliary param- | Dirichlet L-functions (§ C.5)
eters (prop. B.4.4)

Characteristic functions (§ B.5) Generalized Riemann Hypothesis
(conj. C.5.8)

Kolmogorov’s Theorem for random series | Explicit formula (th. C.5.6)

(th. B.10.1)

Method of moments (th. B.5.5) Distribution of the zeros of L-functions
(prop. C.5.3)

Generalized Simplicity Hypothesis

5.1. Introduction

One of the most remarkable limit theorems in probabilistic number theory is related
to a surprising feature of the distribution of prime numbers, which was first noticed by
Chebychev [24] in 1853: there seemed to be many more primes p such that p = 3 (mod 4)
than primes with p = 1 (mod 4) (any prime, except p = 2, must satisfy one of these two
conditions). More precisely, he states:

En cherchant I’expression limitative des fonctions qui déterminent la to-
talité des nombres premiers de la forme 4n 4+ 1 et de ceux de la forme
4n + 3, pris au-dessous d’une limite tres grande, je suis parvenu a re-
connaitre que ces deux fonctions different notablement entre elles par
leurs seconds termes, dont la valeur, pour les nombres 4n + 3, est plus
grande que celle pour les nombres 4n + 1; ainsi, si de la totalité des
nombres premiers de la forme 4n + 3, on retranche celle des nombres
premiers de la forme 4n + 1, et que l'on divise ensuite cette différence
NG

par la quantité -, on trouvera plusieurs valeurs de w telles, que ce
ogx

quotient s’approchera de I'unité aussi pres qu’on le voudra.'

! English translation: “While searching for the limiting expression of the functions that determine
the number of prime numbers of the form 4n + 1 and of those of the form 4n + 3, less than a very large
limit, I have succeeded in recognizing that the second terms of these two functions differ notably from
each other; its value [of this second term], for the numbers 4n + 3, is larger than that for the numbers
4n 4+ 1; thus, if from the number of prime numbers of the form 4n + 3, we subtract that of the prime
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It is unclear from Chebychev’s very short note what exactly he had proved, or simply
conjectured, and he did not publish anything more on this topic. It is definitely not the
case that we have

m(z;4,3) > m(x;4,1)

for all x > 2, where (in general), for an integer ¢ > 1 and an integer a, we write m(z; q, a)
for the number of primes p < z such that p = a (mod ¢). Indeed, for x = 26861, we have

m(x;4,3) = 1472 < 1473 = 7(2;4, 1)

(as discovered by Leech in 1957), and one can prove that there are infinitely many sign
changes of the difference m(x;4,3) — m(z;4,1).

In any case, by communicating his observations, Chebychev created a fascinating area
of number theory. We will discuss some of the basic known results in this chapter, which
put the question on a rigorous footing, and in particular confirm the existence of the bias
towards the residue class of 3 modulo 4, in a precise sense (although this conclusion will
depend on currently unproved conjectures). Because of this feature, the subject is called
the study of the Chebychev bias.

5.2. The Rubinstein—Sarnak distribution

In order to study the problem suggested by Chebychev, we consider for X > 1 the
probability space Qx = [1,X], with the probability measure
1 dx

1 Px = —.
(5.1) X logX x

Let ¢ > 1 be an integer. We define a random variable on Qx, with values in the
vector space Cr((Z/qZ)*) of real-valued functions on the (fixed) finite group (Z/qZ)*,
by defining Nx (), for x € Qx, to be the function such that

log
Ve
for a € (Z/qZ)* (this could also, of course, be viewed as a random real vector with values
in RI(Z/92)*I hut the perspective of a function will be slightly more convenient).

We see that the knowledge of Nx, allows us to compare the number of primes up
to X in any family of invertible residue classes modulo ¢. It is therefore appropriate for
the study of the questions suggested by Chebychev.

We observe that in the remainder of this chapter, we will consider ¢ to be fixed
(although there are interesting questions that one can ask about uniformity with respect
to ¢). For this reason, we will often simplify the notation (especially during proofs) to
write Nx instead of Nx ,, and similarly dropping ¢ in some other cases.

(5.2) Nx q(z)(a) (¢(9)7(z; ¢, a) — m(x)).

REMARK 5.2.1. (1) If ¢ = 4, then (Z/4Z)* = {1,3}, and for x € Qr, the random
function Nx 4(x) is given by

log x

T

log

11—
N

(2m(z;4,1) — 7(x)), 3

(2m(x;4,3) — w(x)).

Jz

gz Ve will find several

numbers of the form 4n + 1, and then divide this difference by the quantity
values of x such that this ratio will approach one as closely as we want.”
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(2) Recall that the fundamental theorem of Dirichlet, Hadamard and de la Vallée
Poussin (Theorem C.3.7) shows that

m(z;q,0) ~ ——m(z)

for all a coprime to ¢. Thus the random variables Nx are considering the correction term
from the asymptotic behavior.

(3) The normalizing factor (logx)/+/x, which is the “correct one”, is the same one
that is suggested by Chebychev’s quote.

The basic probabilistic result concerning these arithmetic quantities is the following:

THEOREM 5.2.2 (Rubinstein—Sarnak). Let ¢ > 1. Assume the Generalized Riemann
Hypothesis modulo q. Then the random functions Nx, converge in law to a random
function Ngy. The support of Ny is contained in the hyperplane

(5:3) qu{f:<Z/qZ>HR| > s =o}.

€(Z/qZ)*
We call N, the Rubinstein-Sarnak distribution modulo g.

REMARK 5.2.3. One may wonder if the choice of the logarithmic weight in the proba-
bility measure Py is necessary for such a statement of convergence in law: this is indeed
the case, and we will say a few words to explain this in Remark 5.3.5.

The Generalized Riemann Hypothesis modulo ¢ is originally a statement about the
zeros of certain analytic functions, the Dirichlet L-functions modulo ¢. It has, however,
a concrete formulation in terms of the distribution of prime numbers: it is equivalent to
the statement that, for all integers a coprime with ¢ and all z > 2, we have

r(w;q,a) = / @m (/2 (log qx))

where the implied constant is absolute (see, e.g., [59, 5.14, 5.15] for this equivalence).
The size of the (expected) error term, approximately 1/, is related to the zeros of the
Dirichlet L-functions, as we will see later; it explains that the normalization factor in (5.2)
is the right one for the existence of a limit in law as in Theorem 5.2.2. Indeed, using the
case ¢ = 1, which is the formula

- 1/21
0= [ o+ 0 (loga))

we deduce that each value of the function Nx satisfies
1
e (Pla)(eia,0) = 7(2) = O(e(a)(log g2)?).

To see how Theorem 5.2.2 helps answer questions related to the Chebychev bias, we
take ¢ = 4. Then we expect that

lim Px(m(z;4,3) > w(z;4,1)) = P(Ny € Hy N C),

X——+o0

where C = {(x1,z3) | 23 > 21} (although whether this limit exists or not does not
follow from Theorem 5.2.2; without further information concerning the properties of the
limit Ny). Then Chebychev’s basic observation could be considered to be confirmed if
P(N, € HyNC) is close to 1. But in the absence of any other information, it seems very
hard to prove (or disprove) this last fact.
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However, Rubinstein and Sarnak showed that one could go much further by making
one extra assumption on the distribution of the zeros of Dirichlet L-functions. Indeed, one
can then represent N, explicitly as the sum of a series of independent random variables
(and in particular compute explicitly the characteristic function of the random func-
tion N,;). We describe this random series in Section 5.4, since to do so at this point would
lead to a statement that would appear highly unmotivated. The proof of Theorem 5.2.2
will lead us naturally to this next step (see Theorem 5.4.4 for the details).

Below, we write

* *

Z (), H (-)

x (mod q) X (mod q)

for a sum or a product over non-trivial® Dirichlet characters modulo g; we recall that these

are (completely) multiplicative functions on Z such that y(n) = 0 unless n is coprime to g,

in which case we have x(n) = x(n) for some group homomorphism x: (Z/qZ)* — C*.
We define a function m, on (Z/qZ)* by

(5.4) my(a)=— > x(a)

x (mod q)
x*=1

for a € (Z/qZ)*. This can also, using orthogonality of characters modulo ¢ (see Propo-
sition C.5.1), be expressed in the form

mg(a) =1— Z 1,

be(Z/qZ)>
b%=a (mod q)

from which we see that in fact we have simply two possible values, namely

(5.5)

1 if a is not a square modulo ¢
me(a) =

1 —o0, otherwise,

where
og={b € (Z/qZ)* | b* =1} = {x (modq) | x* = 1}
is also the index of the subgroup of squares in (Z/qZ)*.

In the remaining sections of this chapter, we will explain the proof of Theorem 5.2.2,
following Rubinstein and Sarnak. We will assume some familiarity with Dirichlet L-
functions (in Section C.5, we recall the relevant definitions and standard facts). Readers
who have not yet been exposed to these functions will probably find it easier to assume

in what follows that ¢ = 4. In this case, there is only one non-trivial Dirichlet L-function
modulo 4, which is defined by

—1)*
L) = 3 e >t

k>0

corresponding to the character y, such that

0 if n is even
5.6 =
(5.6) xa(n) {(_m if n = 2k + 1 is odd.

2 We emphasize, for readers already familiar with analytic number theory, that this does not mean
primitive characters.
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for n > 1. The arguments should then be reasonably transparent. In particular, any sum
of the type

*

Z (-)

X (mod 4)

means that one only considers the expression on the right-hand side for the character 4
defined in (5.6).

5.3. Existence of the Rubinstein—Sarnak distribution

The proof of Theorem 5.2.2 depends roughly on two ingredients:

e On the arithmetic side, we can represent the arithmetic random functions Nx as
combinations of x + 27, where the v are ordinates of zeros of the L-functions
modulo ¢;

e Once this is done, we observe that Kronecker’s Equidistribution Theorem (The-
orem B.6.5) implies convergence in law for any function of this type.

There are some intermediate approximation steps involved, but the ideas are quite intu-
itive.

In this section, we always assume the validity of the Generalized Riemann Hypothesis
modulo q, unless otherwise noted.

For a Dirichlet character x modulo g, we define random variables v, on {2x by

by(z) = % S A(m)x(n)

n<x

for x € Qx, where A is the von Mangoldt function (see Section C.4, especially (C.6), for
the definition of this function).

The next lemma is a key step to express Nx in terms of Dirichlet characters. It looks
first like standard harmonic analysis, but there is a subtle point in the proof that is crucial
for the rest of the argument, and for the very existence of the Chebychev bias.

LEMMA 5.3.1. We have
NX,q = Mg + Z wx X + EX,q

x (modq)

where Ex , converges to 0 in probability as X — +oo0.

PROOF. By orthogonality of the Dirichlet characters modulo ¢ (see Proposition C.5.1),

we have
plom(r;g.a) = > xa) > x(p).
x (mod q) psT
hence

log

NG

for x > 2, where the error term accounts for primes p dividing ¢ (for which the trivial
character takes the value 0 instead of 1); in particular, the implied constant depends on g.

We now need to connect the sum over primes, for a fixed character x, to ¥,. Recall
that the von Mangoldt functions differs little from the characteristic function of primes

) _ * ——logx log
(e(@)m(z;q.0) —7(x)) = > x(a) NG Zx(p)—FO(\/E)

X (mod q) p<a
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multiplied by the logarithm function. The sum of this simpler function is the random
variable defined by

0, (z) = \/_ZX p) log(p

p<T

for x € Qx. It is related to v, by

Oy (z) — Py (2) = \/—ZZ 10gp———zz ¥ log p.

k>2 pk<z k>2 pk<x

We can immediately see that the contribution of k£ > 3 is very small: since the exponent k
is at most of size log z, and |x(p)| < 1 for all primes p, it is bounded by

‘\/_ZZX logp‘ 7 Z (logx)xl/k<<(l(;gl—/x6),

k>2 k<$ <k<logz
k>3

where the implied constant is absolute.
For k = 2, there are two cases. If y? is the trivial character then

1
Z Vlogp = — Zlogp—1+0
\/_p<\f \/_p;f <lgx>
q

by a simple form of the Prime Number Theorem in arithmetic progressions (the General-
ized Riemann Hypothesis would of course give a much better error term, but this is not
needed here). If x? is non-trivial, then we have

1
1 _—
\FZ Jlogp <

p<VT
for the same reason. Thus we have

(5.7) 0, (x) =t (x) — b2 + o(loéx)

where §,2 is 1 if x* is trivial, and is zero otherwise.
By summation by parts, we have

dt
ZX logxzx logp+/ (ZX logp> t(logt)?

p<x p<x p<t

for any Dirichlet character y modulo ¢, so that

log *

7 (e(@m(z;g,a) —w(x)) = > x(a) by ()

(5.8)

logx [ 6,(t) log «
+ 7= | 5eg ey dt+0<\/§>.

We begin by handling the integral for a non-trivial character y. We have 0, (z) =
Uy () + O(1/log z) if x* # 1,, which implies
1/2

/2 tl/fa(()gt)th_ /2 tl/;b()lc(gfg)tﬁdt—i_()((l:gx)?’)

1/2

¥ 1
dt .
/2 t1/2(log t)? < (log x)?
81

since




If x? is trivial, we have an additional constant term 60, (z) — 1, (z) = 1+ O(1/log z), and

we get
et = — X7 __dt ——dt+ O
/2 t1/2(log t)? o, t1/2(logt)? * 5 t1/2(logt)? + <(10g ZB)3>
x wx(t) $1/2
/2 t1/2(log t)? + <(10g x)2>
Thus, in all cases, we get

logz [ 6,(t) g — logz [* (1) dt—i—O( 1 >
Voo f, tY/2(logt)? Vi )y t1/2(logt)? log ©
Now comes the subtle point we previously mentioned. If we were to use the pointwise
bound ¢, (t) < (logt)? (which is essentially the content of the Generalized Riemann
Hypothesis) in the remaining integral, we would only get

logx [* (1)

Vo Jy t1/2(logt)
which is too big. So we need to use the integration process non-trivially. Precisely, by
Corollary C.5.11, we have

Sdt < log,

/x Py (B)dt <
2

for all x > 2 (this reflects a “smoothing” effect due to the convergence of the series with
terms 1/|3 + i7[?, where 7 are the ordinates of zeros of L(s, x)). Using integration by
parts, we can then deduce that
logx [* t log x x T 2t 1
8 1@Dx() dt<<g( +/ ><< _
Vo Jy t1/2(logt)? Vo \z2(logz)?  J, (logt)? log =
Finally, we transform the first term of (5.8) to express it in terms of 1, , again us-
ing (5.7). For any element a € (Z/qZ)* and = € Qx, we have

L (og)n(aig.a) — w() =~ M@+ Y M@l (@) +O()

1
\/5 x*=1 X (mod q) 08T
X#1
* 1
=myfa) + 3 (@) +0( 5o )
X (mod q)

where the implied constant depends on ¢. Since the error term is < (logz)™! for z € Qx,
it converges to zero in probability, and this concludes the proof. U

We keep further on the notation of the lemma, except that we also sometimes write Ex
for Ex,. Since Ex tends to 0 in probability and m, is a fixed function on (Z/qZ)*,
Theorem 5.2.2 will follow (by Corollary B.4.2) from the convergence in law of the random
functions .

MX,q = Z wx X-
X (mod q)
Now we express these functions in terms of zeros of L-functions. Here and later, a sum
over zeros of a Dirichlet L-function always means implicitly that zeros are counted with
their multiplicity.

We will denote by Ix the identity variable x — x on Qx; thus, for a complex number s,

the random variable I is the function z — 2® on Qx.
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Below, when we have a random function X on (Z/¢Z)*, and a non-negative random
variable Y, the meaning of a statement of the form X = O(Y) is that || X|| = O(Y), where
the norm is the euclidean norm, i.e., we have

IXIP= > XK@k

a€(Z/qZ)*
LEMMA 5.3.2. We have

Mxg=— > (Z lfw)y+o<(1<;<g£)g>

x (modgq) [vI€X 2

where 7y ranges over ordinates of zeros of L(s,x), counted with multiplicity, and the
implied constant depends on q.

PROOF. The key ingredient is the (approximate) explicit formula of Prime Number
Theory, which can be stated in the form

B—2+ivy 1/2
Iy ° I " log(X)?
R DR v +O( X )
L(B417)=0 7
lvI<X

where the sum is over zeros of the Dirichlet L-functions with 0 < 8 < 1, counted with
multiplicity (see Theorem C.5.6). Under the assumption of the Generalized Riemann
Hypothesis modulo ¢, we always have § = %, and this formula implies

1Y log X)2
== 2 lfm*O(((;(gl/z) )

lyl<X 2

Summing over the characters (the number of which is ¢(q) — 1 < ¢), the formula follows.
O

Probabilistically, we have now a finite linear combination (of length depending on X)

of the random variables I{. The link with probability theory, and to the existence of

the Rubinstein—Sarnak distribution, is then performed by the following theorem (quite
similar to Proposition 3.2.5).

PROPOSITION 5.3.3. Let k > 1 be an integer. Let F be a finite set of real numbers
and let (a(t))ier be a family of elements in C*. The random vectors

> alt)

teF
on Qx converge in law as X — +00.

PROOF. After a simple translation, this is a direct consequence of the Kronecker
Equidistribution Theorem B.6.5. Indeed, consider the vector

t
z = (—) e RF.
27/ teF

By Kronecker’s Theorem, the probability measures py on (R/Z)Y defined for Y > 0 by

pr(A) = Iy € 0,Y] | y= € A},

for any measurable set A, converge in law to the probability Haar measure p on the
subgroup T of (R/Z)¥ generated by the classes modulo ZF of the elements yz, where y
ranges over R.
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We extend the isomorphism 6 + e(6) from R/Z to S' componentwise to define an
isomorphism of (R/Z)¥ to (S')F. For any continuous function f on (S!)¥, we observe

that
f(e d/LY f Z

Y/ thy
:?Klmﬂkw%:Eﬂﬂ@MM

for X = €Y, after the change of variable x = €¥. Hence the vector (1i);cp converges in law
as X — +00 to the image of by v +— e(v). Now we finish the proof of the proposition
by composition with the continuous map from (S!)¥ to C* defined by

(Zt)teF = Z Zto‘@)

teF

using Proposition B.3.2. U
From the proof, we see that we can make the result more precise:

COROLLARY 5.3.4. With notation and assumptions as in Proposition 5.53.3, the ran-

dom wvectors
> alt)
teF

on {2x converge in law as X — +00 to

where (It)er s a random variable with values in (SY with law given by the probability
Haar measure of the closure of the subgroup of (SY)¥ generated by all elements (x%);cp

for x € R.

REMARK 5.3.5. This proposition explains why the logarithmic weight in (5.1) is abso-
lutely natural. It also hints that it is necessary. Indeed, the statement of the proposition
becomes false if the probability measure Px on 2x is replaced by the uniform measure.
This is already visible in the simplest case where F = {¢} contains a single non-zero real
number t; for instance, taking the test function f to be the identity, observe that with
this other probability measure, the expectation of x — ' is
1 X itd B 1 Xit—i—l -1 Xit

X1/, "% Tar1 x-1 Tatr

which has no limit as X — +o0.

Let T > 2 be a parameter. It follows from Lemma 5.3.2 and Proposition 5.3.3 that
for X > T, we have

(5.9) Mxg=Nxrg+ > (>

1
x (modgq) T<|y|<X 2
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where

N
Nerg == 3 (2 2)
X (modq) NI<T 2

are random functions that converge in law as X — +oo for any fixed T > 2. The next
lemma will allow us to check that the remainder term in this approximation is small.

LEMMA 5.3.6. Let k > 1 be an integer. Let F be a countable set of real numbers and

let (a(t))ier be a family of elements in C*. Assume that the following conditions hold for
all'T > 2 and all ty € R:

(5.10) D lla®)I [1* log(1 +]¢]) < +ec.
ter
le@®]  (ogT)*
(5.11) 2 T < S
[t|>T
(5.12) {t €F | [t —to| < 1} < log(1 + [to)).

Then we have
=0,

i [ o]
T<X
T—+o0 tEF

| /

where the limit is over pairs (T,X) with T < X and T tends to infinity.

In this statement, we use the Hilbert space L?(Qx;R*) of RF-valued L2-functions
on x, with norm defined by

IF1IE> = Ex(1£1%)
for f € L2(Qx; RF).

PrROOF. Note first that an explicit computation of the integral gives

: 1 Xith—t) _q
E Iz(tl—tg) _
X( X ) logX tl — tg
for t; # t5, hence the general bound
; 1 2
5.13 Ex ()] < min(1, ———=—).
(513 Ex(H)] < min(L g

We will use this bound slightly wastefully (using the first estimate even when it is not
the best of the two) to gain some flexibility.

All sums below involving ¢, ¢, t, are restricted to t € F. Assume 2° < T < X. We
have

HZ@O‘@)HLQZEXQ‘ > '?ﬁa(t)Hg): 3" alt) - alt) Ex( ).

T<|t|<X T<t1],]t2|<X
[>T

We write this double sum as S; 4+ So, where S; is the contribution of the terms where
t; — to] < |tita]'/*, and S, is the remainder.

In the sum Sy, we first claim that if T > /2, then the condition [t; — to] < [tita|"/*
implies |to| < 2[¢1]. Indeed, suppose that |t2| > 2|t1|. We have

o] < [ty — to] + [ta] < [tata]V* + 3]ta,
hence [to| < 2|t1t5|'/4, which implies [ty < 2%/3|t1|'/3, and further
2lt1] < [ta] < 2°[[12,
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which implies that T < |t1]| < /2, reaching a contradiction.
Exchanging the roles of ¢; and t9, we see also that |t;| < 2|ty]. In particular, it now
follows that we also have

|ty — t1] < [tatoV* <264 V2, Jty — ] < [tata] Mt < 20ta] 2
Still for T > \/5, we get
Sif < ) Ja(h) - alb)]

T< [ty |t2|<X
[ta—t1|<|t1ta] /4

LSS ()l + lae)?)

Tt t2|<X
[ta—t1]|<|trta] /4

< D )P Y 1t D0 a1

N
)

T<[t: <X T<ta]<X T<[ta]<X T<[th <X
lto—t1]<2[t1|*/2 |t2—t1]<2ta|'/2
< D @7 log(1 + [¢))
T<t|<X

by (5.12). This quantity tends to 0 as T — +oo since the series over all ¢ converges by
assumption (5.10).
For the sum Sy, we have

1So] < —2 $ o)l lalt)ll _ 2 3 lee(t) || la(ta)]]

log X ti—t] " logX tita[V4

Tt ],]t2]<X Tt t2]<X
[ta—t1|>|t1ta|1/4 [to—t1|>[t1t2|/

and therefore

2 le(ty)| le(t2) |l 1 (logT)*!
Sol € —= ;
| 2| lOgX Z |t1|1/4 Z |t2|1/4 < IOgX T1/2
T4 |<X T<|t2|<X
by (5.11). The lemma now follows. O

REMARK 5.3.7. Although we have stated this lemma in some generality, it is far from
the best that can be achieved along such lines.

The assumptions might look complicated, but note that (5.12) means that the density
of F is roughly logarithmic; then (5.10) and (5.11) are certainly satisfied if the series with
terms ||«(t)]| is convergent, and more generally when ||«(¢)]| is comparable with (14|¢])~
with a > 3/4.

We will now finish the proof of Theorem 5.2.2. We apply Lemma 5.3.6 to the set F
of ordinates v of zeros of some L(s, x), for x a non-trivial character modulo ¢, and to

* 1 N
a(’y) = Z 1 i X
Xl(modq) 2
L(5+iv)=0

for v € F, viewing a(7) as a vector in C%/99)"  and taking into account the multiplicity

of the zero % + 47y for any character x such that L(% +17,x) = 0. We need to check the
three assumptions of the lemma.
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From the asymptotic von Mangoldt formula (C.10), we first know that (5.12) holds
for the zeros of a fixed L-function modulo ¢, with an implied constant depending on g,
and hence it holds also for F.

We next have

* * 3/2
619 Jeml< Y e Wl =s@ Y < 2

SEREA il T+l

X (mod ¢q
1. 1. .
L(§+z'y):0 L(§+z'y)=0

X (mod ¢

by a trivial estimate of the number of characters of which 1 + ¢y can be a zero.
Condition (5.10) follows from (5.14), since we even have

1
5.15 —— < 400
515 T e
L(5+iv,x)=0

for any fixed € > 0 and any x (mod ¢), and condition (5.11) is again an easy consequence
of (5.15) and (5.14).
From (5.9), we conclude that for X > T > 2, we have

Mx = Nx 1 + E&,T
where
. 1 \_ (log X)?
Br= > (Y T2 >X+O<—\/X ).
x (modq) T<|y|<X 2 v

These random functions converge to 0 in L2, hence in L', by Lemma 5.3.6 as applied
before. By Proposition B.4.4 (and Remark B.4.6), we conclude that the random func-
tions Mx converge in law, and that their limit is the same as the limit as T — +oo of

the law of the limit of
- Z (Z T ) X-

X (mod q) [v|<T 2 + “

In the next section, we compute these limits, and hence the law of N,, assuming
that the zeros of the Dirichlet L-functions are “as independent as possible”, so that
Proposition 5.3.3 becomes explicit in the special case of interest.

To finish the proof of Theorem 5.2.2, we need to check the last assertion, namely that
the support of N, is contained in the hyperplane (5.3). But note that

> Nx(z)(a) Y. (el@)(r;g.a) = 7(2))

a€(Z/qZ)* Ve a€(Z/qZ)*

log x log x
ler ek

V Vi

_logx

psT
p (mod q)¢(Z/qZ)*

for all x € Qx, since at most finitely many primes are not congruent to some a € (Z/qZ)*.
Hence the random variables
>, Nx(a)

ac(Z/qZ)*
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converge in probability to 0 as X — +o00, and by Corollary B.3.4, it follows that the
support of N, is contained in the zero set of the linear form

fe > fla)

a€(Z/qZ)*

i.e., in Hy.
5.4. The Generalized Simplicity Hypothesis

The proof of Theorem 5.2.2 now allows us to understand what is needed for the next
step, which we take to be the explicit determination of the random variable N,. Indeed,
the proof tells us that N, is the limit, as T — 400, of the random variables that are
themselves the limits in law as X — 400 of the random function given by the finite sum

>y o
x (mod @) 1 4i7,5)=0
lyI<T

— —x(a),
5 Ty

which converge by Proposition 5.3.3. The proof of that proposition shows how this
limit N, p can be computed in principle. Precisely, let X1 be the set of pairs (x,7),
where y runs over non-trivial Dirichlet characters modulo ¢ and ~ runs over the ordinates
of the non-trivial zeros of L(s, x) with |y| < T. Then, by Corollary 5.3.4, we have

(5.16) Na=m— 3 23,

+ 27y
(modq) (2+Z’77X):O 2
[vI<T

where (I, ) is distributed on (S')** according to the probability Haar measure of the
closure St of the subgroup generated by the elements (z7)(, y)ex. for z € R.

Thus, to compute N, explicitly, we “simply” need to know what the subgroup S, r
is. If (hypothetically) this subgroup was equal to (S*)*«7, then the (I, ,) would simply
be independent and uniformly distributed on S!, and we would immediately obtain a
formula for N, from (5.16) as a sum of a series of independent terms.

This hypothesis is however too optimistic. Indeed, there is an “obvious” type of
dependency among the ordinates ~, which amount to restrictions on the subgroup St
in (SH)XT. Beyond these relations, there are none that are immediately apparent. The
Generalized Sitmplicity Hypothesis modulo ¢ is then the statement that, in fact, these
obvious relations should exhaust all possible constraints satisfied by St.?

These systematic relations between the elements of X are simply the following: a
complex number % + 47 is a zero of L(s, x) if and only if the conjugate % — 17y is a zero of
L(s,%X), simply because L(s, y) = L(s,X) as holomorphic functions; hence (x, ) belongs
to X if and only if (%, —7) does.

We are therefore led to the so-called Generalized Simplicity Hypothesis modulo ¢.

DEFINITION 5.4.1. Let ¢ > 1 be an integer. The Generalized Simplicity Hypothesis
holds modulo q if the family of non-negative ordinates v of the non-trivial zeros of all non-
trivial Dirichlet L-functions modulo ¢, with multiplicity taken into account, is linearly
independent over Q.

We emphasize that we are looking at the family of the ordinates, not just the set of
values. In particular, the Generalized Simplicity Hypothesis modulo ¢ implies that

3 In other words, it is an application of Occam’s Razor.
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e for a given v > 0, there is at most one primitive Dirichlet character x modulo ¢
such that L(5 + v, x) =0,

e all non-trivial zeros are of multiplicity 1,

e we have L(%, X) # 0 for any non-trivial character x.

All these statements are highly non-trivial conjectures!

LEMMA 5.4.2. Under the assumption of the Generalized Simplicity Hypothesis mod-
ulo q, the subgroup St s given by

(5.17) St = {(2+) € (Sl)XT | 2x,—y = Zxry for all (x,7) € X1},

for all T > 2. In particular, denoting by X5 the set of pairs (x,v) in Xt with v > 0, the
projection

(5.18) (2y) (2X77)(X,7)€X$
from St to (SHXT is surjective.

PROOF. Indeed, St is contained in the subgroup St in the right-hand side of (5.17),
because each vector (27)(yex, has this property for € R, by the relation between
zeros of the L-functions of x and %. N

To show that St is not a proper subgroup of St, it is enough to prove the last
assertion, since an element of St is uniquely determined by the value of the projec-
tion (5.18). But if that projection is not surjective, then there exists a non-zero family

of integers (1myy)(y ex+ such that
H :Eiva’Y'y — 1

+
(X?’Y)GXT

for all x € R, and this implies

> D mer =0,

X (mod q) 70

which contradicts the Generalized Simplicity Hypothesis modulo q. U

REMARK 5.4.3. If we were also considering problems involving the comparison of the
number of primes in arithmetic progressions with different moduli, say modulo ¢; and ¢,
then there would be another systematic source of relations between the zeros of the L-
functions modulo ¢; and ¢y. Precisely, if d is a common divisor of ¢; and ¢o, and xo a
Dirichlet character modulo d, corresponding to a character xo of (Z/dZ)*, then there is
a Dirichlet character x; modulo ¢;, for ¢ = 1, 2, corresponding to the composition

(Z/¢:Z)* — (Z/dZ)* 25 C,

and we have
L(S7 XZ) = H (1 - XO(p)p_s)L(S> X0)7
plai/d
which shows that the ordinates of the non-trivial zeros of L(s, y1) and L(s, x2) are the
same.

Because of this, the correct formulation of the Generalized Simplicity Hypothesis,
without reference to a single modulus ¢, is that the non-negative ordinates of zeros of the
L-functions of all primitive Dirichlet characters are Q-linearly independent; this is the
statement as formulated in [105].

89



We can now state precisely the computation of the law of the random function N,
under the assumption of the Generalized Simplicity Hypothesis modulo gq.

To do this, let X* be the set of all pairs (x,7) where x is a non-trivial Dirichlet
character modulo ¢ and v > 0 is a non-negative ordinate of a non-trivial zero of L(s, x),
i.e, we have L(3 + 4y,x) = 0. Let (I,,)(.ex+ be a family of independent random
variables all uniformly distributed over the circle S*.

Define further

(5.19) Ity =1,

for all ordinates v > 0 of a zero of L(s, x). We have then defined random variables I, .,
for all ordinates of a zero of L(s, x).

THEOREM b5.4.4 (Rubinstein—Sarnak). Let ¢ > 1. In addition to the Generalized
Riemann Hypothesis, assume the Generalized Simplicity Hypothesis modulo q. Then the
law of N, is the law of the series

* 1 .
(5.20) mg — E ( E #) X
5 Ty
x(modq) | 7
L(5+iv,x)=0

where the series converges almost surely and in L? as the limit of partial sums

I
(5.21) Jim Z >

5 Ty
X (modq) L( +iv,x)= 0?
IYIST
In these formulas, for each Dirichlet character x modulo q, the sum runs over the
ordinates of zeros of Li(s, x).

REMARK 5.4.5. (1) Since the Generalized Simplicity Hypothesis modulo ¢ implies
that each zero has multiplicity one (even as we vary y modulo ¢), there is no need to
worry about this issue when defining the series over the zeros.

(2) This result shows that the random function N, is probabilistically quite subtle. It
is somewhat analogue to Bagchi’s measure, or to one of its Bohr-Jessen specializations
(see Theorem 3.2.1), with a sum (or a product) of rather simple individual independent
random variables, but it retains important arithmetic features because the sum and the
coefficients involve the zeros of Dirichlet L-functions (instead of the primes that occur in
Bagchi’s random Euler product).

One important contrasting feature, in comparison with either Theorem 3.2.1 (or Sel-
berg’s Theorem) is that the series defining N, is not far from being absolutely convergent,
which is not the case at all of the series

e
» p

that occurs in Bagchi’s Theorem when § < Re(s) < 1.

Before giving the proof, we can draw some simple conclusions from Theorem 5.4.4, in
the direction of confirming the existence of a bias for certain residue classes.

Under the assumptions of Theorem 5.4.4, we have E(N,) = m,, since the convergence
also holds in L2, and E(L, ) = 0 for all (x,~). Using either (5.4) or (5.5), we know that

1 1 *
_go(q) Z my(a) =0, _go(q) Z mq(a)2 =0,= Z 1.
a€(Z/qZ)* a€(Z/qZ) x2=1
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It is natural to say that “not all residue classes modulo ¢ are equal”, as far as repre-
senting primes is concerned, if the average function m, of N, is not constant (assuming
that Theorem 5.4.4 is applicable). This is equivalent (by (5.5)) to the existence of at least
one b # 1 such that b*> = 1, and therefore holds whenever g # 2, since one can always
take b = —1.

This statement can be considered to be the simplest general confirmation of the
Chebychev bias; note that ¢ = 2 is of course an exception, since all primes (with one
exception) are odd.

REMARK 5.4.6. (1) The mean-square o, of m, is also the size of the quotient group

(Z/42)* /(Z/q2)*)*

of invertible residues modulo quadratic residues, minus 1. Using the Chinese Remainder
Theorem, this expression can be computed in terms of the factorization of ¢, namely if

we write
g=1][r"
p

then we obtain

0, = 2min(n2—172) H 21

plg
p=3

(because for p odd, the group of squares is of index 2 in (Z/p™Z)* if n, > 1, whereas
for p = 2, it is trivial if n, = 1 or n, = 2, and of index 4 if ny, > 3).

(2) Consider once more the case ¢ = 4. Then my(1) = —1 and my4(3) = 1, and in
particular we certainly expect to have, in general, more primes congruent to 3 modulo 4
than there are congruent to 1 modulo 4.

In fact, using Theorem 5.4.4 and numerical tables of zeros of the Dirichlet L-functions
modulo 4 up to some bound T, one can get approximations to the distribution of Ny (e.g.,
through the characteristic function of Ny, and approximate Fourier inversion). Rubinstein
and Sarnak [105, §4] established in this manner that

P(N, € H;NC) = 0.9959. ..

(under the assumptions of Theorem 5.4.4 modulo 4). This confirms a very strong bias for
primes to be = 3 modulo 4, but also shows that one has sometimes 7(x;4,1) > m(x; 4, 3)
(in fact, in the sense of the probability measure Px, this happens with probability about
1/250, and we have already mentioned that the first occurrence of this reverse inequality
is for X = 26861).

We now give the proof of Theorem 5.4.4. We first check that the series (5.20) converges
almost surely and in L? in the sense of the limit (5.21).*

4This convergence could be proved without any condition, not even the Generalized Riemann Hy-
pothesis, but the series has no arithmetic meaning without such assumptions.
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It suffices to prove that each value N,(a) of the random function N, converges almost
surely and in L2. To check this, we first observe that for any T > 2, we have

" L == * L, —  Ii_
Yo =Y 3 (@ i )
modq) (L, . y_g 2 v (modq) 7 (L . g 2 2 2 g
X (mod g L(2+’VY?X)*0 X q L(2+Z'y,x)70

[vI<T 0<~y<T

(5.22) -2y ¥ Re( I+WW)

x (mod q) L(%-H‘%x)zo
0<y<T

according to the definition (5.19) of I, , for negative v (we use here the fact that, under
the Generalized Simplicity Hypothesis, no zero has ordinate v = 0).

The right-hand side of (5.22) is the partial sum of a series of independent random
variables, and we can apply Kolmogorov’s Theorem B.10.1. Indeed, we have

E(Re(lli—”wm)) =0

2

for any pair (x, ), and

> v (re( @) < X Y oE()

x (mod ¢) v>0 x (mod ¢) 7>0

Z Zl 5 < 1t00

X (mod q) v>0 4

—|—m’>

by Proposition C.5.3 (2), so that the series converges almost surely and in L2, by Kol-
mogorov’s Theorem, as claimed.

Now we need only go through the steps described above when motivating Defini-
tion 5.4.1. The random function N is the limit as T — +o0 of

. Y
Ny =mq = XLI)T%< Z Z % —l)-iify x(a)).

X (mod g) (1 4iv,x)=0
Ivl<T

We write once more
E * E IQ x(a) =my —2 E ) g Re( IW X(a)>.
2 +iy ! + iy

1. 1,
X (moda) 1,(5 +iy,x)=0 X (mod @) (5 +iy,x)=0
[vI<T 0<y<T

By Proposition 5.3.3, or Corollary 5.3.4, as explained above, and the Generalized Sim-
plicity Hypothesis modulo ¢ (precisely through Lemma 5.4.2), the limit as X — +o00 of
these random functions is simply

m-2 3 Y Re(XA@)

X (mod q) L(%+Z’%X)=0
0<y<T

which in turn converge to the random function N, as T — +oo by definition. This
concludes the proof of Theorem 5.4.4.
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Theorem 5.4.4 is equivalent to the computation of the characteristic function of N,
viewed as a random vector, i.e., of the function

t > E(e"M9)

for t € R(Z/92)"  where

a€(Z/qZ)*
for t = (t,) € RZ/9)" and f: (Z/qZ)* — R. (Indeed, this is how the result is presented
in [105, §3.1].)
To state the formula for the characteristic function, define the Bessel function Jy on R
by

27

It is elementary that Jgy is a real-valued and even function of x.

1 2m )
Jo(l') _ _/ €wcos(t)dt.
0

COROLLARY 5.4.7. Let ¢ > 2 be an integer. Assume the Generalized Riemann Hy-
pothesis and the Generalized Simplicity Hypothesis modulo q. The characteristic function
of the law of the Rubinstein—-Sarnak distribution N, modulo q is given by

E(e"Ne) = exp(it - my) H H JO(%>
4

X (mod q) 7>0
L(5+iv,x)=0

for t € R&/99™  where, for each Dirichlet character x modulo q, the product runs over
the positive ordinates of zeros of L(s, x).

PROOF. Using the previous argument, we write the series defining N, in the form

- S (e ) =meome( X 3y,

—1
x (mod g) 7>0 v x (mod q) v>0 2

Since the characteristic function of a limit in law is the pointwise limit of the char-
acteristic functions of the sequence involved, we obtain using the independence of the
random variables (I, ,) the convergent product formula

E(eit'Nq — "tmq H HE( —2it-Re 1/;::i’yx)>

x (mod ¢g) >0

e I TTe(4)

x (modgq) >0 2

where, for z € C, we defined
QO(Z) _ E<€f2i Re(zl))

for a random variable I uniformly distributed over the unit circle. By invariance of the
law of I under rotation (i.e., the law of ze®I is the same as that of zI for any § € R),
applied to the angle # such that ze? = |z|, we have

: , 1 [
(,D(Z) _ E(e—2zRe(|z\I)) _ E<€—2z|z\Re(I)) _ 2_/ e—21|z|cos(t)dt _ J0(2|Z|).
™
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Hence we obtain

B =TT 1)

x (mod g) >0
as claimed. O

Another consequence of Theorem 5.4.4 is an estimate for the probability that N, takes
large values.

COROLLARY 5.4.8. There exists a constant c, > 0 such that, for A > 0, we have
¢, exp(— exp(c,AY?)) < liminf Px(||Nx || = A)
X—400
< lim sup Px (|[Nx || > A) < ¢q exp(— exp(c, “LAL2Y),
X—400

PROOF. We view N, as a random variable with values in the complex finite-dimensional
Banach space of complex-valued functions on (Z/gZ)*. We have the series representation

No=m,—2 > % Re< +w¥>'

X (mod q) 1 v>0
L(5+iv,x)=0

This series converges almost surely, the terms are independent and the random vari-
ables I, , are bounded by 1 in modulus. Moreover

P(IN,]| > A) < P(|IN,|| > A)

~ * I .
D D DL
x(modg) >0 271
L(5+iv,x)=0
since ||N,|| < |]Nq\| By Corollary C.5.5, the functions
2
3 +iv
satisfy the bounds described in Remark B.11.14 (2), namely

>

where

X

Y‘ > (log T)?

1
x (mod q) 0<y<T 2
L(1+Wx) =0
and
DI [k A
l .
X (mod q) v>T 2 T vy T
L(5+iv,x)=0

for T > 1. Thus by Remark B.11.14 (2), and the convergence in law of Nx , to N,, we
deduce the upper bound

lim sup Px(||Nx 4| > A) < P(||N,|| > A) < cexp(— exp(cilAl/z))
X—400

for some real number ¢ > 0.
In the case of the lower bound, it suffices to prove it for N,(a), where a is any
fixed element of (Z/qZ)*. Since the series expressing N,(a) is not exactly of the form
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required for the lower-bound in Remark B.11.14 (2) (and in Proposition B.11.13), we first
transform it a bit. We have
I — 1
Re( 2= X(@)) = 57— Rel(ly, (@) +
3Ty 23+9%)

for any pair (x, ), which implies that
* g
Ny(a) = mg(a) + eg(a) =2 D Im(I, - x(a))

1 2
Iy
X (mod q) v>0 4 v
L(5+iv,x)=0

Y
Im(Ixﬁx(a)),
it

where the random variable e,(a) (arising from the sum of the first terms in the previous
expression) is uniformly bounded (by Proposition C.5.3 (2)). Now we can apply the
lower bound in Remark B.11.14 (2) to the last series: the random variables Im(I, ,x(a))
are independent, symmetric and bounded by 1, and the assumptions on the size of the
coefficients are provided by Corollary C.5.5 again. O

5.5. Further results

In recent years, the Chebychev bias has been a popular topic in analytic number
theory; besides further studies of the original setting that we have discussed, it has also
been generalized in many ways. We only indicate a few examples here, without any
attempt to completeness.

In the first direction, there have been many studies of the properties of the Rubinstein—
Sarnak measures, and of the consequences concerning various “races” between primes (see,
for instance, the papers of Granville and Martin [50] and Harper and Lamzouri [56]).
In parallel, attempts have been made to weaken the assumptions used by Rubinstein
and Sarnak to establish properties of their measures (recall that the existence of the
measure does not require the Generalized Simplicity Hypothesis). Among these, we refer
in particular to the work of Devin [26], who found a much weaker condition that ensures
that the Rubinstein—-Sarnak measure is absolutely continuous.

Among generalizations, it seems worth mentioning the discussion by Sarnak [107]
of a bias related to elliptic curves, as well as the recent extensive work of Fiorilli and
Jouve [38] concerning Artin L-functions. In another direction, Kowalski [68] and later
Cha-Fiorilli-Jouve [23] have considered analogue questions over finite fields, where the
main difference is that relations between zeros of the analogues of the Dirichlet L-functions
may well exist (although they are rare), leading to new phenomena.
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CHAPTER 6

The shape of exponential sums

Probability tools Arithmetic tools

Definition of convergence in law (§ B.3) Kloosterman sums (§ C.6)

Kolmogorov’s Theorem for random series | Riemann Hypothesis over finite fields
(th. B.10.1) (th. C.6.4)

Convergence  of finite  distributions | Average Sato—Tate theorem
(def. B.11.2)

Kolmogorov’s ~ Criterion for tightness | Weyl criterion (§ B.6)
(prop. B.11.10)

Fourier coefficients criterion (prop. B.11.8) | Deligne’s Equidistribution Theorem
Subgaussian random variables (§ B.8)

Talagrand’s inequality (th. B.11.12)

Support of a random series (prop. B.10.8)

6.1. Introduction

We consider in this chapter a rather different type of arithmetic objects: exponential
sums and their partial sums. Although the ideas that we will present apply to very
general situations, we consider as usual only an important special case: the partial sums
of Kloosterman sums modulo primes. In Section C.6, we give some motivation for the
type of sums (and questions) discussed in this chapter.

Thus let p be a prime number. For any pair (a, b) of invertible elements in the finite
field F,, = Z/pZ, the (normalized) Kloosterman sum Kl(a, b; p) is defined by the formula

Kl(a, b;p) = = Z €<M>,

p p
\/_ xEF;;
2imz

where we recall that we denote by e(z) the 1-periodic function defined by e(z) = e*™
and that z is the inverse of x modulo p.

These are finite sums, and they are of great importance in many areas of number
theory, especially in relation with automorphic and modular forms and with analytic
number theory (see [66] for a survey of the origin of these sums and of their applications,
due to Poincaré, Kloosterman, Linnik, Iwaniec, and others). Among their remarkable
properties is the following estimate for the modulus of Kl(a, b; p), due to A. Weil: for any
(a,b) € FX x F), we have

(6.1) | Kl(a, b;p)| < 2.
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FIGURE 6.1. The partial sums of Kl(1,1; 139).

This is a very strong result if one considers that Kl(a,b; p) is, up to dividing by /p, the
sum of p—1 roots of unity, so that the “trivial” estimate is that | Kl(a, b;p)| < (p—1)/1/p-
What this reveals is that the arguments of the summands e((ax + bZ)/p) in C vary in
a very complicated manner that leads to this remarkable cancellation property. This is
due essentially to the very “random” behavior of the map x — T when seen at the level
of representatives of z and Z in the interval {0,...,p — 1}.

From a probabilistic point of view, the order of magnitude /p of the sum (before
normalization) is not unexpected. If we simply heuristically model an exponential sum
as above by a random walk with independent summands uniformly distributed on the
unit circle, say

Sy =Xg + -+ Xy

where the random variables (X,,) are independent and uniform on the unit circle, then the
Central Limit Theorem implies a convergence in law of Xy/ VN to a standard complex
gaussian random variable, which shows that /N is the “right” order of magnitude. Note
however that probabilistic analogies of this type would also suggest that Sy is sometimes
(although rarely) larger than VN (the law of the iterated logarithm suggests that it should
almost surely reach values as large as v/N(loglog N); see, e.g., [9, Th. 9.5]). Hence Weil’s
bound (6.1) indicates that the summands defining the Kloosterman sum have very special
properties.

This probabilistic analogy and the study of random walks (or sheer curiosity) suggests
to look at the partial sums of Kloosterman sums, and the way they move in the complex
plane. This requires some ordering of the sum defining Kl(a, b; p), which we simply achieve
by summing over 1 < x < p — 1 in increasing order. Thus we will consider the p — 1

points
1 <ax—|—bi>
Z;i = — e
J \/ﬁ Z P

1<z<y

for 1 < 7 < p—1. We illustrate this for the sum KI(1, 1;139) in Figure 6.1.

Because this cloud of points is not particularly enlightening, we refine the construction
by joining the successive points with line segments. This gives the result in Figure 6.2
for KI(1, 1;139). If we change the values of a and b, we observe that the figures change
in apparently random and unpredictable way, although some basic features remain (the
final point is on the real axis, which reflects the easily-proven fact that Kl(a,b;p) € R,
and there is a reflection symmetry with respect to the line x = % Kl(a, b; p)). For instance,
Figure 6.3 shows the curves corresponding to K1(2, 1; 139), Kl1(3, 1;139) and Kl(4, 1; 139);
see [71] for many more pictures.
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FIGURE 6.2. The partial sums of KI(1,1;139), joined by line segments.

FIGURE 6.3. The partial sums of Kl(a, 1;139) for a = 2, 3, 4.

We then ask whether there is a definite statistical behavior for these Kloosterman
paths as p — 400, when we pick (a,b) € F¢ x F* uniformly at random. As we will see,
this is indeed the case!

To state the precise result, we introduce some further notation. Thus, for p prime
and (a,b) € F x FX, we denote by K,(a,b) the function

0,1] — C
such that, for 0 < j < p — 2, the value at a real number ¢ such that
4 1
p—1 p—1
is obtained by interpolating linearly between the consecutive partial sums

Zj:%26<(w;bj> and zj+1:% Z e<a$;-bq‘;>.

1<z<y 1<z<j+1

The path ¢ — K,(a,b)(t) is the polygonal path described above; for ¢ = 0, we have
K,(a,b)(0) = 0, and for ¢t = 1, we obtain K,(a,b)(1) = Kl(a, b; p).
Let Q, = F; x F. We view K, as a random variable

€, — C((0, 1)),

where C([0,1]) is the Banach space of continuous functions ¢ : [0,1] — C with the
supremum norm ||¢||. = sup |¢(t)]. Alternatively, we may think of the family of random
variables (K, (t)):c(0,1) such that

(a,b) = Ky(a, b)(?),

and view it as a “stochastic process” with t playing the role of “time”.
Here is the theorem that gives the limiting behavior of these arithmetically-defined
random variables, proved by Kowalski and Sawin in [79].
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THEOREM 6.1.1. Let (STp)nez be a sequence of independent random wvariables, all
distributed according to the Sato—Tate measure

1 2
psT = —¢\/1— “da
s 4

on [—2,2].
(1) The random Fourier series
e(ht) — 1
K(t) =tSTy + »  —5-——ST)
py 2imh
h#0

defined fort € [0, 1] converges uniformly almost surely, in the sense of symmetric partial
sums ()
e(ht) —1
K(t) =tST li ————ST}.
() =tSTo+ lm >, =2 5—ST
heZ
1<|h|<H
This random Fourier series defines a C([0, 1])-valued random variable K.
(2) As p — +o0, the random variables K, converge in law to K, in the sense of
C([0, 1])-valued variables.

The Sato—Tate measure is better known in probability as a semi-circle law, but its
appearance in Theorem 6.1.1 is really due to the group-theoretic interpretation that
often arises in number theory, and reflects the choice of name. Namely, we recall (see
Example B.6.1 (3)) that ugr is the direct image under the trace map of the probability
Haar measure on the compact group SU,(C).

Note in particular that the theorem implies, by taking ¢ = 1, that the Kloosterman
sums Kl(a, b; p) = K,(a,b)(1), viewed as random variables on €, become asymptotically
distributed like K(1) = STy, i.e., that Kloosterman sums are Sato-Tate distributed in
the sense that for any real numbers —2 < a < < 2, we have

1
(p—1)?
This result is a famous theorem of N. Katz [61]. In some sense, Theorem 6.1.1 is a “func-
tional” extension of this equidistribution theorem. In fact, the key arithmetic ingredient

in the proof is an extension of the results and methods developed by Katz to prove many
similar statements.

B
[{(a,0) e F) x F; | a <Kl(a,b;p) < B} —)/ dusr(t).

REMARK 6.1.2. Although we do not require this, we mention a few regularity prop-
erties of the random series K(¢): it is almost surely nowhere differentiable, but almost
surely Hélder-continuous of order « for any a < 1/2 (see the references in [79, Prop.
2.1]; these follow from general results of Kahane).

6.2. Proof of the distribution theorem

We will explain the proof of the theorem. We use a slightly different approach than the
original article, bypassing the method of moments, and exploiting some simplifications
that arise from the consideration of this single example.

The proof will be complete from a probabilistic point of view, but it relies on an
extremely deep arithmetic result that we will only be able to view as a black box in this
book. The crucial underlying result is the very general form of the Riemann Hypothesis
over finite fields, and the formalism that is attached to it. This is due to Deligne, and the
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particular application we use relies extensively on the additional work of Katz. All of this
builds on the algebraic-geometric foundations of Grothendieck and his school (see |
Ch. 11] for an introduction).

In outline, the proof has three steps:

)

e Step 1: Show that the random Fourier series K exists, as a C([0, 1])-valued
random variable;

e Step 2: Prove that (a small variant of) the sequence of Fourier coefficients of
K, converges in law to the sequence of Fourier coefficients of K;

e Step 3: Prove that the sequence (K,), is tight (Definition B.3.6), using Kol-
mogorov’s Tightness Criterion (Proposition B.11.10).

Once this is done, a simple probabilistic statement (Proposition B.11.8, which is a
variant of Prokhorov’s Theorem B.11.4) shows that the combination of (2) and (3) implies
that K, converges to K. Both steps (2) and (3) involve non-trivial arithmetic information;
indeed, the main input in (2) is exceptionally deep, as we will explain soon.

We denote by P, and E,, the probability and expectation with respect to the uniform
measure on {2, = F x F7. Before we begin the proof in earnest, it is useful to see why
the limit arises, and why it is precisely this random Fourier series. The idea is to use
discrete Fourier analysis to represent the partial sums of Kloosterman sums.

LEMMA 6.2.1. Let p > 3 be a prime and a, b € F\. Let t € [0,1]. Then we have

e(an+bn> = Y a,(ht)Kl(a — h,bp),

1
(6.2) —
\/]_) 1<n<(p-1)t p |h|<p/2

where

p 1<n<(p—1)t p

Proor. This is a case of the discrete Plancherel formula, applied to the characteristic
(indicator) function of the discrete interval of summation; to check it quickly, insert the
definitions of a,(h,t) and of Kl(a — h,b;p) in the right hand-side of (6.2). This shows
that it is equal to

Yo )Kia—hbip)=—5 > Y Z( )( h)m+bm>

|h|<p/2 V4<p/21<n<(p 1)t meF,

1 am + bm\ 1 (n—m)
-5 X (") ()

1<n<(p—1)t meF,

_ % Z e(aann))

1<n<(p—1)t

as claimed, since by the orthogonality of characters we have
- Z ( ) =d(n,m)
her
for any n, m € F,, where 6(n,m) = 1 if n = m modulo p, and otherwise 6(n,m) =0. O

If we observe that a,(h,t) is essentially a Riemann sum for the integral

t
—1
/ e(ht)dt = M
0 2imh
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for all h # 0, and that «a,(0,t) — ¢ as p — 400, we see that the right-hand side of (6.2)
looks like a Fourier series of the same type as K(¢), with coefficients given by shifted
Kloosterman sums Kl(a — h, b; p) instead of ST},. Now the crucial arithmetic information
is contained in the following very deep theorem:

THEOREM 6.2.2 (Katz; Deligne). Fiz an integer b # 0. For p prime not dividing b,
consider the random variable

S, a— (Kl(a — h,b;p))nez

on ¥ with uniform probability measure, taking values in the compact topological space
T=]]l-22.

Then S, converges in law to the product probability measure

® HsT-

heZ

In other words, the sequence of random variables a — Kl(a — h,b; p) converges in law to
a sequence (STh)nez of independent Sato—Tate distributed random variables.

Because of this theorem, the formula (6.2) suggests that K, (¢) converges in law to the
random series (ht)
e(ht) —1
tST ———STy,
0t Z 2imh "
heZ
h#0
which is exactly K(¢). We now proceed to the implementation of the three steps above,
which will use this deep arithmetic ingredient.

REMARK 6.2.3. There is a subtlety in the argument: although Theorem 6.2.2 holds
for any fixed b, when averaging only over a, we cannot at the current time prove the
analogue of Theorem 6.1.1 for fixed b, because the proof of tightness in the last step uses
crucially both averages.

Step 1. (Existence and properties of the random Fourier series)
We can write the series K(t) as

_tST0+Z( e(ht) — 1 h—mST_h)

2imh 2imh
h>1
The summands here, namely
_e(ht) -1 e(—ht) — 1
M= i ST T gy T

for h > 1, are independent and have expectation 0 since E(ST,) = 0 (see (B.8)). Fur-
thermore, since ST}, is independent of ST_j, and they have variance 1, we have

ZV<Xh) _ Z( e(ht) — 112 je(—ht) -1

2imh 2qmh

2 1
)< ﬁ<+00

for any ¢ € [0,1]. From Kolmogorov’s criterion for almost sure convergence of random
series with finite variance (Theorem B.10.1), it follows that for any ¢ € [0, 1], the series
K(t) converges almost surely and in L? to a complex-valued random variable.
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To prove convergence in C([0, 1]), we will use convergence of finite distributions com-
bined with Kolmogorov’s Tightness Criterion. Consider the partial sums

e(ht) — 1
Ku(t) = tSTo+ Y — 55T
1<|h|<H
for H > 1. These are C([0, 1])-valued random variables. The convergence of Ky () to K(t)
in L', for any ¢ € [0, 1], implies (see Lemma B.11.3) that the sequence (Ky)p>1 converges
to K in the sense of finite distributions. Therefore, by Proposition B.11.10, the sequence
converges in the sense of C([0, 1])-valued random variables if there exist constants C > 0,
a > 0 and 6 > 0 such that for any H > 1, and real numbers 0 < s <t < 1, we have

(6.3) E(|Ku(t) — Ku(s)|*) < CJt — s]H‘s.
We will take o« = 4. We have
hs)
Ky (t) — Ku(s) = (t — s)STo + Z 2mh — STy,
1<|h|<H

This is a sum of independent, centered and bounded random variables, so that by Propo-
sition B.8.2 (1) and (2), it is o-subgaussian with

2 5 e(ht) — e(hs) 5 e(ht) — e(hs)
o =t + Z ‘ 2imh ‘ —sl+ Z‘ 2imh
1<|h|<H

By Parseval’s formula for ordinary Fourier series, we have

e(ht) — hs
t— d
| Z\ eI [ sty

where g, is the characteristic function of the interval [s,¢]. Therefore o < |t — s|. By
the properties of subgaussian random variables (see Proposition B.8.3 in Section B.8), we
deduce that there exists C > 0 such that

E(|Ku(t) — Ku(s)|") < Cop < Clt — s,
which establishes (6.3).

Step 2. (Computation of Fourier coefficients)
As in Section B.11, we will denote by Cy([0, 1]) the subspace of functions f € C([0, 1])

such that f(0) = 0. For f € Cy([0,1]), the sequence FT(f) = (f(h))hez is defined by
(0) = £(1) and 1
flny = [ () = epae(=hoyar

for h # 0. The map FT is a continuous linear map from Cy([0, 1]) to Cy(Z), the Banach
space of functions Z — C that tend to zero at infinity.

LEMMA 6.2.4. The “Fourier coefficients” FT(K,) converge in law to FT(K), in the
sense of convergence of finite distribution.

We begin by computing the Fourier coefficients of a polygonal path. Let zy and z; be
complex numbers, and t; < t; real numbers. We define A = ¢, — ¢y and f € C([0, 1]) by

f(t) = (2t —to) +2o(ty — 1)) if tg <t < ty,
0 otherwise,

which parameterizes the segment from z, to z; over the interval [to, t1].
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Let h # 0 be an integer. By direct computation, we find

(6.4) /0 f(t)e(—ht)dt = —2;% (z1e(—hty) — zpe(—hty))+

1 Le[e
2z'7rh(21 - 20)6(—ht0)z</0 6(_hu)du>
= L (e(—hty) — ze(—hto))+

2imh
1 sin(rhA) A
en =0 e(h(+ ).
Consider now an integer n > 1 and a family (zo,...,2,) of complex numbers. For

0 <j<n-—1,let f; be the function as above relative to the points (z;, zj+1) and the
interval [j/n, (j + 1)/n], and define

n—1
F=> f
j=0

so that f parameterizes the polygonal path joining zg to z; to ... to z,, each over time
intervals of equal length 1/n.

For h # 0, we obtain by summing (6.4), using a telescoping sum and the relations
2o = f(0), z, = f(1), the formula

(6.5) / F(e(—ht)dt = — (1) - F(O))+

2imh
1 sin(mh/n) Ti(zj“ B zj)e(—h(j + %)).

2ith 7mh/n n
We specialize this general formula to Kloosterman paths. Let p be a prime, (a,b) €
F; x F), and apply the formula above to n = p — 1 and the points
bT
= Y (M 9”) N
1<$<]

For h # 0, the h-th Fourier coefficient of K, — tK,(1) is the random variable on (2,
that maps (a, b) to

2;}1 Sm;Z;L(/p(p—_ )1))e<_2(ph— 1)> — e(ax ; bx)e(_phx )
Note that for fixed h, we have
() -l )= (s

for all p and all x such that 1 <z < p — 1, hence

—Z (““”*bx) (- hx1>:Kl(a—h,b;p)+O(%>,

p_

where the implied constant depends on h. Let

sin(mh/(p — 1)) h
Bolh) = mh/(p —1) 6<_2(p — 1))‘
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Note that |,(h)| < 1, so we can express the h-th Fourier coefficient as

1
2imh
where the implied constant depends on h.

Note further that the 0-th component of FT(K,) is Kl(a, b; p). Since 8,(h) — 1 asp —
+oo for each fixed h, we deduce from Katz’s equidistribution theorem (Theorem 6.2.2)
and from Lemma B.4.3 (applied to the vectors of Fourier coefficients at hy, ..., hy,
for arbitrary m > 1) that FT(K,) converges in law to FT(K) in the sense of finite
distributions.

Kl(a — h, b;p)By(h) + O(p~1/?),

Step 3. (Tightness of the Kloosterman paths)

We now come to the second main step of the proof of Theorem 6.1.1: the fact that
the sequence (K,), is tight. According to Kolmogorov’s Criterion (Proposition B.11.10),
it is enough to find constants C > 0, @ > 0 and ¢ > 0 such that, for all primes p > 3 and
all £ and s with 0 < s <t < 1, we have
(6.6) E, ([Ky(t) = Ky(s)|%) < Clt — s,

We denote by 7 > 0 the real number such that
t—s[=@-1)".
So v is larger when ¢ and s are closer. The proof of (6.6) involves two different ranges.

Assume first that v > 1 (that is, that [t —s| < 1/(p — 1)). In that range, we use the
polygonal nature of the paths x + K,(x), which implies that

Kp(t) = Kp(s)] < /p— Lt — s| </t — 5]
(since the “velocity” of the path is (p —1)/,/p < +/p — 1). Consequently, for any a > 0,
we have
(6.7) E, ([Ky(t) = Kp(s)[*) < |t — 5|,
In the remaining range v < 1, we will use the discontinuous partial sums Rp(t) instead

of K,(t). To check that this is legitimate, note that

~ 1

K,(t) — K,(t)]| < —

Kp(t) — Kp(?)] 7

for all primes p > 3 and all t. Hence, using Hélder’s inequality, we derive for a > 1 the
relation

E, (K (t) — Kp(5)[*) = Ep (K, (t) — Ky(s)[*) + O(p™/?)
(6.8) = E,(|Ky(t) = Ky(s)[*) + Ot — /%)

where the implied constant depends only on «.
We take a = 4. The following computation of the fourth moment is an idea that goes
back to Kloosterman’s very first non-trivial estimate for individual Kloosterman sums.

We have
- . 1 an + bn
K,(t) — K,(s) = — e ,
1) = Ry (s) ﬁ%( )

where I is the discrete interval
(p—1)s<n<(p—1)t
104



of summation. The length of I is

Lp—Dt] = [(p—1)s] <2(p— 1)t — s

since (p — )|t — s| > 1.
By expanding the fourth power, we get

Ep(‘kp(t) - Rp(s)‘4> = (p _1 1)2 Z ’% Z€<Cm . bn)

p
(a,b)EF) xFy nel

_ p2(p1_ = Z Z 6<a(n1 +ny — ns —n4)>e<b(n1 + Mg — Tig —n4)>.

a,b ni,...,na€l p p

4

After exchanging the order of the sums, which “separates” the two variables a and b, we
get

g, o (et (D (),

n1,..na€l R X beFy

The orthogonality relations for additive character (namely the relation
1 h 1
-y e<“—) = 5(h,0) — -
p 4~ \p p
acFy

for any h € F,) imply that

69 BRO-RGN == X 10 e-17)

n1,...,n4 €L
n1+n2=nz+ng
n1+ng=ng+ng

Fix first ny and ng in I with ny 4+ ng # 0. Then if (n3, ny) satisfy
ny + ng = ng + Ny, Ny + Ny = Nz + Ny,
the value of n3 + ny is fixed, and n; + ny is non-zero, so
ng + ny

n3ng = — -
s -+ N9

(in ;) is also fixed. Hence there are at most two pairs (n3, n4) that satisfy the equations
for these given (ni,ns2). This means that the contribution of these ni, ny to (6.9) is
< 2% (p — 1)~2. Similarly, if ny + ny = 0, the equations imply that ng + ny = 0, and
hence the solutions are determined uniquely by (n1,n3). Hence the contribution is then
< |1)?(p — 1)2, and we get

E, (IKy (1) = Ky(s)|") < IP(p = D2+ 1P (p = 1)7° < |t — s,
where the implied constants are absolute. Using (6.8), this gives
(6.10) E, ([K,(t) = Ky(s)[") < [t — s

with an absolute implied constant. Combined with (6.7) with o« = 4 in the former range,
this completes the proof of tightness.

Final Step. (Proof of Theorem 6.1.1) In view of Proposition B.11.8, the theorem
follows directly from the results of Steps 2 and 3.
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REMARK 6.2.5. The proof of tightness uses crucially that we average over both a
and b to reduce the problem to counting the number of solutions of certain equations
over F,, (see (6.9)), which turn out to be accessible. Since Kl(a,b;p) = Kl(ab;1,p) for
all @ and b in F;, it seems natural to try to prove an analogue of Theorem 6.1.1 when
averaging only over a, with b = 1 fixed. The convergence of finite distributions extends
to that setting (since Theorem 6.2.2 holds for any fixed b), but a proof of tightness is not
currently known for fixed b. Using moment estimates (derived from Deligne’s Riemann
Hypothesis) and the trivial bound

Rp(t) - Rp(s) < |I|p_1/2,

one can check that it is enough to prove a suitable estimate for the average over a in the
restricted range where

1 1
5 1 ST S 5 T
for some fixed but arbitrarily small value of n > 0 (see [79, §3]). The next exercise

illustrates this point.

EXERCISE 6.2.6. Assume p is odd. Let Q) = FX x (F))?, where (F))? is the set of
non-zero squares in F. We denote by K (¢) the random variable K, (t) restricted to €2,
with the uniform probability measure, for which P}(-) and E(-) denote probability and
expectation.

(1) Prove that FT(K}) converges to FT(K) in the sense of finite distributions.

(2) For n € F,, prove that

3 e(b_") _ 1%15(71,0) L O(p)

be(Fy)? b

where the implied constant is absolute. [Hint: Show that if n € ¥, we have

nb?
(%)= vp
beF) b
where the left-hand sum is known as a quadratic Gauss sum, see Example C.6.2 (1) and
Exercise C.6.5.]
(3) Deduce that if [t — s| > 1/p, then
B (1K) (1) — KL (3)1%) < V/Blt = sf + |t = of
where the implied constant is absolute.
(3) Using notation as in the proof of tightness for K,, prove that if n > 0, & > 1 and
1

§+77<7<17

then
« o a/2
E,([K, (1) = K},(s)|%) < [t = 5| + [t — 5%,
where the implied constant depends only on «.
(4) Prove that if n > 0 and

then there exists 4 > 0 such that
/ 4 146
E, (K, (t) — K,(s)[") < [t — s,
106



where the implied constant depends only on 7.
(5) Conclude that (K},) converges in law to K in C([0, 1]). [Hint: It may be convenient
to use the variant of Kolmogorov’s tightness Criterion in Proposition B.11.11.]

6.3. Applications

We can use Theorem 6.1.1 to gain information on partial sums of Kloosterman sums.
We will give two examples, one concerning large values of the partial sums, and the other
dealing with the support of the Kloosterman paths, following [12].

THEOREM 6.3.1. For p prime and A > 0, let M,(A) and N,(A) be the events

1 an + bn
8= {0 B < e L] T (B2
p(A) = (ab) €Fy xF, |1<J'<P1\/131§<j P

Ny(A) = {(a,b) cF; xF; | max %‘1;Kje<an+bn>‘ > A}.

1<j<p—-1 p
There exists a positive constant ¢ > 0 such that, for any A > 0, we have
¢ exp(—exp(cA)) < liminf P,(N,(A)) < limsup P,(M,(A)) < cexp(—exp(c 'A)).
p—+00 p—>+00
In particular, partial sums of normalized Kloosterman sums are unbounded (whereas

the full normalized Kloosterman sums are always of modulus at most 2), but large values
of partial sums are extremely rare.

ProOF. The functions ¢t — K,(a, b)(t) describe polygonal paths in the complex plane.
Since the maximum modulus of a point on such a path is achieved at one of the vertices,

it follows that | )
an 4+ on
e, ] () e

1<ngg

so that the event M,,(A) is the same as {||K,|| > A}, and N,(A) is the same as {||K,|| =
A}.

By Theorem 6.1.1 and composition with the norm map (Proposition B.3.2), the real-
valued random variables ||K, || converge in law to the random variable || K||«, the norm
of the random Fourier series K. By elementary properties of convergence in law, we have
therefore

P(|K|lx > A) <liminf P,(N,(A)) < limsup P,(M,(A)) < P(||K|| = A).
p—+00 p—r+00
So the problem is reduced to questions about the limiting random Fourier series.

We first consider the upper-bound. Here it suffices to prove the existence of a constant
¢ > 0 such that

P(| In(K) s > A) < cexp(—exp(c'A)),
P([[Re(K)[[oc > A) <

We will do this for the real part, since the imaginary part is very similar and can be left
as an exercise. The random variable R = Re(K) takes values in the separable real Banach
space Cr([0,1]) of real-valued continuous functions on [0, 1]. It is almost surely the sum
of the random Fourier series

R = Z ©nYh,

h>0
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where ¢, € Cr([0,1]) and the random variables Y}, are defined by

(po(t) = 2t, YO = %ST(),
in(2
gﬁh(t) = Slfléﬂ-—’/;flt)? Yh = %L(STh + ST_h) for h 2 1.

We note that the random variables (Y},) are independent and that |Y,| < 1 (almost
surely) for all h. We can then apply the bound of Proposition B.11.13 (1) to conclude.
We now prove the lower bound. It suffices to prove that there exists ¢ > 0 such that

(6.11) P(|Im(K(1/2))] > A) > ¢ ' exp(— exp(cA)),
since this implies that
P([|K[loc > A) = ¢ exp(— exp(cA)).

We have
1 cos(mh) — 1 1 1
T2 STh=1 2 55T
h£0 h>1

Im(K(1/2)) =

which is a series which converges almost surely in R with independent terms, and
where %STh is symmetric and < 1 in absolute value for all A. Thus the bound

P(|Im(K(1/2))] > A) > ¢ ' exp(— exp(cA))
for some ¢ > 0 follows immediately from Proposition B.11.13 (2). O

REMARK 6.3.2. In the lower bound, the point 1/2 could be replaced by any ¢ €]0, 1] for
the imaginary part, and one could also use the real part and any ¢ such that t ¢ {0,1/2,1};
the symmetry of the Kloosterman paths with respect to the line z = %Kl(a, b; p) shows
that the real part of K,(a,b)(1/2) is 1 Kl(a, b;p), and this is a real number in [—1, 1].

For our second application, we compute the support of the random Fourier series K.

THEOREM 6.3.3. The support of the law of K is the set of all f € Cy([0,1]) such that
(1) We have f(1) € [-2,2],
(2) For all h # 0, we have f(h) € iR and
~ 1
[f(] < =

mlh|

PROOF. Denote by 8 the set described in the statement. Then 8 is closed in C(]0, 1]),
since it is the intersection of closed sets. By Theorem 6.1.1, a sample function f € C(]0, 1])
of the random process K is almost surely given by a series

f(t) = Oéot + Z Mah

2mih
h#0

that is uniformly convergent in the sense of symmetric partial sums, for some real numbers

ay, such that |ap| < 2. We have f(0) = f(1) € [-2,2], and the uniform convergence

implies that for h # 0, we have

h)=——,

f(h) 2imh

so that f certainly belongs to 8. Consequently, the support of K is contained in 8.
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FIGURE 6.4. The partial sums of KI(88,1;1021).

We now prove the converse inclusion. By Lemma B.3.3, the support of K contains
the set of continuous functions with uniformly convergent (symmetric) expansions

ht) — 1
ta0+2&ah

2mih

where oy, € [—2,2] for all h € Z. In particular, since 0 belongs to the support of the
Sato—Tate measure, & contains all finite sums of this type.
Let f € 8 and put g(t) = f(t) — tf(1). We have

_ - I
F) =t = Jim > Gme(hn) (1 - T).
in Cy([0,1]), by the uniform convergence of Cesaro means of the Fourier series of a con-
tinuous periodic function (see, e.g., [121, III, th. 3.4]). Evaluating at 0 and subtracting

yields

F)=tf(1)+ lim > f(h)(e(ht)—l)(l—%)

N—+oo
Ih|<N
h+£0
- . Qrp, \h\
=tfQ) +N1irfoo|g Qi ) 1)(1 N>
h=£0

in C([0, 1]), where o, = 2imh f(h) for h # 0. Then ay, € R and |ay,| < 2 by the assumption
that f € 8, so each function

L)+ > %ah(l - %)

|h|<N
h#£0

belongs to the support of K. Since the support is closed, we conclude that f also belongs
to the support of K. O
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The support of K is an interesting set of functions. Testing whether a function f €
Co([0,1]) belongs to it, or not, is straightforward if the Fourier coefficients of f are
known, and a positive or negative answer has interesting arithmetic consequences, by
Lemma B.3.3. In particular, since 0 clearly belongs to the support of K, we get:

COROLLARY 6.3.4. For any ¢ > 0, we have

1 ax + bx
lim inf { ,b) e FX xF* max |—— e(—)‘<5}‘>0.
i gl {0 < e [ 5 52 (7
We refer to [12] for further examples of functions belonging (or not) to the support

of K and mention only a remarkable result of J. Bober: the support of K contains space-
filling curves, i.e., functions f such that the image of f has non-empty interior.

6.4. Generalizations

The method of Kowalski and Sawin can be extended to study the “shape” of many
other exponential sums. On the other hand, natural generalizations require different tools,
when the Riemann Hypothesis is not applicable anymore. This was achieved by Ricotta
and Royer [101] for Kloosterman sums modulo p™ when n > 2 is fixed and p — o0,
and later, they succeeded with Shparlinski [102] in obtaining convergence in law in that
setting with a single variable a. If p is fixed and n — 400, the corresponding study was
done by Mili¢evi¢ and Zhang [87], where tools related to p-adic analysis are crucial. In
the three cases, the limit random Fourier series are similar, but have coefficients that
have distributions different from the Sato—Tate distribution.

Related developments concern quantitative versions of Theorem 6.3.1: how large (and
how often) can one make a partial sum of Kloosterman sums? Results of this kind have

been proved by Lamzouri [82] and Bonolis [14], and in great generality by Autissier,
Bonolis and Lamzouri [3].
Finally, in another direction, Cellarosi and Marklof [22] have established beautiful

functional limit theorems for other types of exponential sums closer to the Weyl sums
that arise in the circle method, and especially for quadratic Weyl sums. The tools as well
as the limiting functions are completely different.

[Further references: Iwaniec and Kowalski [59, Ch. 11].]
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CHAPTER 7

Further topics

We explained at the beginning of this book that we would restrict our focus on a
certain special type of results in probabilistic number theory: convergence in law of
arithmetically defined sequences of random variables. In this chapter, we will quickly
survey (with some references) some important and beautiful results that either do not
exactly fit our precise setting, or require rather deeper tools than we wished to assume,
or could develop from scratch.

7.1. Equidistribution modulo 1

We have begun this book with the motivating “founding” example of the Erdos—Kac
Theorem, which is usually interpreted as the first result in probabilistic number theory.
However, one could arguably say that at the time when this was first proved, there already
existed a substantial theory that is really part of probabilistic number theory in our sense,
namely the theory of equidistribution modulo 1, due especially to Weyl [120]. Indeed, this
concerns originally the study of the fractional parts of various sequences (z,),>1 of real
numbers, and the fact that in many cases, including many when x,, has some arithmetic
meaning, the fractional parts become equidistributed in [0, 1] with respect to the Lebesgue
measure.

We now make this more precise in probabilistic terms. For a real number x, we will
denote (as in Chapter 3) by (z) the fractional part of x, namely the unique real number in
[0, 1] such that z — () € Z. We can identify this value with the point e(z) = €*™ on the
unit circle, or with its image in R/Z, either of which might be more convenient. Given

a sequence (z,),>1 of real numbers, we define random variables Sy on Qn = {1,...,N}
(with uniform probability measure) by
Sx(n) = ().

Then the sequence (z,),>1 is said to be equidistributed modulo 1 if the random variables
Sn converge in law to the uniform probability measure dx on [0, 1], as N — +o0.
Among other things, Weyl proved the following results:

THEOREM 7.1.1. (1) Let P € R[X] be a polynomial of degree d > 1 with leading term
X< where £ ¢ Q. Then the sequence (P(n)),s1 is equidistributed modulo 1.

(2) Let k > 1 be an integer, and let € = (&1,...,&) € (R/Z)%. The closure T of the
set {n | n € Z} C (R/Z)? is a compact subgroup of (R/Z)* and the T-valued random
variables on Qy defined by

Kn(n) =né

converge in law as N — 400 to the probability Haar measure on T.

The second part of this theorem is the same as Theorem B.6.5, (1). We sketch partial
proofs of the first property, which is surprisingly elementary, given the Weyl Criterion
(Theorem B.6.3).

We proceed by induction on the degree d > 1 of the polynomial P € R[X], using a
rather clever trick for this purpose. We may assume that P(0) = 0 (as the reader should
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check). If d = 1, then P = ¢X for some real number ¢, and P(n) = n¢; the assumption is
that £ is irrational, and the result then follows from the 1-dimensional case of the second
part, as explained in Example B.6.6.

Suppose that d = deg(P) > 2 and that the statement is known for polynomials of
smaller degree. We use the following:

LEMMA 7.1.2. Let (x,)n>1 be a sequence of real numbers. Suppose that for any integer
h # 0, the sequence (Tp1p — Ty 1S equidistributed modulo 1. Then (x,,) is equidistributed
modulo 1.

SKETCH OF THE PROOF. We leave this as an exercise to the reader; the key step is
to use the following very useful inequality of van der Corput: for any integer N > 1, for
any family (a,)i1<n<n Of complex numbers, and for any integer H > 1, we have

N
Sul <5 Z(-F) T o

|h|<H 1<n<N
We also leave the proof of this inequality as an exercise... O

1<n+h<N

In the special case of Kx(n) = (P(n)), this means that we have to consider auxiliary
sequences K\ (n) = (P(n + h) — P(n)), which corresponds to the same problem for the
polynomials

P(X+h)—P(X) =X +h)d —eX? 4. =deX .-

Since these polynomials have degree d — 1, and leading coefficient d¢ ¢ Q, the induc-
tion hypothesis applies to prove that the random variables K} converge to the Lebesgue
measure. By the lemma, so does Ky.

REMARK 7.1.3. The reader might ask what happens in Theorem B.6.3 if we replace
the integers n < N by primes taken uniformly from those that are < N. The answer is
that the same properties hold — for both assertions, we have the same limit in law, under
the same conditions on the polynomial for the first one. The proofs are quite a bit more
involved however, and depend on Vinogradov’s fundamental insight on the “bilinear”
nature of the prime numbers. We refer to [59, 13.5, 21.2] for an introduction.

EXERCISE 7.1.4. Suppose that 0 < a < 1. Prove that the sequence ({(n)),>1 is
equidistributed modulo 1.

Even in situations where equidistribution modulo 1 holds, there remain many fasci-
nating and widely-open questions when one attempts to go “beyond” equidistribution to
understand fluctuations and variations that lie deeper. One of the best known problem
in this area is that of the distribution of the gaps in a sequence that is equidistributed
modulo 1.

Thus let (z,),>1 be a sequence in R/Z that is equidistributed modulo 1. For N > 1,
consider the set of the N first values

{xlm"'axN}

of the sequence. The complement in R/Z of these points is a disjoint union of “intervals”
(in [0, 1], all but one of them are literally sub-intervals, and the last one “wraps-around”).
The number of these intervals is < N (there might indeed be less than N, since some of
the values x; might coincide). The question that arises is: what is the distribution of
the lengths of these gaps? Stated in a different way, the intervals in question are the
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connected components of R/Z — {x;,...,zx}, and we are interested in the Lebesgue
measure of these connected components.

Let Qx be the set of the intervals in R/Z = {z1,...,2xx}, with uniform probability
measure. We define random variables by

Gn(I) = Nlength(I)

for I € Qx. Note that the average gap is going to be about 1/N, so that the multiplication
by N leads to a natural normalization where the average of Gy is about 1.

In the case of purely random points located in S! independently at random, a classical
probabilistic result is that the analogue random variables converge in law to an exponential
random variable E on [0, +00[, i.e., a random variable such that

b
P(a < E <b) :/ e “dx

for any non-negative real numbers a < b. This is also called the “Poisson” behavior. For
any (deterministic, for instance, arithmetic) sequence (z,,) that is equidistributed modulo
1, one can then ask whether a similar distribution will arise.

Already the special case of the sequence ((n¢)), for a fixed irrational number ¢, leads
to a particularly nice and remarkable answer, the “Three Gaps Theorem” (conjectured by
Steinhaus and first proved by Sés [113]). This says that there are at most three distinct
gaps between the fractional parts (n&) for 1 < n < N, independently of N and £ ¢ Q.

Although this is in some sense unrelated to our main interests (there is no probabilistic
limit theorem here!) we will indicate in Exercise 7.1.5 the steps that lead to a recent proof
due to Marklof and Strombergsson [86]. It is rather modern in spirit, as it depends on
the use of lattices in R?, and especially on the space of lattices.

Very little is known in other cases, but numerical experiments are often easy to per-
form and lead at least to various conjectural statements. For instance, let 0 < o < 1 be
fixed and put z,, = (n®). By Exercise 7.1.4, the sequence (z,),>1 is equidistributed mod-
ulo 1. In this case, it is expected that Gy should have the exponential limiting behavior
for all o except for a = % Remarkably, this exceptional case is the only one where the
answer is known! This is a result of Elkies and McMullen that we will discuss below in
Section 7.5.

EXERCISE 7.1.5. Throughout this exercise, we fix an irrational number ¢ ¢ Q.
(1) For g € SLy(R) and 0 < ¢t < 1, show that
¢(g,t) = inf{y >0 | there exists  such that —¢ <z <1 —t and (z,y) € Z*g}

exists. Show that the function ¢ that it defines satisfies p(vg,t) = ¢(g,t) for all v €
SLy(Z).

(2) Let N > 1 and 1 < n < N. Prove that the gap between (n¢) and the “next”
element of the set

{ (&, ... (N}
(i.e., the next one in “clockwise order”) is equal to
1 n
ng (gN7 N)u

where



(3) Let g € SLa(R) be fixed. Consider the set
A, = gZ%N (]—1, 1[ % ], +oo[>.

Show that there exists a = (z1,y1) € Ay with g3 > 0 minimal.

(4) Show that either there exists b = (x2,y2) € A,, not proportional to a, with y,
minimal, or ¢(g,t) = y; for all ¢.

(5) Assume that y, > y;. Show that (a,b) is a basis of the lattice gZ* C R?, and that
1 and xo have opposite signs. Let

11:]0,1]ﬂ]—$1,1—1'1], 12:]0,1]0]—I2,1—$Q].
Prove that
Y2 if ¢ < 11
Qp(gat): U1 ift6127 t¢11

Y1 +y2  otherwise.

(6) If yo = y1, show that ¢ — (g, ) takes at most three values by considering similarly
a = (x},y}) € Ay with 2} > 0 minimal, and ¥ = (2%, y5) with z}, < 0 maximal.

7.2. Roots of polynomial congruences and the Chinese Remainder Theorem

One case of equidistribution modulo 1 deserves mention since it involves some inter-
esting philosophical points, and has been the subject of a number of important works.

Let f be a fixed integral monic polynomial of degree d > 1. For any integer ¢ > 1, the
number o7(q) of roots of f modulo ¢ is finite, and the function g; is multiplicative (by
the Chinese Remainder Theorem); moreover it is elementary that the set My of integers
q > 1 such that pf(g) > 1 is infinite. On the other hand, we always have o;(p) < d for p
prime, so of(q) < d“@ at least when ¢ is squarefree.

EXERCISE 7.2.1. Prove that My is infinite. [Hint: It suffices to check that the set
of primes p such that of(p) > 1 is infinite; assuming that it is not, show that the set of
values f(n) for n > 1 would be “too small.”|

The question is then: is it true that the fractional parts (a/q) of the roots a € Z/qZ
of f modulo ¢, when p¢(q) > 1, become equidistributed modulo 17?

This problem admits a number of variants, and the deepest is undoubtedly the case
of equidistribution of (a/p) when the modulus p is restricted to be a prime number.
Indeed, it is only when d = 2 and f is irreducible that the equidistribution of roots
modulo primes has been proven, first by Duke—Friedlander—Iwaniec [29] for quadratic
polynomials with negative discriminant, and by Toth [118] for quadratic polynomials
with positive discriminant, i.e., with two real roots.

When all moduli ¢ are taken into account, on the other hand, one can prove equidis-
tribution for any irreducible polynomial, as was first done by Hooley [57]. However,
although one might think that this provides evidence for the stronger statement mod-
ulo primes, it turns out that this result has in fact almost nothing to do with roots of
polynomials!

More precisely, Kowalski and Soundararajan [80] show that equidistribution holds
for the fractional parts of elements of sets modulo ¢ obtained by the Chinese Remainder
Theorem, starting from subsets A, of Z/p"Z, under the sole condition that A, should
have at least two elements for a positive proportion of the primes.

In other words, for p prime and v > 1, let A, C Z/p”Z be an arbitrary subset of
residue classes, and for ¢ > 1, define A, C Z/qZ to be the set of x (modg) such that,
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for all primes p dividing ¢, with exact exponent v, we have z (modp”) € A,. Define
o(q) = |A,|, which is a multiplicative function, and let £ be the set of all ¢ > 1 such
that A, is not empty. For any ¢ € ©, let A, be the probability measure on R/Z given by

1
A, = — 0,a,,
" olg) erAq e/
where §, denotes a Dirac mass at = (the measure A, is the image of the uniform probability
measure on A, by the map a — (2)). Then [80, Th. 1.1] implies that:

THEOREM 7.2.2. Suppose that there exists o > 0 such that

Z 1> an(Q)

p<Q

o(p)=2
for all Q large enough. Let N(Q) be the number of ¢ < Q such that A, is not empty.
Then the probability measures

1
=3 A
N@Q) ="
qeN

converge to the Lebesgue measure on R/Z.

EXAMPLE 7.2.3. Let f € Z[X] be monic and without repeated roots. If deg(f) > 2,
then this theorem applies to the case where A, is the set of roots of f modulo p”, because
a basic theorem of algebraic number theory (the Chebotarev Density Theorem, see for
instance [91, Th. 13.4]) implies that there is a positive proportion of primes p for which f
has deg(f) > 2 distinct roots in Z/pZ. However, the theorem shows that we can replace
Apv by any other subset Al of Z/p”Z with the same cardinality, without changing the
conclusion concerning the fractional parts modulo all ¢, whereas (of course) we could
select A7 in such a way that there is no equidistribution modulo primes, in the sense that

the measures
1
pig 22

p<Q
peES)

where P(Q) is the number of primes p < Q in €2, do not converge to the Lebesgue measure.

REMARK 7.2.4. Theorem 7.2.2 does not correspond exactly to the setting considered

in [57], which concerns (implicitly) the slightly different probability measures
1
(7.1) > 0(g)A,
M(Q) =
qeN
where

q<Q
Interestingly, these two ways of making precise the idea of equidistribution modulo ¢ are
not equivalent: it is shown in [80, Prop. 2.8] that there exist choices of subsets (A,) to

which Theorem 7.2.2 applies, but for which the measures (7.1) do not converge to the
uniform measure.
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7.3. Gaps between primes

The Prime Number Theorem .

m(@) ~ log =

indicates that the average gap between successive prime numbers of size z is about log x.
A natural problem, especially in view of the many conjectures that exist concerning
the distribution of primes (such as the Twin Prime conjecture), is to understand the
distribution of these gaps.

One way to do this, which is consistent with our general framework, is the following.
For any integer N > 1, we define the probability space {2y to be the set of integers n such
that 1 < n < N (as in Chapter 2), with the uniform probability measure. Fix A > 0. We
then define the random variables

Gan(n) =7m(n+ Alogn) — m(n)

which measures how many primes exist in the interval starting at n of length equal to A
times the average gap.
A precise conjecture exists concerning the limiting behavior of Gy x as N — +o0:

CONJECTURE 7.3.1. The sequence (Gyx)n converges in law as N — +oo to a Poisson

random variable with parameter A, i.e., for any integer r > 0, we have
PN(G)\yN = T) — G_A%.

To the author’s knowledge, this conjecture first appears in the work of Gallagher [45],
who in fact proved that it would follow from a suitably uniform version of the famous
Hardy-Littlewood k-tuple conjecture. (Interestingly, the same assumption would imply
also a generalization of Conjecture 7.3.1 where one considers suitably normalized gaps
between simultaneous prime values of a family of polynomials, e.g., between twin primes;
see [73], where Gallagher’s argument is presented in a probabilistic manner very much
in the style of this book).

Part of the interest of Conjecture 7.3.1 is that the distribution obtained for the gaps is
exactly what one expects from “purely random” sets (see the discussion by Feller in [37,
1.3, 1.4]).

7.4. Cohen-Lenstra heuristics

In this section, we will assume some basic knowledge concerning algebraic number
theory. We refer, for instance, to the book [58] of Ireland and Rosen for an elementary
introduction to this subject, in particular to [58, Ch. 12], and to the book [91] of Neukirch
for a complete account.

Beginning with a famous paper of Cohen and Lenstra [25], there is by now an im-
pressive body of work concerning the limiting behavior of certain arithmetic measures
of a rather different nature than all those we have described up to now. For these, the
underlying arithmetic objects are families of number fields of certain kinds, and the ran-
dom variables of interest are given by the ideal class groups of the number fields, or some
invariants of the ideal class groups, such as their p-primary subgroups (recall that, as a
finite abelian group, the ideal class group C of a number field K can be represented as a
direct product of groups of order a power of p, which are zero for all but finitely many
p)-

The basic idea of Cohen and Lenstra is that the ideal class groups, in suitable families,
should behave (in general) in such a way that a given finite abelian group C appears as
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an ideal class group with “probability” proportional to the inverse 1/ Aut(C) of the order
of the automorphism group of C, so that for instance, obtaining a group of order p? of
the form Z/pZ x Z /pZ, with automorphism group of size about p*, is much more unlikely
than obtaining the cyclic group Z/p*Z, which has automorphism group of size p* — p.

Imaginary quadratic fields provide a first basic (and still very open!) special case.
Using our way of presenting probabilistic number theory, one could define the finite
probability spaces Qp of negative “fundamental discriminants” —d (that is, either —d
is a squarefree integer congruent to 3 modulo 4, or —d = 46 where ¢ is squarefree and
congruent to 1 or 2 modulo 4) with 1 < d < D and the uniform probability measure, and
one would define for each D and each prime p a random variable P, taking values in
the set A, of isomorphism classes of finite abelian groups of order a power of p, such that
P, p(—d) is the p-part of the class group of Q(v/—d). One of the conjectures ( “heuristics”)
of Cohen and Lenstra is that if p > 3, then P, p should converge in law as D — +o0 to
the probability measure j,, on A, such that

1 1
i) = 7 TAw(A)]

for any group A € A, where Z,, is the constant required to make the measure thus defined
a probability measure (the existence of this measure — in other words, the convergence of
the series defining Z, — is something that of course requires a proof).

Very few unconditional results are known towards these conjectures, and progress
often requires significant ideas. There has however been striking progress by Ellenberg,
Venkatesh and Westerland [32] in some analogue problems for quadratic extensions of
polynomial rings over finite fields, where geometric methods make the problem more
accessible, and in fact allow the use of essentially topological ideas (see the Bourbaki

report [98] of O. Randal-Williams).

7.5. Ratner theory

Although all the results that we have described up to now are beautiful and important,
maybe the most remarkably versatile tool that can be considered to lie within our chosen
context is Ratner theory, named after the fundamental work of M. Ratner [99]. We lack
the expertise to present anything more than a few selected statements of applications of
this theory; we refer to the survey of E. Ghys [47] and to the book of Morris [89] for an
introduction (Section 1.4 of that book lists more applications of Ratner Theory), and to
that of Einsiedler and Ward [30] for background results on ergodic theory and dynamical
systems (some of which also have remarkable applications in number theory).

We illustrate the remarkable power of this theory with the beautiful result of Elkies
and McMullen [31] which was already mentioned in Section 7.1. We consider the se-
quence of fractional parts of /n for n > 1 (viewed as elements of R/Z). As in the
previous section, for any integer N > 1, we define the space {2y to be the set of connected
components of R/Z = {(1),..., (v/N)}, with uniform probability measure, and we define
random variables on Qy by

Gn(I) = Nlength(I).
Elkies and McMullen found the limiting distribution of Gy as N — 4o00. It is a very
non-generic probability measure on R!
THEOREM 7.5.1 (Elkies-McMullen). As N — 400, the random variables G converge
in law to a random variable on [0, 4o00[ with probability law pgy = 7r%f(m)dx, where f s
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continuous, analytic on the intervals [0,1/2], [1/2,2] and [2,+00], is not of class C3, and
satisfies f(x) =1 1f 0 <z < 1/2.

This is [31, Th. 1.1]. The restriction of the density f to the two intervals [1/2,2] and
[2, 400 can be written down explicitly and it is an “elementary” function. For instance,
if 1/2 <2 <2, then let r = 27! and

2
2r—1 1
w(r) = arctan<ﬁ> — arctan(\/ﬁ> ;
we then have 5
flx) = 5(47“ — 1)32(r) + (1 — 6r)logr + 2r — 1

(see [31, (3.53)]).

We give the barest outline of the proof, in order to simply point out what kind of
results are meant by Ratner Theory. The paper of Elkies and McMullen also gives a
detailed and highly readable introduction to this area.

The proof studies the gap distribution by means of the function Ly defined for x €
R/Z so that Ly(z) is the measure of the gap interval containing x (with Ly(z) = 0 if
z is one of the boundary points of the gap intervals for (v/1), ..., (v/N)). We can then
check that for t € R, the total measure in R/Z of the points lying in a gap interval of
length < ¢, which is equal to the Lebesgue measure

p{z € R/Z | Ln(z) <t}),
is given by

/t td(PN(GN < t)) = tPN(GN < t) — /t PN(GN < t)dt

Concretely, this means that it is enough to understand the limiting behavior of Ly in
order to understand the limit gap distribution. Note that there is nothing special about
the specific sequence considered in that part of the argument.

Fix t > 0. The key insight that leads to questions involving Ratner theory is that if
N is a square of an integer, then the probability

p{r € R/Z | Ln(x) <t})

can be shown (asymptotically as N — +00) to be very close to the probability that a
certain affine lattice Ay, in R? intersects the triangle A; with vertices (0,0), (1,0) and
(0,2t) (with area t). The lattice has the form Ax, = gn. - Z?, for some (fairly explicit)
affine transformation gn .

Let ASLy(R) be the group of affine transformations

z 20+ g(2)

of R? whose linear part g € GLy(R) has determinant 1, and ASLy(Z) the subgroup of
those affine transformations of determinant 1 where both the translation term zy and the
linear part have coefficients in Z. Then the lattices Ax, can be interpreted as elements
of the quotient space
M = ASL,(Z)\ ASLy(R)

which parameterizes affine lattices A C R? with R?/A of area 1. This space admits a
unique probability measure g that is invariant under the right action of ASLy(R) by
multiplication.

Now we have, for each N > 1, a probability measure px on M, namely the law of the
random variable R/Z — M defined by « — Ax . What Ratner Theory provides is a very
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powerful set of tools to prove that certain probability measures on M (or on similar spaces
constructed with groups more general than ASL,(R) and suitable quotients) are equal to
the canonical measure pi. This is applied, essentially, to all possible limits of subsequences
of (un), to show that these must coincide with zz, which leads to the conclusion that the
whole sequence converges in law to p. It then follows that

p{r e R/Z | Ln(z) <t}) = p({A € M [ MO A, # 0}).

The gives, in principle, an explicit form of the gap distribution. To compute it exactly is
an “exercise” in euclidean geometry — which is by no means easy!

7.6. And even more...

And there are even more interactions between probability theory and number theory
than what our point of view considers... Here are some examples, which we order, roughly
speaking, in terms of how close they are from the perspective of this book:

e Applications of limit theorems for arithmetic probability measures to other prob-
lems of analytic number theory: we have given a few examples in exercises (see
Exercise 2.3.5, or Exercise 3.3.4), but there are many more of course.

e Using probabilistic ideas to model arithmetic objects, and make conjectures or
prove theorems concerning those; in contrast we our point of view, it is not always
expected in such cases that there should exist actual limit theorems comparing
the model with the actual arithmetic phenomena. A typical example is the co-
called “Cramér model” for the distribution of primes, which is know to lead to
wrong conclusions in some cases, but is often close enough to the truth to be
used to suggest how certain problems might behave (see for instance the survey
of Pintz [94]).

e Using number theoretic ideas to derandomize certain constructions or algorithms.
There are indeed a number of very interesting results that use the “randomness”
of specific arithmetic objects to give deterministic constructions, or deterministic
proofs of existence, for mathematical objects that might have first been shown
to exist using probabilistic ideas. Examples include the construction of expander
graphs by Margulis (see, e.g., [74, §4.4]), or of Ramanujan graphs by Lubotzky,
Phillips and Sarnak [84], or in different vein, the construction of explicit “ul-
traflat” trigonometric polynomials (in the sense of Kahane) by Bombieri and
Bourgain [13], or the construction of explicit functions modulo a prime with
smallest possible Gowers norms by Fouvry, Kowalski and Michel [42].
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APPENDIX A
Analysis

In Chapters 3 and 4, we use a number of facts of analysis, and especially complex anal-
ysis, which are not necessarily included in most introductory graduate courses. We review
them here, and give some details of the proofs (when they are sufficiently elementary and
enlightening) or detailed references.

A.1. Summation by parts

Analytic number theory makes very frequent use of “summation by parts”, which is
a discrete form of integration by parts. We state the version that we use.

LEMMA A.1.1 (Summation by parts). Let (a,)n>1 be a sequence of complex number
and f: [0, 4+o0o[— C a function of class C'. For all x > 0, define

Ma(z) = Y an.
1<n<x
For x > 0, we then have
(A1) > anfn) = Mo(o)f@) = [ M) (O
1<n<x

If My () f(z) tends to 0 as © — +o00, then we have

“+oo

Y anf(n) = - 1 M, () f(t)dt,

n=1

provided either the series or the integral converges absolutely, in which case both of them
do.

Using this formula, one can exploit known information (upper bounds or asymptotic
formulas) concerning the summation function M,, typically when the sequence (a,) is
irregular, in order to understand the summation function for a, f(n) for many sufficiently
regular functions f.

The reader should attempt to write a proof of this lemma, but we give the details for
completeness.

PROOF. Let N > 0 be the integer such that N <z < N + 1. We have

S af) = 3 afn).

1<n<x 1<n<N

By the usual integration by parts formula, we then note that

M () f(z) / " Ma() 7/ (0)dt = Mu(N)F(N) — / M. (1) (1)t
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(because M, is constant on the interval N < ¢ < ). We therefore reduce to the case x =
N. We then have

S anfla) = 3 (o) = Mala = D))

= Y Mun)f(n)— > Mi(n)f(n+1)
=M.(N)f(N)+ > Ma(n)(f(n) — f(n+1))

1<n<N-1

— ML(N)S(N) - / Fit

1<n<N 1

— ML(N)/(N) - / ML (1) (1)t

which concludes the first part of the lemma. The last assertion follows immediately by
letting x — +o00, in view of the assumption on the limit of M,(z)f(x). O
A.2. The logarithm

In Chapters 3 and 4, we sometimes use the logarithm for complex numbers. Since
this is not a globally defined function on C*, we clarify here what we mean.

DEFINITION A.2.1. Let z € C be a complex number with |z| < 1. We define
log(1 — z) Z —
k>1
PROPOSITION A.2.2. (1) For any complex number z such that |z| < 1, we have
eloel==) — 1 _ .

(2) Let (zn)n>1 be a sequence of complex numbers such that |z,| < 1. If

Z |2n| < +o00,
H(l —2zp) = exp(Z log(1 — zn)>

n>1 n>1

(3) For |z] < 3, we have |log(1 — z)| < 2|z|.

then

PROOF. Part (1) is standard since the series used in the definition is the Taylor
series of the logarithm around 1 (evaluated at —z), and this power series has radius of
convergence 1.

Part (2) is then simply a consequence of the continuity of the exponential, and the
fact that the product is convergent under the assumption on (z,),>1.

For (3), we note that for |z| < 1, we have

2 k-1

log(l—z):—z<1+g+%+---—zk +>

so that if |z| < 35, we get

1 1 1
|10g(1—z)|<|z|(1+1+§+-~+ﬁ+-~> < 2|z|.
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A.3. Mellin transform

The Mellin transform is a multiplicative analogue of the Fourier transform, to which
it can indeed in principle be reduced. We consider it only in simple cases. Let

¢ 1 [0,400[— C

be a continuous function that decays faster than any polynomial at infinity (for instance,
a function with compact support). Then the Mellin transform ¢ of ¢ is the holomorphic
function defined by the integral

o) = [ e,

T

for all those s € C for which the integral makes sense, which under our assumption
includes all complex numbers with Re(s) > 0.

The basic properties of the Mellin transform that are relevant for us are summarized
in the next proposition:

PROPOSITION A.3.1. Let ¢ : [0,4+00[—> C be smooth and assume that ¢ and all its
derivatives decay faster than any polynomial at infinity.

(1) The Mellin transform ¢ extends to a meromorphic function on Re(s) > —1, with
at most a simple pole at s = 0 with residue ¢(0).

(2) For any real numbers —1 < A < B, the Mellin transform has rapid decay in the
strip A < Re(s) < B, in the sense that for any integer k > 1, there exists a constant
Cy = 0 such that

[@(s)] < Cu(1 +]t)) 7"
for all s = o +it with A <o <B and |t| > 1.
(3) For any o > 0 and any x > 0, we have the Mellin inversion formula

1 ~ -5
o) = 5 [ @l
x (o)
In the last formula, the notation | (J)(- -+ )ds refers to an integral over the vertical line
Re(s) = o, oriented upward.

PROOF. (1) We integrate by parts in the definition of ¢(s) for Re(s) > 0, and obtain
. pfytee 1 [ sp1d 1 sp1dw
b6 = [p@T], " -5 [ e T o= [ e

since ¢ and ¢’ decay faster than any polynomial at co. It follows that ¥ (s) = s@(s) is
holomorphic for Re(s) > —1, and hence that ¢(s) is meromorphic in this region. Since

+o0
lim sp(s) = $(0) = — / o (2)dz = (0),

s—0

it follows that there is at most a simple pole with residue ¢(0) at s = 0.
(2) Iterating the integration by parts & > 2 times, we obtain for Re(s) > —1 the

relation
N (=1)* /+°° ) srpde
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Hence for A < 0 < B and |t| > 1 we obtain the bound
1 too dx 1
p(s)] € — ®) () |2BHF— <« ———
G < e PR < g
(3) We interpret ¢(s), for s = o + it with o > 0 fixed, as a Fourier transform:, by
means of the change of variable x = e¥: we have

+oo Ldzr .
@@=/ @@fﬂ—=/¢WWWW%
0 x R

which shows that ¢ — ¢(o + it) is the Fourier transform (with the above normalization)
of the function g(y) = p(e¥)e’?. Note that g is smooth, and tends to zero very rapidly
at infinity (for y — —oo, this is because ¢ is bounded close to 0, but e?? then tends
exponentially fast to 0). Therefore the Fourier inversion formula holds, and for any
y € R, we obtain

1 )
p(e”)e’ = —/ @(o +it)e "dt.
2r Jr
Putting x = €Y, this translates to

1

T or

1

/ Qo +it)z 7 "dt = — | @(s)x*ds.
R

14 (x) 20T (o)

0

One of the most important functions of analysis is classically defined as a Mellin
transform. This is the Gamma function of Euler, which is essentially the Mellin transform
of the exponential function, or more precisely of exp(—x). In other words, we have

+00 d
[(s) = / T et
0

X

for all complex numbers s such that Re(s) > 0. Proposition A.3.1 shows that I' extends
to a meromorphic function on Re(s) > —1, with a simple pole at s = 0 with residue 1.
In fact, much more is true:

PROPOSITION A.3.2. The function I'(s) extends to a meromorphic function on C with
only simple poles at s = —k for all integers k > 0, with residue (—1)*/k!. It satisfies
[(s+1) = sI'(s)
for all s € C, with the obvious meaning if s or s+ 1 is a pole, and in particular we have
['(n)=(n—1)!
for all integers n > 0.

Moreover, the function 1/T" is entire.

PROOF. It suffices to prove that I'(s+ 1) = sI'(s) for Re(s) > 0. Indeed, this formula
proves, by induction on k£ > 1, that I' has an analytic continuation to Re(s) > —k, with
a simple pole at —k + 1, where the residue r_j, satisfies

T—k+2

—k+1

This easily gives every statement in the proposition. And the formula we want is just a
simple integration by parts away:

+o00
I(s+1) = / e “xfdr = [—e_xxs}
0
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Since T" is meromorphic, its inverse 1/T" is also meromorphic; for the proof that 1/T"
is in fact entire (i.e., that I'(s) # 0 for s € C), we refer to [116, p. 149] (it follows, e.g.,

from the formula
T

rs)ril—-s)=——-
(s)0(L =) sin(7s)’

valid for all s € C, since the known poles of I'(1 — s) are compensated by those

of 1/sin(ms)). O

An important feature of the Gamma function, which is often quite important, is
that its asymptotic behavior in very wide ranges of the complex plane is very clearly
understood. This is the so-called Stirling formula.

PrOPOSITION A.3.3. Let a > 0 be a real number and let X,, be either the set of s € C
such that either Re(s) > a, or the set of s € C such that | Im(s)| > a. We have

1 1
logI'(s) = slogs —s — —log s + §log 2 + O(|s| ™)

2
I"(s) 1 —2
T(s) —logs—%+0(s )

for any s € X,.

For a proof, see for instance [16, Ch. VII, Prop. 4].

A.4. Dirichlet series
We present in this section some of the basic analytic properties of series of the type
S0
n>1

where a,, € C for n > 1. These are called Dirichlet series, and we refer to Titchmarsh’s
book [116, Ch. 9] for basic information about these functions. If a, = 0 for n large
enough (so that there are only finitely many terms), the series converges of course for
all s, and the resulting function is called a Dirichlet polynomial.

LEMMA A.4.1. Let (an)n>1 be a sequence of complex numbers. Let sg € C. If the

series
E an,n_%°

n=1

E anpn”®

n>1

converges, then the series

converges uniformly on compact subsets of U = {s € C | Re(s) > Re(so)}. In particular

the function
f(s) = Z ap,n”*
n=1

s holomorphic on U.

SKETCH OF PROOF. We may assume (by considering a,n~* instead of a,) that sp =
0. For any integers N < M, let

SN,M:aN—i_.'—i_aM
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By Cauchy’s criterion, we have sy — 0 as N, M — 400. Suppose that o = Re(s) > 0.
Let N < M be integers. By the elementary summation by parts formula (Lemma A.1.1),

we have
Z ayn°* =ayM™* — Z (n+1)"° —n"%)snn.
N<n<M N<n<M
It is however also elementary that

(A.2) (n+1)"° —n~ |_)/ Sldxgﬂ(n (n+1)7)
g
Hence
|2 el < 5 e - )
At ST B PN\ Ne T e )

It therefore follows by Cauchy’s criterion that the Dirichlet series f(s) converges uniformly
in any region in C defined by the condition

bl ¢ g
o

for some A > 0. This includes, for a suitable value of A, any compact subset of the
half-plane {s € C | ¢ > 0}. O

In general, the convergence is not absolute. We can see in this lemma a first instance
of a fairly general principle concerning Dirichlet series: if some particular property holds
for some sy € C (or for all sy with some fixed real part), then it holds — or even a stronger
property holds — for any s with Re(s) > Re(sy).

This principle also applies in many cases to the possible analytic continuation of
Dirichlet series beyond the region of convergence. The next proposition is another exam-
ple, concerning the size of the Dirichlet series.

PROPOSITION A.4.2. Let o € R be a real number and let (a,)n>1 be a bounded sequence
of complex numbers such that the Dirichlet series

f(s) = Z a,n”®
n>1
converges for Re(s) > o. Then for any o1 > o, we have
[f(s)| <1+t
uniformly for Re(s) = o;.

PROOF. We may assume that ) a, converges by replacing (a,) by (a,n~") for some
7 > 0. The partial sums

SN =a1 + -+ an
are then bounded. Let s € C be such that ¢ = Re(s) > 0. Then we have by partial
summation

N
an
2=

n=1

NE

«

A, 1 1 SM SN
I S ¢ P ;
“n H;\M n®  (n+1)* (M+1)s  (N+1)

N s

n. Letting N — 400, as we may, we get

a 1 1 s
n M
; n® 7; n®  (n+1)* (M+1)s
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Applying (A.2), this leads to

1 s 1 1 !
PO« X e+ B Y (o - ) *

n=1 n>M

< M+ M 41,
and the desired bounds follows by taking M = [Im(s)] (see also [116, 9.33]). O

In order to express in a practical manner a Dirichlet series outside of its region of
convergence, one can use smooth partial sums, which exploit harmonic analysis.

PROPOSITION A.4.3. Let ¢ : [0,+oo[— [0,1] be a smooth function with compact
support such that p(0) = 1. Let ¢ denote its Mellin transform. Let oo > 0 be given with
0 < o9 <1, and let (a,)n>1 be any sequence of complex numbers with |a,| < 1 such that
the Dirichlet series

Z anpn”®

n>1

extends to a holomorphic function f(s) in the region Re(s) > oo with at most a simple
pole at s = 1 with residue ¢ € C, and such that furthermore the function f has polynomial
growth in vertical strips in this region.

For N > 1, define
SO

n>1

Let o be a real number such that oy < o < 1. Then we have
f(s)— =5 / f(s +w)N@(w)dw — eN*"*p(1 — 5)

for any s = o + it and any & > 0 such that —0 + o > oy.

It is of course possible that ¢ = 0, which corresponds to a Dirichlet series that is
holomorphic for Re(s) > oy.

This result gives a convergent approximation of f(s), inside the strip Re(s) > oy,
using the finite sums fx(s): The point is that [N¥| = N7, so that the polynomial growth
of f on vertical lines combined with the fast decay of the Mellin transform ¢ show that
the integral on the right tends to 0 as N — +o0o. Moreover, the shape of the formula
makes it very accessible to further manipulations, as done in Chapter 3.

PRrOOF. Fix a > 1 such that the Dirichlet series f(s) converges absolutely for Re(s) =
«. By the Mellin inversion formula, followed by exchanging the order of the sum and
integral, we have

- Nw —w
Zan . P (w)duw
n>1 (o)

227‘(‘ <Za" o U))Nu“( Jdw

2m/ £ (s + w)N"G(w)dw,

where the absolute convergence justifies the exchange of sum and integral.
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Now consider some T > 1, and some ¢§ such that 0 < § < 1. Let Rt be the rectangle
in C with sides [a —iT,a +iT], [ + 4T, —=§ +iT], [0 +i¢T,—6 — T], [0 —iT,a — iT],
oriented counterclockwise. Inside this rectangle, the function

w = f(s+ w)NYo(w)

is meromorphic. It has a simple pole at w = 0, by our choice of § and the properties
of the Mellin transform of ¢ given by Proposition A.3.1, and the residue at w = 0 is
©(0)f(s) = f(s), again by Proposition A.3.1. If ¢ # 0, it may also have a simple pole at
w =1 — s, with residue equal to cN'*7*¢(1 — s).
Cauchy’s theorem therefore implies that
1

i (s wIN"pw)d = f5) + N'"6(1 ).

Now we let T — 4o00. Our assumptions imply that w — f(s + w) has polynomial
growth on the strip —0 < Re(w) < «, and therefore the fast decay of ¢ (Proposition A.3.1
again) shows that the contribution of the two horizontal segments to the integral along
Rt tends to 0 as T — +oo. The integral over the vertical segment with real part «
converges to

giz |, F00+ON"Blwde = (5.

Taking into account orientation, we deduce that
— INY@(w)dw — eN5p(1 —
PO = ) = i [ Flo N — N1 ),

as claimed. N

We also recall the formula for the product of two Dirichlet series, which involves the
so-called Dirichlet convolution (see also Section C.1 for more properties and examples of
this operation).

PROPOSITION A.4.4. Let (a(n))ns1 and (b(n))n>1 be sequences of complex numbers.
For any s € C such that the Dirichlet series

A(s)=> amn™,  B(s)=> bn)n

n=1 n=1

where
dn
d>1
We will denote ¢(n) = (a*b)(n), and often abbreviate the definition by writing

(a%b)(n) = Za(d)b(%), or (axb)(n) = a(d)b(e).

dn de=n
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PrROOF. Formally, this is quite clear:

AEB(s) = (3 almn~) (3 blmm )

= 3 almplm)mm) =Sk (3 almpp(m)) = C(s),

and the assumptions are sufficient to allow us to rearrange the double series so that these
manipulations are valid. O

A.5. Density of certain sets of holomorphic functions

Let D be a non-empty open disc in C and D its closure. We denote by H(D) the
Banach space of all continuous functions f : D — C which are holomorphic in D, with
the norm

1flloc = sup [f(2)].
z€D

We also denote by C(K) the Banach space of continuous functions on a compact space
K, also with the norm

[flloe = sup [ f(2)|
zeK

(so that there is no risk of confusion if K = D and we apply this to a function that also
belongs to H(D)). We denote by C(K)’ the dual of C(K), namely the space of continuous
linear functionals C(K) — C. An element p € C(K)' can also be interpreted as a
complex measure on K (by the Riesz—Markov Theorem, see e.g. [40, Th. 7.17]), and in
this interpretation one would write

u(f) = / f(@)dp(z)

for f € C(K).
THEOREM A.5.1. Let D be as above. Let (f,)n>1 be a sequence of elements of H(D)
with
D lfall% < oo
n>1
Let X be the set of sequences () of complexr numbers with |a,| = 1 such that the
series
> ankn
n>1

converges in H(D). )
Assume that X is not empty and that, for any continuous linear functional u € C(D)’
such that

(A.3) D ()] < +oo,
n=1
the Laplace transform of u is identically 0. Then for any N > 1, the set of series
> ankn
n>N
for (a,) in X is dense in H(D).
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Here, the Laplace transform of y is defined by
9(2) = p(w — €*)

for 2 € C. In the interpretation of y as a complex measure, which can be viewed as a
complex measure on C that is supported on D, one would write

o2) = [ edutw),

PROOF. This result is proved, for instance, in [4, Lemma 5.2.9], except that only the
case N = 1 is considered. However, if the assumptions hold for (f,,),>1, they hold equally
for (f.)n>N, hence the general case follows. O

We will use the last part of the following lemma as a criterion to establish that the
Laplace transform is zero in certain circumstances.

LEMMA A.5.2. Let K be a complex subset of C and pu € C(K)" a continuous linear
functional. Let

mwszww=MwHwﬂ

be its Laplace transform.
(1) The function g is an entire function on C, i.e., it is holomorphic on C.
(2) We have

]
lim sup 28 l9(2)|

< +00.
|z]—+o0 "Z|

(3) If g # 0, then
1
lim sup M > inf Re(z).

r—+00

PrOOF. (1) Let z € C be fixed. For h # 0, we have

et =k _

where f,(w) = (e?G+h) — ew?) /h. We have

frn(w) — we®

as h — 0, and the convergence is uniform on K. Hence we get
g(z+h) = g(2)

h
which shows that ¢ is holomorphic at z with derivative p(w — we™?). Since z is arbitrary,

this means that ¢ is entire.
(2) We have

— p(w — we*?),

9] < Nlall Hw = e [loe < lpafle™

where M = sup,,ck |w|, and therefore

lo z
limsupM <M< 4o00.
|z|]—=>+o0 |Z|
(3) This is proved, for instance, in [4, Lemma 5.2.2], using relatively elementary
properties of entire functions satisfying growth conditions such as those in (2). O

Finally, we will use the following theorem of Bernstein, extending a result of Pdlya.
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THEOREM A.5.3. Let g : C — C be an entire function such that

1
lim sup M < +00.

|z]—+o0 |Z|

Let (1) be a sequence of positive real numbers, and let o, 5 be real numbers such that
(1) We have afp < 7;

(2) We have
1 .
lim sup M <
yeR |y|
|y|—+o0

(3) We have |ri, —r)| > |k —1| for allk, 1 > 1, and r¢/k — (5.
Then it follows that

i sup 28190 o 108190

k—~4o00 Tk r—+oo r

This is explained in Lemma [4, 5.2.3].

ExAaMPLE A.5.4. Taking ¢g(z) = sin(7z), with a = 1, r,, = n7 so that § = 7, we see
that the first condition is best possible.

We also use a relatively elementary lemma due to Hurwitz on zeros of holomorphic
functions

LEMMA A.5.5. Let D be a non-empty open disc in C. Let (f,) be a sequence of
holomorphic functions in H(D). Assume f,, converges to f in H(D). If f.(z) # 0 all
n =1 and z € D, then either f =0 or f does not vanish on D.

ProoOF. We assume that f is not zero, and show that it has no zero in D. Let zy5 € D
be fixed, and let C be a circle of radius » > 0 centered at zy such that C C D and
such that f has no zero, except possibly zj, in the disc with boundary C. We have then
d =inf,ec |f(2)] > 0. For n large enough, we get

%yﬂ@—hwﬂ<&

and then the relation f = f — f,, + f,, combined with Rouché’s Theorem (see, e.g., [116,
3.42]) shows that f has the same number of zeros as f,, in the disc bounded by C. This
means that f has no zeros there, and in particular that f(z) # 0. O
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APPENDIX B

Probability

This Appendix summarizes the probabilistic notions that are most important in the
book. Although many readers will not need to be reminded of the basic definitions,
they might still refer to it to check some easy probabilistic statements whose proof we
have included here to avoid disrupting the arguments in the main part of the book. For
convergence in law, we will refer mostly to the book of Billingsley [10], and for random
series and similar topics, to that of Li and Queffélec [83].

B.1. The Riesz representation theorem

Let X be a locally compact topological space (such as R? for d > 1). We recall
that Radon measures on X are certain measures for which compact subsets of X have
finite measure, and which satisfy some regularity property (the latter requirement being
unnecessary if any open set in X is a countable union of compact sets, as is the case of R
for instance).

The Riesz representation theorem interprets Radon measures in terms of the corre-
sponding integration functional. It can be taken as a definition (and it is indeed the
definition in Bourbaki’s theory of integration [17]); for a proof in the usual context where
measures are defined “set-theoretically”, see, e.g., [106, Th 2.14].

THEOREM B.1.1. Let X be a locally compact topological space and C.(X) the space of
compactly supported continuous functions on X. For any linear form X: C.(X) — C such
that X(f) = 0 if f > 0, there exists a unique Radon measure p on X such that

A = [ 1 dn
for all f € C.(X).

Let k > 1 be an integer. If X = R* (or an open set in R¥), then Radon measures can
be identified by the integration of much more regular functions. For instance, we have
the following (see, e.g., [28, Th. 3.18)):

PROPOSITION B.1.2. Let C®(RF¥) be the space of smooth compactly-supported func-
tions on R. For any linear form \: C®(R¥) — C such that A\(f) > 0 if f > 0, there
exists a unique Radon measure u on R* such that

Mf)= [ [fdu

Rk
for all f € CX(RF).

REMARK B.1.3. When applying either form of the Riesz representation theorem,
we may wish to identify whether the measure p obtained from the linear form A is a
probability measure on X or not. This is the case if and only

sup  A(f) =1,

feCe(X)
0<f<1
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(see, e.g., [17, Ch. 4, § 1, n°8|) where, in the setting of Proposition B.1.2, we may also
restrict f to be smooth.

Moreover, if a positive linear form A: C.(X) — C admits an extension to a linear
form A: Cy(X) — C, where Cy(X) is the space of continuous and bounded functions on X,
which is still positive (so A(f) > 0 if f € Cy(X) is non-negative), then the measure u
associated to A is a probability measure if and only if A(1) = 1, where 1 on the left is the
constant function. (This is natural enough, but it is not entirely obvious; the underlying
reason is that the positivity implies that

AN 1 lleeA(D)

where ||f|| is the supremum norm for a bounded continuous function, so that A is a
continuous linear form on the Banach space Cy(X).)

B.2. Support of a measure

Let M be a topological space. If M is either second countable (i.e., there is basis of
open sets that is countable) or compact, then any Borel measure p on M has a well-defined
closed support, denoted supp(u), which is characterized by either of the following prop-
erties: (1) it is the complement of the largest open set U, with respect to inclusion, such
that u(U) = 0; or (2) it is the set of those x € M such that, for any open neighborhood
U of z, we have u(U) > 0.

If X is a random variable with values in M, we will say that the support of X is the
support of the law of X, which is a probability measure on M.

We need the following elementary property of the support of a measure:

LEMMA B.2.1. Let M and N be topological spaces that are each either second countable
or compact. Let p be a probability measure on M, and let f : M — N be a continuous

map. The support of f.(u) is the closure of f(supp(u)).

We recall that given a probability measure  on M and a continuous map f: M — N,
the image measure f.(u) is defined by

Folp)(A) = p(f(A))

for a measurable set A C N, and it satisfies

/N (@) fupr) () = / o(F())du(y)

M

for ¢ > 0 and measurable, or ¢ o f integrable with respect to pu.

PROOF. First, if y = f(x) for some x € supp(u), and if U is an open neighborhood
of y, then we can find an open neighborhood V.C M of z such that f(V) C U. Then
(fept)(U) = (V) > 0. This shows that y belongs to the support of f.u. Since the support
is closed, we deduce that f(supp(u)) C supp(fup).

For the converse, let y € N be in the support of f,u. For any open neighborhood U of
y, we have p(f~1(U)) = (fop)(U) > 0. This implies that f~(U) Nsupp(p) is not empty,
and since U is arbitrary, that y belongs to the closure of f(supp(u)). O

Recall that a family (X;);e1 of random variables, each taking possibly values in a dif-
ferent metric space M;, is independent if, for any finite subset J C I, the joint distribution
of (X;);es is the measure on [[ M, which is the product measure of the laws of the X,’s.
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LEMMA B.2.2. Let X = (X;);e1 be a finite family of random variables with values in
a topological space M that is compact or second countable. Viewed as a random variable
taking values in MY, we have

supp(X) = [ [ supp(X;).
icl
PROOF. If z = (z;) € M', then an open neighborhood U of x contains a product set
[1U;, where U; is an open neighborhood of x; in M. Then we have

P(XeU)>PXe[Ju)=][PXieU)

by independence. If x; € supp(X;) for each 4, then this is > 0, and hence x € supp(X).
Conversely, if € supp(X), then for any j € I, and any open neighborhood U of z;,
the set
V={y=(wa €M |y eU}cM
is an open neighborhood of z. Hence we have P(X € V) > 0, and since P(X € V) =
P(X; € U), it follows that z; is in the support of X;. O

B.3. Convergence in law

Let M be a metric space. We view it as given with the Borel o-algebra generated
by open sets, and we denote by Cy(M) the Banach space of bounded complex-valued
continuous functions on M, with the norm

[flle = sup [ f(x)].
zeM

Given a sequence (y,) of probability measures on M, and a probability measure p on
M, one says that pu, converges weakly to p if and only if, for any bounded and continuous
function f : M — R, we have

(B.1) (Aﬂ@@%@—f&ﬂ@ww)

If (2,3, P) is a probability space and (X,),>1 is a sequence of M-valued random
variables, and if X is an M-valued random variable, then one says that (X,,) converges in
law to X if and only if the measures X,,(P) converge weakly to X(P). If u is a probability
measure on M, then we will also say that X,, converges to p if the measures X, (P)
converge weakly to .

The probabilistic versions of (B.1) in those cases is that

(B2) B(/(X,)) — BU(X0) = [ fn
for all functions f € Cy(M).

REMARK B.3.1. If M = R, convergence in law is often introduced in terms of the
distribution function Fx(z) = P(X < z) of a real-valued random variable X. Precisely, it
is classical (see, e.g., [9, Th. 25.8]) that a a sequence of real-valued random variables (Xy)
converges in law to a random variable X if and only if Fx_(z) — Fx(z) for all x € R
such that Fx is continuous at z (which is true for all but at most countably many z,
namely all x such that P(X = z) = 0).

The definition immediately implies the following very useful fact, which we state in
probabilistic language (we will refer to it as the composition principle).
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PROPOSITION B.3.2. Let M be a metric space. Let (X,,) be a sequence of M-valued
random variables such that X,, converges in law to a random variable X. For any metric
space N and any continuous function ¢ : M — N, the N-valued random variables ¢ o X,,
converge in law to ¢ o X.

PRrROOF. For any continuous and bounded function f : N — C, the composite fop
is bounded and continuous on M, and therefore convergence in law implies that

E(f(¢(Xn))) — E(f(¢(X))).
By definition, this formula, valid for all f, means that ¢(X,,) converges in law to ¢(X). O

Checking the condition (B.2) for all f € C,(M) may be difficult. A number of con-
venient criteria, and properties, of convergence in law are related to weakening this re-
quirement to only certain “test functions” f, which may be more regular, or have special
properties. We will discuss some of these in the next sections.

One often important consequence of convergence in law is a simple relation with the
support of the limit of a sequence of random variables.

LEMMA B.3.3. Let M be a second countable or compact topological space. Let (X,,) be
a sequence of M-valued random variables, defined on some probability spaces €),,. Assume
that (X,,) converges in law to some random variable X, and let N C M be the support of
the law of X.
(1) For any x € N and for any open neighborhood U of x, we have
liminf P(X,, € U) > 0,
n——+00
and in particular there exists some n > 1 and some w € §,, such that X, (w) € U.
(2) For any x € M not belonging to N, there exists an open neighborhood U of x such
that

limsup P(X,, € U) = 0.

n—-+o0o

PRroOOF. For (1), a standard equivalent form of convergence in law is that, for any
open set U C M, we have

liminf P(X,, € U) > P(X € U)

n—-+4o00o
(see [10, Th. 2.1, (i) and (iv)]). If x € N and U is an open neighborhood of x, then by
definition we have P(X € U) > 0, and therefore

liminf P(X,, € U) > 0.

n—-+4o0o

For (2), if x € M is not in N, there exists an open neighborhood V of = such that
P(X € V) = 0. For some § > 0, this neighborhood contains the closed ball C of radius o
around f, and by [10, Th. 2.1., (i) and (iii)], we have

0 <limsupP(X,, € C) < P(X e C) =0,

p—+00

hence the second assertion with U the open ball of radius ¢. U
Another useful relation between support and convergence in law is the following:

COROLLARY B.3.4. Let M be a second countable or compact topological space. Let
(X,,) be a sequence of M-valued random variables, defined on some probability spaces (2,
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such that (X,,) converges in law to a random variable X. Let g be a continuous function
on M such that g(X,,) converges in probability to zero, i.e., we have

lim P(lg(X,)| > 6) =0

for all 6 > 0. The support of X is then contained in the zero set of g.

PROOF. Let N be the support of X. Suppose that there exists x € N such that |g(x)| =
d > 0. Since the set of all y € M such that |g(y)| > ¢ is an open neighborhood of z, we
have
liminf P(|]g(X,)| > 40) >0
n——+oo

by the previous lemma; this contradicts the assumption, which implies that
Jim_P(g(X,)| > 9) =0,
OJ

REMARK B.3.5. Another proof is that it is well-known (and elementary) that conver-
gence in probability implies convergence in law, so in the situation of the corollary, the
sequence (g(X,,)) converges to 0 in law. Since it also converges to g(X) by composition,
we have P(g(X) # 0) = 0, which precisely means that the support of X is contained in
the zero set of g.

We also recall an important definition that is a property of weak-compactness for a
family of probability measures (or random variables).

DEFINITION B.3.6 (Tightness). Let M be a complete separable metric space. Let
(113)ie1 be a family of probability measures on M. One says that (u;) is tight if for any
e > 0, there exists a compact subset K C M such that p;(K) > 1 —¢ foralli € L.

It is a non-obvious fact that a single probability measure on a complete separable
metric space is tight (see [10, Th. 1.3]).

B.4. Perturbation and convergence in law

As we suggested in Section 1.2, we will often prove convergence in law of the sequences
of random variables that interest us by showing that they are obtained by “perturbation”
of other sequences that are more accessible. In this section, we explain how to handle
some of these perturbations.

A very useful tool for this purpose is the following property, which is a first example of
reducing the proof of convergence in law to more regular test functions than all bounded
continuous functions.

Let M be a metric space, with distance d. Recall that a continuous function f: M — C
is said to be a Lipschitz function if there exists a real number C > 0 such that

[f(x) = f(y)| < Cd(z,y)

for all (x,y) € M x M. We then say that C is a Lipschitz constant for f (it is, of course,
not unique).

PROPOSITION B.4.1. Let M be a complete separable metric space. Let (X,,) be a
sequence of M-valued random wvariables, and p a probability measure on M. Then X,
converges in law to p if and only if we have

E(f(X,)) - /M f(x)dp(z)

for all bounded Lipschitz functions f : M — C.
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In other words, it is enough to prove the convergence property (B.2) for Lipschitz test
functions.

PROOF. A classical argument shows that convergence in law of (X,,) to p is equivalent

to
(B.3) w(F) > limsup P(X,, € F)
n—-+00
for all closed subsets F of M (see, e.g., [10, Th. 2.1, (iii)]).
However, the proof that convergence in law implies this property uses only Lipschitz
test functions f (see for instance [10, (ii)=-(iii), p. 16, and (1.1), p. 8], where it is

only stated that the relevant functions f are uniformly continuous, but this is shown by
checking that they are Lipschitz). Hence the assumption that (B.2) holds for Lipschitz
functions implies (B.3) for all closed subsets F, and consequently it implies convergence
in law. U

We can now deduce various corollaries concerning perturbation of sequences that
converge in law.

The first result along these lines is quite standard, and the second is a bit more ad-hoc,
but will be convenient in Chapter 6.

COROLLARY B.4.2. Let M be a separable Banach space. Let (X,,) and (Y,) be se-
quences of M-valued random variables. Assume that the sequence (X,,) converges in law
to a random variable X.

If the sequence (Y,) converges in probability to 0, or if (Y,) converges to 0 in LP
for some fized p > 1, with the possibility that p = +o0o, then the sequence (X,, + Y, )n
converges in law to X in M.

PrOOF. Let f: M — C be a bounded Lipschitz continuous function, and C a Lips-
chitz constant of f. For any n, we have
(B-4) |E(f(Xn+Ya) - E(f(X) < [E(f(Xn + Ya)) — E(f(X0))]

+E(f(Xa)) = E(f(X))[.
First assume that (Y,) converges to 0 in L?, and that p < +00. Then we obtain
|E(f(Xn 4+ Yn)) — E(f(X))| < CE(|Ya]) + | E(f(Xx)) — E(f(X))]
< CE(|Y, ") + | E(f(X,)) — E(f(X))]

which converges to 0, hence (X,, +Y,) converges in law to X. If p = 400, a similar
argument, left to the reader, applies.

Suppose now that (Y,,) converges to 0 in probability. Let ¢ > 0. For n large enough,

the second term in (B.4) is < e since X,, converges in law to X. For the first, we fix
another parameter § > 0 and write

’E(f<Xn + Yn)) - E(f<Xn))‘ < Co + ZHfHOOP(’Ynl > 5)

by separating the integral depending on whether |Y,| < ¢ or not. Take § = C~l¢, so the
first term here is < e. Then since (Y,,) converges in probability to 0, we have

2[[fllc P(IYn| >0) <&
for all n large enough, and therefore
|E(f(Xn +Y5)) = E(f(X))] < 3¢
for all n large enough. The result now follows from Proposition B.4.1. U
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Here is the second variant, where we do not attempt to optimize the assumptions.

COROLLARY B.4.3. Let m > 1 be an integer. Let (X,) and (Y,) be sequences of
R™-valued random variables, let (o) be a sequence in R™ and (f,) a sequence of real
numbers. Assume

(1) The sequence (X,,) converges in law to a random variable X, and || X, || is bounded
by a constant N > 0, independent of n.

(2) For all n, we have ||Y,|| < Ba.

(3) We have o, — (1,...,1) and B, — 0 as n — +o0.

Then the sequence (o, - X, + Yy ), converges in law to X in R™, where here - denotes
the componentwise product of vectors.'

PrROOF. We begin as in the previous corollary. Let f: R™ — C be a bounded
Lipschitz continuous function, and C its Lipschitz constant. For any n, we now have

|E(f(an - X0 +Y5)) = E(f(X)] < |E(f(an - Xp + Y5)) — E(f(an - X5))]
+ [E(f (o - X5)) = E(f (X)) + [E(f(X5)) — E(f(X))].
The last term tends to 0 since X,, converges in law to X. The second is at most
Cllow, = (1, ..., DI E(IXa])) < ONJla, — (1,..., 1) = 0,
and the first is at most
CE(|[Yx]) < CB, — 0.
The result now follows from Proposition B.4.1. O

The last instance of perturbations is slightly different. It amounts, in practice, to using
some “auxiliary parameter m” to approximate a sequence of random variables; when the
error in such an approximation is suitably small, and the approximations converge in law
for each fixed m, we obtain convergence in law.

PROPOSITION B.4.4. Let M be a finite-dimensional Banach space. Let (X,,)n,>1 and
(Xpm)nzm>1 be M-valued random variables. Define E,, ., = X,, — X,, . Assume that

(1) For each m > 1, the random variables (X, m)nsm converge in law to a random
variable Y,,,.

(2) We have
lim limsup E(||E,n,||) = 0.

m—+00 p_s 400

Then the sequences (X,,) and (Y,,) converge in law as n — +oo, and have the same
limit distribution.

The second assumption means in practice that
E([[Epml) < f(n,m)

where f(n,m) — 0 as m tends to +oo, uniformly for n > m.
A statement of this kind can be found also, for instance, in [10, Th. 3.2], but the
latter assumes that it is already known that (Y,,) converges in law.

PROOF. We begin by proving that (X,,) converges in law. Let f: M — R be a
bounded Lipschitz continuous function, and C a Lipschitz constant for f. For any n > 1
and any m < n, we have

|E(f(Xn)) - E(f(Xn,m))| < CE(HEn,mH)u

1 1e., we have (aty- - yam) - (b1,...,bm) = (a1by, ..., amby).
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hence

E(f(Xnm)) = CE([[Enml)) < E(f(Xa)) < E(f(Xnm)) + CE([Enn[).

Fix first m > 1. By the first assumption, the expectations E(f (X)) converge
to E(f(Y.m)) as n — 4o00. Then these inequalities imply that we have
limsup E(f(X,,)) — liminf E(f(X,,)) < 2Climsup E(||E,,.|)
n—+00 n—+0o0 n—+o00
(because any limit of a convergent subsequence of E(f(X,,)) will lie in an interval of length
at most the right-hand side). Letting m go to infinity, the second assumption allows us

to conclude that
limsup E(f(X,,)) — liminf E(f(X,,)) =0,

n——400 n—-+o0o

so that the sequence (E(f(X,,)))n>1 converges.
Now consider the map p defined on bounded Lipschitz functions on M by

p(f) = lm B(f(X.).

It is elementary that p is linear, and that it is positive (in the sense that if f > 0,
we have p(f) > 0) and satisfies p(1) = 1. By the Riesz representation theorem (see
Proposition B.1.2 and Remark B.1.3, noting that a finite-dimensional Banach space is
locally compact), it follows that p “is” a probability measure on M. It is then tau-
tological that (X,) converges in law to a random vector X with probability law p by
Proposition B.4.1.

It remains to prove that the sequence (Y,,) also converges in law with limit X. We
again consider the Lipschitz function f, with Lipschitz constant C, and write

For a fixed m, we let n — 4o00. Since we have proved that (X,,) converges to X, we
deduce by the first assumption that
B(f(X)) — E(f(Y,))] < Climsup B(| By )

n—-+o0o

Since the right-hand side converges to 0 by the second assumption, we conclude that

E(f(Yn)) = E(f(X)),
and finally that (Y,,) converges to X. d

REMARK B.4.5. If one knows that Y,, converges in law, one also obtains convergence
in law (by a straightforward adaptation of the previous argument) if Assumption (2) of
the proposition is replaced by
(B.5) lim limsupP(||E, .|| >d) =0

m—=+00 p 100

for any § > 0; see again [10, Th. 3.2].

REMARK B.4.6. Although we have stated all results in the case where the random
variables are defined on the same probability space, the proofs do not rely on this fact,
and the statements apply also if they are defined on spaces depending on n, with obvious
adaptations of the assumptions. For instance, in the last statement, we can take X,, and
X,.m to be defined on a space 2, (independent of m) and the second assumption means
that

lim limsupE,(|E,n|) = 0.

m—=+00 pyto0
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B.5. Convergence in law in a finite-dimensional vector space

We will use two important criteria for convergence in law for random variables with
values in a finite-dimensional real vector space V, which both amount to testing (B.1) for
a restricted set of functions. Another important criterion applies to variables with values
in a compact topological group, and is reviewed below in Section B.6.

The first result is valid in all cases, and is based on the Fourier transform. Given an
integer m > 1 and a probability measure 4 on R™, recall that the characteristic function
(or Fourier transform) of u is the function

o, R"m— C
defined by
oult) = [ eduto)

where t - x = tix1 + --- + t,,x,, is the standard inner-product. This is a continuous
bounded function on R™. For a random vector X with values in R, we denote by ¢x
the characteristic function of X(P), namely

px(t) = B(e"™).
We state two (obviously equivalent) versions of P. Lévy’s theorem for convenience:

THEOREM B.5.1 (Lévy Criterion). Let m > 1 be an integer.
(1) Let () be a sequence of probability measures on R™, and let u be a probability
measure on R™. Then (u,) converges weakly to w if and only if, for any t € R™, we have

Pun(t) — ul)

as n — +00.

(2) Let (€2, %, P) be a probability space. Let (X,)n>1 be R™-valued random vectors on
Q, and let X be an R™-valued random vector. Then (X,,) converges in law to X if and
only if, for all t € R™, we have

E<€it-Xn) — E(ez‘t-X).
For a proof, see e.g. [9, Th. 26.3] in the case m = 1.

REMARK B.5.2. In fact, the precise version of Lévy’s Theorem does not require to
know in advance the limit of the sequence: if a sequence (fu,,) of probability measures is
such that, for all ¢ € R™, we have

Pun (1) — (1)

for some function ¢, and if ¢ is continuous at 0, then one can show that ¢ is the
characteristic function of a probability measure p (and hence that p, converges weakly
to p); see for instance [9, p. 350, cor. 1]. So, for instance, it is not necessary to know
beforehand that p(t) = e~*/2 is the characteristic function of a probability measure in
order to prove the Central Limit Theorem using Lévy’s Criterion.

LEMMA B.5.3. Let m > 1 be an integer. Let (X,,)n>1 be a sequence of random variables
with values in R™ on some probability space. Let (5,) be a sequence of positive real
numbers such that B, — 0 as n — +oo. If (X,,) converges in law to an R™-valued
random variable X, then for any sequence (Y,) of R™-valued random variables such that
11X, = Ynlloo < Bn for all n > 1, the random variables Y,, converge to X.
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PROOF. We use Lévy’s criterion. We fix t € R™ and write
E<€it-Yn) o E(eit-X) — E(eit-Yn o ez’t-Xn) 4 E<€it-Xn . eit-X).

By Lévy’s Theorem and our assumption on the convergence of the sequence (X,,), the
second term on the right converges to 0 as n — +o00. For the first, we can simply apply
the dominated convergence theorem to derive the same conclusion: we have

hence

ezt~Yn o ezt-Xn — ezt~Yn (1 o 6zt~(Xn—Yn)> -0
(pointwise) as n — +o00. Moreover, we have

ezt-Yn _ ezt-Xn < 2

for all n > 1. Hence the dominated convergence theorem implies that the expectation
E(eYr — etXn) converges to 0.

Lévy’s Theorem applied once more allows us to conclude that (Y,,) converges in law
to X, as claimed. Il

The second convergence criterion is known as the method of moments. It is more
restrictive than Lévy’s criterion, but is sometimes analytically more flexible, especially
because it is often more manageable when there is no independence assumptions.

DEFINITION B.5.4 (Mild measure). Let p be a probability measure on R™. We will
say that p is mild® if the absolute moments

M (1) = / 21 el Frduan, )

exist for all tuples of non-negative integers k = (ki,...,k,), and if there exists 6 > 0

such that the power series
> DM
|
k;>0 < B!

converges in the region
{(z1,...,2m) € C™ | |z] < 0}.

If a measure p is mild, then it follows in particular that the moments

Mg (1) :/ gk du (e, )

exist for all k = (kq,...,ky,) with k; non-negative integers.
If X is a random variable, we will say as usual that a random vector X = (Xy,...,X,,)
is mild if its law X(P) is mild. The moments and absolute moments are then

Mp(X) = EX{ - Xar),  Mu(X) = E(IX [ - X [).
We again give two versions of the method of moments for weak convergence when the
limit is mild:

2There doesn’t seem to be an especially standard name for this notion.
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THEOREM B.5.5 (Method of moments). Let m > 1 be an integer.

(1) Let (un) be a sequence of probability measures on R™ such that all moments
Mg () exist, and let u be a probability measure on R™. Assume that p is mild. Then
(i) converges weakly to p if for any m-tuple k of non-negative integers, we have

My (pn) — Mg (p)

as n — +0o0.

(2) Let (2,%,P) be a probability space. Let (X,)n>1 be R™-valued random vectors
on Q such that all moments Mg (X,,) exist, and let Y be an R™-valued random vector.
Assume that Y is mild. Then (X,,) converges in law to Y if for any m-tuple k of non-
negative integers, we have

E(X - X)) — E(YT - Yo,

For a proof (in the case m = 1), see for instance [9, Th. 30.2 and Th. 30.1].
This only gives one implication in comparison with the Lévy Criterion. It is often
useful to have a converse, and here is one such statement:

THEOREM B.5.6 (Converse of the method of moments). Let (2,3, P) be a probability
space.

Let m > 1 be an integer and let (X,)n>1 be a sequence of R™-valued random vectors
on Q such that all moments My(X,,) ezist, and such that there exist constants cx > 0 with

(B.6) E([ X" [ Xml) < ci

for allm > 1. Assume that X,, converges in law to a random vector Y. Then Y is mild
and for any m-tuple k of non-negative integers, we have

B(Xyy - Xm,) — B Y.
PROOF. See [9, Th 25.12 and Cor.] for a proof (again for m = 1). O

ExaMpPLE B.5.7. This converse applies, in particular, if (X,) is a sequence of real-
valued random variables given by
B1 + .-+ Bn
O

where the variables (B;);>1 are independent and satisfy
E(B;) =0, IBi| <1, ol = ZV(Bi) — 400 as n — +00.
i=1

Then the Central Limit Theorem (see below Theorem B.7.2) implies that the sequence
(X,,) converges in law to a standard gaussian random variable Y. Moreover, X,, is bounded
(by n/ay,), so all its moments exist. We will check that this sequence satisfies the uniform
integrability condition (B.6), from which we deduce the convergence of moments

lim E(X") = E(Y")
n—-4o0o
for all integers k& > 0 (the moments of Y are described explicitly in Proposition B.7.3).
For any k > 0, there exists a constant C, > 0 such that

lz|* < Crle” +e7)
for all z € R. It follows that if we can show that there exists D > 0 such that
(B.7) E(e®) <D, E(*)<D
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for all n > 1, then we obtain E(|X,|¥) < 2C;D for all n, which gives the desired conclu-
sion. Note that since X,, is bounded, these expectations make sense, and moreover we
may assume that we only consider n large enough so that o, > 1.

To prove (B.7), fix more generally ¢t € [—1, 1]. Since the (B;) are independent random

variables, we have
- tB;
B = JTB(e (1))
(e 1;[ exp(
Since we assumed that o,, > 1 and |B;| < 1, we have [tB;/0,| < 1, hence

tB; tB;  t*B?
exp( ) <1+ . + o2

(because e” < 1+ x + z? for |z] < 1, as can be checked using basic calculus). We then

obtain further
(™) < [[(1+ 5 E@®))
i=1 n
since E(B;) = 0. Using 1 + = < e”, this leads to
o
E(e™) < exp(— Y E(BY)) = exp(t).

n =1

Applying this with t = 1 and ¢t = —1, we get (B.7) with D = e, hence also (B.6), for all n
large enough.

REMARK B.5.8. In the case m = 2, one often deals with random variables that are
naturally seen as complex-valued, instead of R?-valued. In that case, it is sometimes
quite useful to use the complex moments

Mkl,lw (X> = E(Xkl XkQ)

of a C-valued random variable instead of My, x,(X). The corresponding statements are
that X is mild if and only if the power series

S im0

k1,k2>0

converges in a region
{(z1,22) € C | ] <6, |2] <6}
for some § > 0, and that if X is mild, then (X,,) converges weakly to X if

Mkl,kg (Xn> — Mlﬂ,]@ (X)
for all ki, ko > 0. Example B.5.7 extends to the complex valued case.

ExXAMPLE B.5.9. (1) Any bounded random vector is mild. Indeed, if || X|| < B, say,
then we get
M%(X) < ]_3)/<:1-|—'-~-|—k?m7

and therefore
it

km
Z Z M2 (1 |2’1 | 2m] < eBlatlt+Blam|
. km! ~ Y
ki=0

so that the power series converges, in that case, for all z € C™.

(2) Any gaussian random vector is mild (see Section B.7).

(3) If X is mild, and Y is another random vector with |Y;| < |X;| (almost surely) for
all 7, then Y is also mild.
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B.6. The Weyl criterion

One important special case of convergence in law is known as equidistribution in the
context of topological groups in particular. We only consider compact groups here for
simplicity. Let G be such a group. Then there exists on G a unique Borel probability
measure jig which is invariant under left (and right) translations: for any integrable
function f : G — C and for any fixed g € G, we have

/fgxdue /f:rgduc; /f Vi (z

This measure is called the (probability) Haar measure on G (see, e.g., [17, VII, §1, n. 2,
th. 1 and prop. 2]).

If a G-valued random variable X is distributed according to ug, one says that X is
uniformly distributed on G.

ExAMPLE B.6.1. (1) Let G = S' be the multiplicative group of complex numbers
of modulus 1. This group is isomorphic to R/Z by the isomorphism 6 — e(f). The
measure pg is then identified with the Lebesgue measure df on R/Z. In other words, for
any integrable function f: S — C, we have

1
feduaz) = [ fle@)as = [ felo)as
st R/Z 0
(2) If (Gy)ier is any family of compact groups, each with a probability Haar measure
(i, then the (possibly infinite) tensor product

®Mi

i€l
is the probability Haar measure p on the product G of the groups G;. Probabilistically,
one would interpret this as saying that p is the law of a family (X;) of independent random

variables, where each X; is uniformly distributed on G;.
(3) Let G be the non-abelian compact group SU,(C), i.e.

G:{(_aﬂ g) | o, 8 €C, |a|2+|ﬁ|2:1}.

Writing o = a 4 ib, § = ¢ + id, we can identify G, as a topological space, with the unit
3-sphere
{(a,b,c,d) e R" | a* + b+ * +d*> =1}

in R*. Then the left-multiplication by some element on G is the restriction of a rotation
of R*. Hence the surface (Lebesgue) measure jo on the 3-sphere is a Borel invariant
measure on G. By uniqueness, we see that the probability Haar measure on G is

1
:u - 271_2“0

(since the surface area of the 3-sphere is 272).
Consider now the trace Tr : G — R, which is given by (a,b,c,d) — 2a in the
sphere coordinates. One can show that the direct image Tr,(u) is the so-called Sato—Tate

measure
1 2
HsT = — 1— x_dx7
m\ 4
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supported on [—2,2] (for probabilists, this is also a semi-circle law); equivalently if we
write the trace as

Tr(g) = 2 cos(6),

for a unique @ € [0, 7], then this measure is identified with the measure

2

Z sin% 0do

i
on [0, 7] (for a proof, see e.g. [18, Ch. 9, p. 58, exemple]). One obtains from either
description of ugt the expectation and variance

(B.8) / tdpgr = 0, / dugr = 1.
R R

(4) If G is a finite group then the probability Haar measure is just the normalized
counting measure: for any function f on G, the integral of f is

1
@Zf(x)-

zeG

For a topological group G, a unitary character x of G is a continuous homomorphism
x : G —S.

The trivial character is the character g — 1 of G. The set of all characters of G is
denoted G. It has a structure of abelian group by multiplication of functions. If G
is locally compact, then Gis a locally compact topological group with the topology of
uniform convergence on compact sets (for this theory, see, e.g., [19, Ch. 2]).

In general, G may be reduced to the trivial character (this is the case if G = SLy(R) for
instance). Assume now that G is locally compact and abelian. Then it is a fundamental
fact (known as Pontryagin duality, see e.g. [70, §7.3] for a survey, or [19, II, p. 222, th.
2] for the details) that there are “many” characters, in a suitable sense. If G is compact,
then a simple version of this assertion is that G is an orthonormal basis of the space
L%(G, ), where p is the probability Haar measure on G.

For an integrable function f € LY(G,u), its Fourier transform is the function ]? :
G — C defined by

fo = [ i@t
for all x € G. For a compact commutative group G, and f € L?(G, u), we have

F=Y"Foox.
xeG

as a series converging in L?(G, u). Tt follows easily that a function f € L}(G, i) is almost

~

everywhere constant if and only if f(y) = 0 for all x # 1.

The following relation is immediate from the invariance of Haar measure: for f inte-
grable and any fixed y € G, if we let g(z) = f(zy), then g is well-defined as an integrable
function, and

~

500 = / Fay)x@du(z) = x(v) / FE @ du() = x()Fw)-
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EXAMPLE B.6.2. (1) The characters of S' are given by
z 2"

for m € Z. Equivalently, the characters of R/Z are given by x +— e(hx), where e(z) =
exp(2imz). More generally, the characters of (R/Z)™ are of the form

r=(x1,...,%,) = e(hxy + -+ hyzy,) = e(h - )

for some (unique) h € Z" (see, e.g., [19, p. 236, cor. 3]).

(2) If (Gy)ser is any family of compact groups, each with the probability Haar measure
i, then the characters of the product G of the G; are given in a unique way as follows:
take a finite subset S of I, and for any ¢ € I, pick a non-trivial character y; of G;, then

define
x(@) =TTt
=

for any = = (;);e1 in G. Here, the trivial character corresponds to S = (). See, e.g., [70,
Example 5.6.10] for a proof.

In particular, if I is a finite set, this computation shows that the group of characters
of G is isomorphic to the product of the groups of characters of the G;, and that the
isomorphism is such that a family (x;) of characters of the groups G; is mapped to the

character
iel
(3) If G is a finite abelian group, then the group G of characters of G is also finite,
and it is isomorphic to G. This can be seen from the structure theorem for finite abelian
groups, which shows that any finite abelian group is a direct product of some finite cyclic

groups (see, e.g., [103, Th. B-3.13]) combined with the previous example and the explicit
computation of the dual group of a finite cyclic group Z/qZ for ¢ > 1: an isomorphism

from Z/qZ to Z//q\Z is given by sending a (mod ¢) to the character

ax
i e( 20,
q

which is well-defined because replacing a and x by other integers congruent modulo ¢
does not change the value of e(ax/q).

In this case, one can also prove elementarily that the characters form an orthonormal
basis of the finite-dimensional vector space C(G) of complex-valued functions on G, which
in this case has the inner product

1 _
(.90 = 1 > fl@)g(x).

zeG
Indeed, one can also reduce to the case of cyclic groups by checking that there is a
unique isomorphism
C(Gl) &® C(GQ) — C(G1 X Gz)
such that a pure tensor f; ® fy is mapped to the function (z1,25) — fi(z1)fa(z2). In
particular, the characters of G; x Gy (which belong to C(G; x Gg)) correspond under

this isomorphism to the pure tensors y; ® x2
In addition, under this isomorphism, we have

(f1® fa. 1 ® g2) = (f1,91) (f2. 92),
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for any functions f; and g; on G;. This implies that if the characters of G; and those of Go
form orthornomal bases of their respective spaces of functions, then so do the characters
of G1 X GQ.

And in the case of G = Z/qZ, we can simply compute using the explicit description
of the characters x,: = +— e(ax/q) for a € Z/qZ that

1 ax bx
o =1 T o(E)e(1)
q 0<r<g—1 q q
which is equal to 1 if a = b, and otherwise is

1 —e(q(a—1)/q)
1—e((a—10)/q)

by summing a finite geometric sum, and is therefore zero, as we wanted.

The Weyl Criterion is a criterion for a sequence of G-valued random variables to
converge in law to a uniformly distributed random variable on G. We state it for compact
abelian groups only:

THEOREM B.6.3 (Weyl’s Criterion). Let G be a compact abelian group. A sequence
(X)) of G-valued random wvariables converges in law to a uniformly distributed random
variable on G if and only if, for any non-trivial character x of G, we have

lim E(x(X,)) — 0.

n—-+o0o

REMARK B.6.4. (1) Note that the orthogonality of characters implies that

/ (@) dpa () = (x.1) = 0
G

for any non-trivial character xy of G. Hence the Weyl Criterion has the same flavor of
Lévy’s Criterion (note that, for any ¢ € R™, the function x — ¢ is a character of R™).

(2) If G is compact, but not necessarily abelian, there is a version of the Weyl Criterion
using as “test functions” the traces of irreducible finite-dimensional representations of G
(see [70, §5.5] for an account).

The best known example of application of the Weyl Criterion is to prove the following
equidistribution theorem of Kronecker:

THEOREM B.6.5 (Kronecker). Let d > 1 be an inleger. Let z be an element of R?

and let T (resp. T) be the closure of the subgroup of (R/Z)¢ generated by the class of z
(resp. generated by the classes of the elements yz for y € R).
(1) As N — +oo, the probability measures on (R/Z)? defined by

converge in law to the probability Haar measure on T.
(2) Let A denote the Lebesque measure on R. As X — 400, the probability measures
px on (R/Z)? defined by

px(A) = A ({r € [0,X] | 72 € A))

for a measurable subset A of (R/Z)¢, converge in law to the probability Haar measure
on T.
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PrROOF. We only prove the “continuous” version in (2), since the first one is easier
(and better known). First note that each probability measure ux has support contained

in T by definition, so it can be viewed as a measure on T.

From the theory of compact abelian groups, we know that any character x of T can
be extended to a character of (R/Z)? (see, e.g., [19, p. 226, th. 4], applied to the exact

sequence 1 — T — (R/Z)?), which is therefore of the form
v e(n-v)
for some n € Z? (by Example B.6.2, (1)). We then have
1 X
| i) =g [ eltan)2)ds
(R/Z)¢ 0

Suppose that x is a non-trivial character of T; since the classes of yz for y € R
generate a dense subgroup of T, we have then n -z # 0. Hence

le((Xn)-z)—1
d =< — 0
/(R/z)d x()dpx(v) X 2imn - 2
as X — +o0o. We conclude by an application of the Weyl Criterion. U

EXAMPLE B.6.6. In order to apply Theorem B.6.5 in practice, we need to identify
the subgroup T (or T). The following special cases are quite often sufficient (writing z =
(21,...,24) € RY):

(1) We have T = (R/Z)% if and only if (1, zy,...,z) are Q-linearly independent;
(2) We have T = (R/Z)% if and only if (21, ..., z4) are Q-linearly independent.

For instance, if d = 1, then the first condition means that z = z; is irrational, and
the second means that z is non-zero.

We check (1), leaving (2) as an exercise. If (1, z2,...,24) are not Q-linearly indepen-
dent, then multiplying a non-trivial linear dependency relation with a suitable non-zero
integer, we obtain a relation

d
mg + E m;z; = 0,
=1

where m; € Z, and not all m; are zero, in fact where not all m; with ¢ > 1 are zero (since
this would also imply that mg = 0). Then the class of nz modulo Z¢ is, for all n € Z, an
element of the proper closed subgroup

{w:(xly...,l'd) S (R/Z)d ’ m1x1+"'+md$d20},

which implies that T is also contained in that subgroup, hence is not all of (R/Z)¢.
Conversely, a simple argument is to check that if (1,z,...,2z4) are Q-linearly in-
dependent, then a direct application of the Weyl Criterion proves that the probability

measures 1
N 2w

0<n<N

converge in law to the probability Haar measure on (R/Z)? (because non-trivial characters
of this group correspond to (m;) € Z?, and the integral against the measure above is

N
1
N 6((771121 + -+ ded>n)

n=1
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where the real number myz; + - - + myzg is not an integer by the linear-independence,
so that the sum tends to 0 by summing a finite geometric series...)

B.7. Gaussian random variables

By definition, a random vector X with values in R™ is called a (centered) gaussian
vector if there exists a non-negative quadratic form Q on R™ such that the characteristic
function ¢x of X is of the form

ox(t) = e Q®)/2
for t € R™. The quadratic form can be recovered from X by the relation
Q(th N ,tm) = Z ai,jtitj7
1<i,j<m

with a;; = E(X;X;), and the (symmetric) matrix (a;;)1<ij<m is called the correlation
matriz of X. The components X; of X are independent if and only if a; ; = 0 if 7 # j, i.e.,
if and only if the components of X are orthogonal.

If X is a gaussian random vector, then X is mild, and in fact

tkl' thm X t)/2
S0 )

for t € R™, so that the power series converges on all of C™. The Laplace transform
Px(z) = E(e*¥) is also defined for all z € C™, and in fact

(B.9) E(e*X) = Q)2

For m = 1, this means that a random variable is a centered gaussian if and only if
there exists ¢ > 0 such that

(B.10) px(t) = e 72,
and in fact we have
E(X?) = V(X) = 0%
If 0 = 1, then we say that X is a standard gaussian random variable (also sometimes
called a standard normal random variable). We then have

|
Pla<X<b)=—— [ e/
\/27r/a

EXERCISE B.7.1. We recall a standard proof of the fact that the measure on R given
by

for all real numbers a < b.

1 2
o —x /2d
= ———¢€ i
h

is indeed a gaussian probability measure with variance 1.

(1) Define
1 o2
t) = ) = —— eztmfx /de
o) = o) = = [

for t € R. Prove that ¢ is of class C! on R and satisfies ¢/(t) = —tp(t) for all t € R
and p(0) = 1.

(2) Deduce that ¢(t) = e /2 for all t € R. [Hint: This is an elementary argument
with ordinary differential equations, but because the order is 1, one can define g(t) =
e”’/2p(t) and check by differentiation that ¢/(t) = 0 for all ¢ € R.]
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We will use the following simple version of the Central Limit Theorem:

THEOREM B.7.2. Let B > 0 be a fixed real number. Let (X,,) be a sequence of inde-
pendent real-valued random variables with |X,,| < B for all n. Let

a, =E(X,),  B.=V(X2).
Let on = 0 be defined by
ox =B+ + By
for N > 1. If ox = +00 as n — +00, then the random variables

Xy —ag)+ -+ (Xn — an)
ON

YN =

converge in law to a standard gaussian random variable.

PRrOOF. Although this is a very simple case of the general Central Limit Theorem for
sums of independent random variables (indeed, even of Lyapunov’s well-known version),
we give a proof using Lévy’s criterion for convenience. First of all, we may assume that
a, = 0 for all n by replacing X,, by X,, — a,, (up to replacing B by 2B, since |a,,| < B).

By independence of the variables (X,,), the characteristic function @y of Yy is given
by

ON (t) thN _ E tin/oN
for t € R.

Fix t € R. Since tX,, /oy is bounded (because ¢ is fixed), we have a Taylor expansion

around 0 of the form

itXn/on _ {4 Xy 2X2 N O(|t|3|Xn|3>’

oN 20% oy,

e

for 1 < n < N. Consequently, we obtain

() =Bty 1 (LY s o (1) B0 ).

ON ON

Observe that with our assumption, we have
E(X.[) < BE(X?) = Bf,.
Moreover, for N large enough (depending on ¢, but ¢ is fixed), the modulus of

%(%) E(X2)+O(<| ’) E(X[")

is less than 1, so that we can use Proposition A.2.2 and deduce that

en(t) = exp (XN: log E(e"*"/ "N)>
n=1
N N
S GO DURIC D ER)
>) — exp(—t%/2)

as N — +o00; we conclude then by Lévy’s Criterion and (B.10). O

ON
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If one uses directly the method of moments to get convergence in law to a gaussian
random variable, it is useful to know the values of their moments. We only state the
one-dimensional and the simplest complex case:

PROPOSITION B.7.3. (1) Let X be a real-valued gaussian random variable with expec-
tation 0 and variance 0. For k > 0, we have
0 if k is odd,
EXM) =< ", o B L
=o0"-(1-3----(k—=1)) ifk is even.

k!
0" 3k (1 /2)!

(1) Let X be a complez-valued gaussian random variable with covariance matrix

c 0
0 o
for some 0 > 0. For k>0 andl > 0, we have

0 if k1,

k~rl
BX™X) = {akak! ifk=1.

EXERCISE B.7.4. Prove this proposition.

B.8. Subgaussian random variables

Gaussian random variables have many remarkable properties. It is a striking fact
that a number of these, especially with respect to integrability properties, are shared by
a much more general class of random variables.

DEFINITION B.8.1 (Subgaussian random variable). Let o > 0 be a real number. A
real-valued random variable X is o?-subgaussian if we have

E<€tX) < 602t2/2

for all t € R. A complex-valued random variable X is o2-subgaussian if X = Y +iZ with
Y and Z real-valued o2-subgaussian random variables.

If X is a real o2-subgaussian random variable, then we obtain immediately good
gaussian-type upper-bounds for the tail of the distribution: for any b > 0, using first a
general auxiliary parameter ¢ > 0, we have

X
P(X > b) < P(etX > 6bt) < E(G ) < 602t2/2_bt,
and selecting ¢ = —1b?/0?, we get

1
P(X >b) < e 2%/,

The right-hand side is a standard upper-bound for the probability P(N > b) for a cen-
tered gaussian random variable N with variance o2, so this inequality justifies the name
“subgaussian”.

A gaussian random variable is subgaussian by (B.9). But there are many more exam-
ples, in particular the random variables described in the next proposition.

PropoSITION B.8.2. (1) Let X be a complez-valued random variable and m > 0 a
real number such that E(X) =0 and |X| < m. Then X is m?*-subgaussian.

(2) Let Xy and Xy be independent random variables such that X; is o?-subgaussian.
Then Xy + Xy is (0} + 03)-subgaussian.
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PROOF. (1) We may assume that X is real-valued, and by considering m~'X instead
of X, we may assume that |X| < 1, and of course that X is not almost surely 0. In
particular, the Laplace transform () = E(e™X) is well-defined, and ¢(t) > 0 for all
t € R. Moreover, it is easy to check that ¢ is smooth on R with

S =BXN), (1) = BEZ)
(by differentiating under the integral sign) and in particular
p(0)=1,  ¢(0) =E(X)=0.

We now define f(t) = log(¢(t)) — 2¢>. The function f is also smooth and satisfies
f(0) = f’(0) = 0. Moreover, we compute that

" t t) — / t 2 _ t 2
f,,(t):sO()w() sa(z) p(t)°
p(t)
The formula for ¢” and the condition |X| < 1 imply that 0 < ¢"(t) < @(t) for all
t € R. Therefore

P (t)p(t) — (1) — (1) < —¢/(1)* <0,
and hence f”(t) < 0 for all t € R. This means that the derivative of f is decreasing, so
that f'(t) < 0 for t > 0, and f'(t) > 0 for t < 0. Thus f is non-decreasing when t < 0
and non-increasing when ¢ > 0. In particular, we have f(t) < f(0) = 0 for all ¢t € R,
which translates exactly to the condition E(eX) < ¢"’/2 defining a subgaussian random
variable.
(2) Since X; and Xj are independent and subgaussian, we have

B(e05759) = B(e™) B(e%) < exp(3(0] + o)1)
for any t € R. U

PROPOSITION B.8.3. Let o > 0 be a real number and let X be a o®-subgaussian random
variable, either real or complex-valued. For any integer k > 0, there exists ¢ = 0 such
that

E(|X[F) < cpo™.

PRrooOF. The random variable Y = 07X is 1-subgaussian. As in the proof of Theo-
rem B.5.6 (2), we observe that there exists ¢ > 0 such that
Y < ep(e® + 7)),
and therefore
o PE(IX]*) = E(|Y*) < ax(e"? + 71,
which gives the result. U

REMARK B.8.4. A more precise argument leads to specific values of ¢;. For instance,
if X is real-valued, one can show that the inequality holds with ¢, = k2¥/2T'(k/2).

B.9. Poisson random variables

Let A > 0 be areal number. A random variable X is said to have a Poisson distribution
with parameter A € [0, +o00] if and only if it is integral-valued, and if for any integer k > 0,
we have
= e_’\)\—k.

k!
One checks immediately that



and that the characteristic function of X is
(B.11) =e ) e Z’ff = exp(A(e — 1)).
k>0

PROPOSITION B.9.1. Let (\,) be a sequence of real numbers such that A, — 400 as

n — +oo. Then
Xﬁ/_'An

o

converges in law to a standard gaussian random variable.
PRrROOF. Use the Lévy Criterion: the characteristic function ¢, of X,, is given by
on(t) = E(eit(X"_A")/m exp( it/ A + A et/ _ )>

for t € R, by (B.11). Since

LA (VA — 1) = itn/ Ay + A ( i t +O(|t|3>> lﬁ2+0<’ﬂ3>

- n\€ "= =1 n n - = —— —5 |,
VA Van o 2\, 2\3/2 A\L/2

we obtain ¢, () — exp(—t%/2), which is the characteristic function of a standard gaussian

random variable. U

B.10. Random series

We will need some fairly elementary results on certain random series, especially con-
cerning almost sure convergence. We first have a well-known sufficient criterion of Kol-
mogorov for convergence in the case of independent summands:

THEOREM B.10.1 (Kolmogorov). Let (X,,)n>1 be a sequence of independent complex-
valued random variables such that both series

(B.12) > E(X,)
(B.13) > V(X,)

converge. Then the series

2%

n>1
converges almost surely, and hence also in law. Moreover, its sum X is square integrable
and has ezpectation Y E(X,).

PROOF. By replacing X,, with X,, — E(X,,), we reduce to the case where E(X,,) =0
for all n. Assuming that this is the case, we will prove that the series converges almost
surely by checking that the sequence of partial sums

> Xa
1<n<N

is almost surely a Cauchy sequence. For this purpose, denote

Ynm = sup [Sxir — Sn|
1<k<M

for N, M > 1. For fixed N, Yy v is an increasing sequence of random variables; we denote
by YN = sup;- [Sx+x — Sx| its limit. Because of the estimate
|SN+% — Snt] < [Snak — S|+ [Snr — Sn| < 2Yn
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for N> 1and k, [ > 1, we have
{(Sx)n>1 is not Cauchy} = U ﬂ U LJ{|SN+;g — Snut| > 277}

k>1N>1k>11>1
c U Nvs > 21,
k>1N>1
It is therefore sufficient to prove that
P([{Yx>2""}) =0
N>1
for each £ > 1, or what amounts to the same thing, to prove that for any ¢ > 0, we have

lim P(Yy >¢)=0.

N—+oo

(which means that Yy converges to 0 in probability).

We begin by estimating P(Yxy > €). If Ynu was defined as Syym — Sy (without the
sup over k < M) this would be easy using the Markov inequality. To handle it, we use
Kolmogorov’s Maximal Inequality (see Lemma B.10.3 below): since the (X,)n+1<n<nim
are independent, this shows that for any € > 0, we have

N+M
1
P(Yuu > €) (Sup‘ 3" Xuta| > 5) <5 Y VX,
R<MY <k Sl

Letting M — 400, we obtain

P(Yy > ¢) < % > V(Xa).
n=N+1
From the assumption on the convergence of the series of variance, this tends to 0 as
N — 400, which shows that the partial sums converge almost surely as claimed.
Now let X = > X, be the sum of the series, defined almost surely. For N > 1
and M > 1, we have

N+M N-+M N+M
v = Sxlz =E(| D X)) = Y E0X = Y VX
n=N+1 n=N+1 n=N+1

The assumption that (B.13) converges therefore implies that (Sx)ns1 is a Cauchy
sequence in L2, hence converges. Its limit necessarily coincides (almost surely) with the
sum X, which shows that X is square-integrable. It follows that it is integrable and that
its expectation can be computed as the sum of E(X,,). O

REMARK B.10.2. (1) This result is a special case of Kolmogorov’s Three Series Theo-
rem which gives a necessary and sufficient condition for almost sure convergence of a series
of independent complex random variables (X,,), namely it is enough that for some ¢ > 0,
and necessary that for all ¢ > 0, the series

Y P(Xi>¢), D EX), Y V(X))

converge, where X¢ = X,, if |X,,| < ¢ and X = 0 otherwise (see, e.g., [9, Th. 22.8] for
the full proof, or try to reduce it to the previous case).

(2) It is worth mentioning two further results for context: (1) the event “the series
converges” is an asymptotic event, in the sense that it doesn’t depend on any finite num-
ber of the random variables; Kolmogorov’s Zero—One Law then shows that this event can
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only have probability 0 or 1; (2) a theorem of P. Lévy shows that, again for indepen-
dent summands, the almost sure convergence is equivalent to convergence in law, or to

convergence in probability. For proofs and discussion of these facts, see for instance |
§0.1I1T].

)

Here is Kolmogorov’s maximal inequality:

LEMMA B.10.3. Let M > 1 be an integer, Y1, ..., Yy independent complex random
variables in L2 with B(Y,,) = 0 for all n. Then for any € > 0, we have

1<k<M

M
1
P( sup Y1+ -+ Yyl >€) < ?ZV(Y”)
=1

PRrROOF. Let

for 1 < n < M. We define a random variable T with values in [0, +oo] by T = oo if
|S,| < e for all n < M, and otherwise

T=inf{n <M | |S,| > ¢}
We then have
{sup |[Yi+- - +Yy>c}= U {T =n},

1<k<M 1<n<M

and the union is disjoint. In particular, we get

1<k<M

P( sup |Sk| >6> :%{:P(T:n).

We now note that [S,[* > &2 on the event {T = n}, so that we can also write
R

(B.14) P<12}<;1£M |Sk| > 5) < = ;E(|Sn|21{T:n}).

We claim next that

(B.15) E(ISu"Lr=n}) < E(|Sul*1{r=n})

for all n < M.

Indeed, if we write Syy = S,, + R,,, the independence assumption shows that R,, is
independent of (Xi,...,X,), and in particular is independent of the indicator function
of the event {T = n}, which only depends on Xj, ..., X,,. Moreover, we have E(R,) =
0. Now, taking the modulus square in the definition and multiplying by this indicator
function, we get

Sm*L(r=ny = [Sn*Lyr=ny + SuRnL{r=n} + SuRnlir=n) + Rl Lir=n).
Taking then the expectation, and using the positivity of the last term, this gives
E(|Sul*Lr=n}) = E([Su|*Lir=n}) + E(SuRnlir=ny) + E(S,Rulir=n}).
But, by independence, we have
E(S,Rnlr=n}) = E(Su1ir=n}) E(R,) = 0,

and similarly E(anl{T:n}) = 0. Thus we get the bound (B.15).
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Using this in (B.14), this gives

M
1 1
P( S>s><— E(Sul*Lirem) < — E(|Su?
123£M| k| <3 n§:1 (ISul"Lr=n) < Z E(ISml)
by positivity once again. U

EXERCISE B.10.4. Deduce from Kolmogorov’s Theorem the non-trivial direction of
the Borel-Cantelli Lemma: if (A,,),>1 is a sequence of independent events such that

> P(A,) = 4o,
n>1
then an element of the underlying probability space belongs almost surely to infinitely

many of the sets A,,.

The second result we need is more subtle. It concerns similar series, but without the
independence assumption, which is replaced by an orthogonality condition.

THEOREM B.10.5 (Menshov-Rademacher). Let (X,,) be a sequence of complex-valued
random variables such that E(X,,) =0 and

0 ifn#m,

1 ifn=m.

R
Let (a,) be any sequence of complex numbers such that

> " lanl*(logn)* < +oc.

n>1
Then the series
n=>1

converges almost surely, and hence also in law.

REMARK B.10.6. Consider the probability space 2 = R/Z with the Lebesgue mea-
sure, and the random variables X,,(t) = e(nt) for n € Z. One easily sees (adapting to
double-sided sequences and symmetric partial sums) that Theorem B.10.5 implies that

the series
Z anpe(nt)

nezZ
converges almost everywhere (with respect to Lebesgue measure), provided

S lan P (log )? < oo,

neZ

This may be proved more directly (see, e.g., [121, III, th. 4.4]), using properties of
Fourier series, but it is far from obvious. Note that, in this case, a very famous theorem
of Carleson shows that the condition may be replaced with Y |a,|*> < +oo. On the other
hand, Menshov proved that Theorem B.10.5 can not in general be relaxed in this way:
for general orthonormal sequences, the term (logn)? can not be replaced by any positive
function f(n) such that f(n) = o((logn)?), even for R/Z.

We begin with a lemma which will play an auxiliary role similar to Kolmogorov’s
inequality.
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LEMMA B.10.7. Let (Xy,...,XN) be orthonormal random variables, (ai,...,ax) be
complex numbers and Sy, = a1 Xy + -+ + ap Xy for 1 < k < N. We have

N
2 2 2
E(lrgka&\sk! ) < (logN) leanl ,

where the implied constant is absolute.

PROOF. The basic ingredient is a simple combinatorial property, which we present a

bit abstractly. We claim that there exist a family J of discrete intervals
I={ng,...,m — 1}, mp—ny > 1,

for I € g, with the following two properties:

(1) any interval 1 < n < M with M < N is the disjoint union of < logN intervals
INSVE

(2) an integer n with 1 < n < N belongs to < log N intervals in g;
and in both cases the implied constant is independent of N.

To see this, let n > 1 be such that 2" < N < 27 (so that n < logN), and consider
for instance the family J of dyadic intervals

Lj={n|1<n<Nand i <n<(i+1)2}

for 0 < j <mand1<i<2" 7. (The proof of both properties in this case are left to the
reader.)

Now, having fixed such a collection of intervals, we denote by T the smallest integer
between 1 and N such that

max |Sk‘ = ’ST‘
1<kKN

By our first property of the intervals J, we can write
Sr=>)_5
I
where I runs over a set of < log N disjoint intervals in J, and
SI = Z a'an
nel

is the corresponding partial sum. By the Cauchy—Schwarz inequality, and the first prop-
erty again, we get

Se < (1ogN) YIS < (togN) 3 [SiP
I Ieg
Taking the expectation and using orthonormality, we derive

E( max [Si[?) = E(|S1]?) < (logN) Y E(S,?)

1<k<N
Ied
= (logN) Y > anl* < (l0gN)* ) fanf?
Ied nel 1<n<N
by the second property of the intervals J. U

PROOF OF THEOREM B.10.5. If the factor (logN)? in Lemma B.10.7 was replaced
by (logn)? inside the sum, we would proceed just like the deduction of Theorem B.10.1
from Lemma B.10.3. Since this is not the case, a slightly different argument is needed.
We define
Sn:ale+"'+aan
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for n > 1. For j > 0, we also define the dyadic sum

Sj = Z CLan = ng+1_1 - ng-

2/ <n<29+1
We first note that the series
T=> (j+1)7S,"
7=0

converges almost surely. Indeed, since it is a series of non-negative terms, it suffices to
show that E(T) < +oc0. But we have

E(T) =) (G+D’E(S) =) (G+1D* > lal> <) laa[*(log2n)* < +oo
§=0 J=0 2i<n<2it1 nz1

by orthonormality and by the assumption of the theorem.
Next, we observe that for j > 0 and k£ > 0, we have

j+k—1

- 1 1/2 T| \1/2
Sy =Sl < 3 81 < (3 (i+1)2> TP < <y‘+—‘1>

=7 J<i<j+k

by the Cauchy-Schwarz inequality. We conclude that the sequence (S,;) is almost surely
a Cauchy sequence, and hence converges almost surely to a random variable S.

Finally, to prove that (S,,) converges almost surely to S, we observe that for any n > 1,
and j > 0 such that 2/ < n < 2/t we have

k
B.1 il < M; = n
(B.16) S0 =Syl <My = ma [ D ) a

m=2J

Lemma B.10.7 implies that

E(Z M§) =Y EM2) < Y (log2n)fa,|* < +oo,

=0 20 n>1

which means in particular that M; tends to 0 as j — 400 almost surely. From (B.16)
and the convergence of (Syi); to S, we deduce that (S,) converges almost surely to S.
This finishes the proof. O

We will also use information on the support of the distribution of a random series
with independent summands.

PROPOSITION B.10.8. Let B be a separable Banach space. Let (X,)n,>1 be a sequence
of independent B-valued random variables such that the series X = > X, converges
almost surely.> The support of the law of X is the closure of the set of all convergent
series of the form > x,, where x,, belongs to the support of the law of X, for alln > 1.

PrOOF. For N > 1, we write
N
Sv=) X,  Ry=X-Sx
n=1
The variables Sy and Ry are independent.
First, we observe that Lemmas B.2.1 and B.2.2 imply that the support of Sy is the
closure of the set of elements x; + - -+ + xy with x,, € supp(X,,) for 1 < n < N (apply

3 Recall that by the result of P. Lévy mentioned in Remark B.10.2, this is in fact equivalent to
convergence in law.
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Lemma B.2.1 to the law of (Xi,...,Xy) on BY, which has support the product of the
supp(X,,) by Lemma B.2.2, and to the addition map BN — B).

We first prove that all convergent series Y x, with z,, € supp(X,) belong to the
support of X, hence the closure of this set is contained in the support of X, as claimed.
Thus let =) x,, be of this type. Let € > 0 be fixed.

For all N large enough, we have

|2
n>N

and it follows that x; + - -+ + xn, which belongs to the support of Sy as first remarked,
also belongs to the open ball U, of radius € around x. Hence

P(SN € UE) >0

for all N large enough (U, is an open neighborhood of some element in the support of

SN)-
Now the almost sure convergence implies (by the dominated convergence theorem, for
instance) that P(||Rx|| > ¢) — 0 as N — 4o00. Therefore, taking N suitably large, we get

P(||X — || < 2¢) > P(||Sx — || < ¢ and ||Ra]| < €)
= P([[Sy —zf| <) P([|Rn]l <€) >0

(by independence). Since ¢ is arbitrary, this shows that = € supp(X), as claimed.
Conversely, let x € supp(X). For any € > 0, we have

P([2% ]
n=>1

Since, for any ng > 1, we have

P(HZ X, — xH < e and X,,, ¢ Supp(Xn0)> —0,
n=>1

<e,

<5>>O.

this means in fact that
P(HZXn — xH < ¢ and X,, € supp(X,,) for all n) > 0.
n=1

In particular, we can find z,, € supp(X,,) such that the series > z,, converges and
IS an =] <.
n>1

and hence = belongs to the closure of the set of convergent series Y x, with x, in the
support of X,, for all n. O

B.11. Some probability in Banach spaces

We consider in this section some facts about probability in a (complex) Banach space
V. Most are relatively elementary. For simplicity, we will always assume that V is
separable (so that, in particular, Borel measures on V have a well-defined support).
The first result concerns series
X,
n

where (X,,) is a sequence of symmetric random variables, which means that for any N > 1,
and for any choice (1, ...,en) of signs ¢, € {—1,1} for 1 < n < N, the random vectors

(Xq,...,Xy) and (61X, ...,exnXn)
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have the same distribution.
Symmetric random variables have remarkable properties. For instance, we have:

ProposITION B.11.1 (Lévy). Let V be a separable Banach space with norm || - ||,
and (X,) a sequence of V-valued random variables. Assume that the sequence (X,,) is
symmetric. Let

Sy =X; + -+ Xy
for N> 1. For N > 1 and ¢ > 0, we have

P(max Sy > ¢) < 2P(ISx] > <).

This result is known as Lévy’s reflection principle, and can be compared with Kol-
mogorov’s maximal inequality (Lemma B.10.3).

ProOF. (1) Similarly to the proof of Lemma B.10.3, we define a random variable T
by T = oo if ||S,]| < € for all n < N, and otherwise

=inf{n <N | ||S,|| > }.
Assume T = k and consider the random variables
X;L:anorlgnék:, X%:—anork—klgngN.

By assumption, the sequence (X!);<n<n has the same distribution as (X,,)1<n<n. Let
S/ denote the partial sums of the sequence (X)), and T’ the analogue of T for the sequence
(X!). The event {T” = k} is the same as {T = k} since X!, = X,, for n < k. On the other
hand, we have

S\ =X;+ -+ Xp — Xppg — - — Xy = 28, — S
Therefore
P(||Sx|| > e and T = k) = P(||Sy]| > € and T' = k) = P(]|]2S;, — Sx|| > € and T = k).
By the triangle inequality we have
{T =k} C{|ISx|]| > and T = k} U {||2Sx — Sx|| > € and T = k}.

We deduce

1<n<N

N
P( max [|S,]| > ¢) :ZP
k=1

N N
< P(ISy|| >cand T=k)+ > P(]|2S, — Sk|| > ¢ and T = k)
k=1 k=1
=2P(|ISn][ > o).

U

We now consider the special case where the Banach space V is C([0, 1]), the space of
complex-valued continuous functions on [0, 1] with the norm

[fllec = sup_[f(t)].
te(0,1]

For a C(|0, 1])-valued random variable X and any fixed ¢t € [0, 1], we will denote by X(t)
the complex-valued random variable that is the value of the random function X at t, i.e.,
X(t) = e; 0 X, where ¢; : C([0,1]) — C is the evaluation at t.

159



DEFINITION B.11.2 (Convergence of finite distributions). Let (X,,) be a sequence of
C([0, 1])-valued random variables and let X be a C([0, 1])-valued random variable. One
says that (X,,) converges to X in the sense of finite distributions if and only if, for all
integers k > 1, and for all

0Lt <<t <1,

the random vectors (X,, (1), . .., X, (tx)) converge in law to (X(¢1), ..., X(tx)), in the sense
of convergence in law in C*.

One sufficient condition for convergence of finite distributions is the following:

LEMMA B.11.3. Let (X,,) be a sequence of C([0, 1])-valued random variables and let X
be a C([0,1])-valued random variable, all defined on the same probability space. Assume
that, for any t € [0,1], the random variables (X,,(t)) converge in L' to X(t). Then (X,)
converges to X in the sense of finite distributions.

PRrOOF. Fix k£ > 1 and
O0<t; <~ <t < 1.

Let ¢ be a Lipschitz function on C* (given the distance associated to the norm
[ETAT I )

for instance) with Lipschitz constant C > 0. Then we have

k
B(o(Xa (). Xalte))) — Bo(X(0)...... X ()] < O3 B(X, (1) — X(t)
i=1
which tends to 0 as n — 400 by our assumption. Hence Proposition B.4.1 shows that
(Xn(t1), ..., X, (tg)) converges in law to (X(t1),...,X(tx)). This proves the lemma. [

Convergence in finite distributions is a necessary condition for convergence in law of
(X,,) to X, but it is not sufficient: a simple example (see [10, Example 2.5]) consists in
taking the random variable X,, to be the constant random variable equal to the function
fn that is piecewise linear on [0,1/n], [1/n,1/(2n)] and [1/(2n), 1], and such that 0 +— 0,
1/n—1,1/(2n) — 0 and 1 — 0. Then it is elementary that X,, converges to the constant
zero random variable in the sense of finite distributions, but that X,, does not converge
in law to 0 (because f,, does not converge uniformly to 0).

Nevertheless, under the additional condition of tightness of the sequence of random
variables (see Definition B.3.6), the convergence of finite distributions implies convergence
in law.

THEOREM B.11.4. Let (X,,) be a sequence of C([0, 1])-valued random variables and let
X be a C([0,1])-valued random variable. Suppose that (X,,) converges to X in the sense
of finite distributions. Then (X,,) converges in law to X in the sense of C([0,1])-valued
random variables if and only if (X,,) is tight.

For a proof, see, e.g., [10, Th. 7.1]. The key ingredient is Prokhorov’s Theorem
(see [10, Th. 5.1]) that states that a tight family of random variables is relatively compact
in the space P of probability measures on C([0,1]), given the topology of convergence in
law. To see how this implies the result, we note that convergence in the sense of finite
distributions of a sequence implies at least that it has at most one limit in P (because
probability measures on C([0,1]) are uniquely determined by the family of their finite
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distributions, see [10, Ex. 1.3]). Suppose now that there exists a continuous bounded
function f on C([0,1]) such that
E(f(Xy))
does not converge to E(f(X)). Then there exists 6 > 0 and some subsequence (X, ) that
satisfy | E(f(X,,) — f(X))| = ¢ for all k. This subsequence also converges to X in the
sense of finite distributions, and by relative compactness admits a further subsequence
that converges in law; but the limit of that further subsequence must then be X, which
contradicts the inequality above.

REMARK B.11.5. For certain purposes, it is important to observe that this proof of
convergence in law is indirect and does not give quantitative estimates.

We will also use a variant of this result involving Fourier series. A minor issue is that
we wish to consider functions f on [0, 1] that are not necessarily periodic, in the sense
that f(0) might differ from f(1). However, we will have f(0) = 0. To account for this, we
use the identity function in addition to the periodic exponentials to represent continuous
functions with f(0) = 0.

We denote by Cy([0,1]) the subspace of C([0,1]) of functions vanishing at 0. We
denote by ey the function eg(t) = ¢, and for h # 0, we put e,(t) = e(ht). We denote
further by Cy(Z) the Banach space of complex-valued functions on Z converging to 0 at
infinity with the sup norm. We define a continuous linear map FT: C([0, 1]) — Co(Z) by
mapping f to the sequence (f(h))nez of its Fourier coefficients, where f(0) = f(1) and
for h # 0, we have

Fn) = / (F(t) — t(1))e(—ht)dt = / (f — F(Deo)eon.

We want to relate convergence in law in Cy([0, 1]) with convergence, in law or in the
sense of finite distributions, of these “Fourier coefficients” in Cy(Z). Here convergence
of finite distributions of a sequence (X,,) of Cy(Z)-valued random variables to X means
that for any H > 1, the vectors (X, 4)n<u converge in law to (Xp)n<u, in the sense of
convergence in law in C?H+1,

First, since FT is continuous, Proposition B.3.2 gives immediately

LEMMA B.11.6. If (X,), is a sequence of Cy([0, 1])-valued random variables that con-
verges in law to a random variable X, then FT(X,,) converges in law to FT(X).

Next, we check that the Fourier coefficients determine the law of a Cy((0, 1])-valued
random variable (this is the analogue of [10, Ex. 1.3]).

LEMMA B.11.7. If X and Y are Cy([0, 1])-valued random variables and if FT(X) and
FT(Y) have the same finite distributions, then X and Y have the same law.

Proor. For f € Cy([0,1]), the function g(t) = f(t) — tf(1) extends to a 1-periodic
continuous function on R. By Féjer’'s Theorem on the uniform convergence of Cesaro

means of Fourier series of continuous periodic functions (see, e.g, [121, III, Th. 3.4]), we
have "
) =tf(1) = tim 3 (1= ) Fke(ht)
|h|<H

uniformly for ¢ € [0, 1]. Evaluating at ¢ = 0, where the left-hand side vanishes, we deduce
that

H—+4o00
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where

Culh) = F0e+ 3 (1= 1) Fimyen — 1.
h|<H
h£0

Note that Cu(f) € Co([0, 1]).

We now claim that Cy(X) converges to X as Cy([0, 1])-valued random variables. In-
deed, let ¢ be a bounded continuous function on Cy([0,1]), say with |¢] < M. By
the above, we have p(Cg(X)) — ¢(X) as H — 400 pointwise on Cy([0,1]). Since
lo(Cu(X))| < M, which is integrable on the underlying probability space, Lebesgue’s
dominated convergence theorem implies that E(¢(Cy(X))) — E(p(X)). This proves the
claim.

In view of the definition of Cy(f), which only involves finitely many Fourier coeffi-
cients, the equality of finite distributions of FT(X) and FT(Y) implies by composition
that for any H > 1, the Cy([0, 1])-valued random variables Cy(X) and Cy(Y) have the
same law. Since we have seen that Cy(X) converges in law to X and that Cy(Y) converges
in law to Y, it follows that X and Y have the same law. U

Now comes the convergence criterion:

PRrOPOSITION B.11.8. Let (X,,) be a sequence of Cy([0,1])-valued random variables
and let X be a Cy([0,1])-valued random wvariable. Suppose that FT(X,) converges to
FT(X) in the sense of finite distributions. Then (X,,) converges in law to X in the sense
of Co([0,1])-valued random variables if and only if (X,,) is tight.

PROOF. It is an elementary general fact that if (X,) converges in law to X, then
the family (X,,) is tight. We prove the converse assertion. It suffices to prove that any
subsequence of (X,,) has a further subsequence that converges in law to X (see [10, Th.
2.6]). Because (X,,) is tight, so is any of its subsequences. By Prokhorov’s Theorem ([10,
Th. 5.1]), such a subsequence therefore contains a further subsequence, say (X, )k>1,
that converges in law to some probability measure Y. By Lemma B.11.6, the sequence of
Fourier coefficients FT(X,,, ) converges in law to FT(Y). On the other hand, this sequence
converges to FT(X) in the sense of finite distributions, by assumption. Hence FT(X) and
FT(Y) have the same finite distributions, which implies that X and Y have the same law
by Lemma B.11.7. O

REMARK B.11.9. The example that was already mentioned before Theorem B.11.4
(namely [10, Ex. 2.5]) also shows that the convergence of FT(X,) to FT(X) in the
sense of finite distributions is not sufficient to conclude that (X,,) converges in law to X.
Indeed, the sequence (X,,) in that example does not converge in law in C([0, 1]), but for
n > 1, the (constant) random variable X,, satisfies X,,(1) = 0, and by direct computation,

the Fourier coefficients (are constant and) satisfy also | X, (k)] < n~* for all h # 0, which
implies that FT(X,,) converges in law to the constant random variable equal to 0 € Cy(Z).

In applications, we need some criteria to detect tightness. One such criterion is due
to Kolmogorov:

ProposITION B.11.10 (Kolmogorov’s tightness criterion). Let (X,,) be a sequence of
C([0, 1])-valued random variables. If there exist real numbers o > 0, 6 > 0 and C > 0
such that, for any real numbers 0 < s <t <1 and anyn > 1, we have

(B.17) B(|X(t) = Xa(s)[*) < CJt — s,
then (X,,) is tight.
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See for instance [81, Th. 1.7] for a proof. The statement does not hold if the exponent
14 0 is replaced by 1

In fact, for some applications (as in [79]), one needs a variant where the single
bound (B.17) is replaced by different ones depending on the size of |t — s| relative to n.
Such a result does not seem to follow formally from Proposition B.11.10, because the
left-hand side in the inequality is not monotonic in terms of « (in contrast with the right-
hand side, which is monotonic since |t — s| < 1). We state a result of this type and sketch
the proof for completeness.

ProposITION B.11.11 (Kolmogorov’s tightness criterion, 2). Let (X,,) be a sequence
of C([0, 1])-valued random variables. Suppose that there exist positive real numbers

a,ap,a3, Po<fPr, 9, C
such that for any real numbers 0 < s <t <1 and any n > 1, we have
(B.18) E(|X,(t) = Xa(s)[*) < Clt =™ if0< [t —s| <™,
(B.19) E(|X,(t) = Xa()|*?) < Clt = s if n™ <t s
(B.20) E(|X,(t) = Xa(s)|*) < Clt = s|'™if n77 <
Then (X,,) is tight.

C
C

SKETCH OF PROOF. For n > 1, let D,, C [0, 1] be the set of dyadic rational numbers
with denominator 2". For § > 0, let

W(Xnu 5) = Sup{|Xn(t) - Xn(8)| | CRAS [07 1]7 |t - S| < 5}
denote the modulus of continuity of X,,, and for n > 1 and k > 0, let
€ = sup{|X,(t) — X, (s)| | s,t € Dy, |s —t| =27%}.

We observe that for any o > 0, we have

B < Y B(Xa(t) = Xa(s)[*).
|ti’;\€:Dzk—k

As in [60, p. 269], the key step is to prove that
lim limsup P(w(X,,27™) >n) =0

m—+00 p 4100
for any n > 0 (the conclusion is then derived from this fact combined with the Ascoli—
Arzela Theorem characterizing compact subsets of C([0, 1])). It is convenient here to use
the notation min(a,b) = a A b. For fixed m and n, we then write

Pw(Xp,27") >n) <P( sup  [Xq(t) = Xa(s)| > n)+

[t—s|<2—mAn—A1
P( sup X, () = X (s)| > n)+

2-mAR =P < |t—s|<2" M AR P2

P( sup X (1) = Xa(s) > 1)

2=mAn~P2 <|t—s|<2—m

(because, for a continuous function f on [0,1], if |f(¢) — f(s)| > n for some (s,t) such
that |t —s| < 27™, then there exist some dyadic rational numbers (', t'), necessarily with
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denominator 2" with n > m, such that |f(t') — f(s')| > n). Using (B.18), the first term
is

E(¢, c 1
< 2k’ 1+5) ’
X ;n 77 k;n 77&1 1 _ 2*6
2=k<n=h1

and similarly, using (B.19), the second (resp using (B.20), the third) is

E(&% ¢ 1
< ) prs \QQZ?“ < G T

k>m

k>m
B2 logy(n)<k<PB1 logy(n)
(resp. < Cn=*(1 —279)71). The result follows. 0O
We will also use the following inequality of Talagrand, which gives a type of subgaus-

sian behavior of sums of random variable in Banach spaces, extending standard properties
of real or complex-valued random variables.

THEOREM B.11.12 (Talagrand). Let V be a separable real Banach space and V' its
dual. Let (X,)n>1 be a sequence of independent real-valued random variables with |X,,| < 1
almost surely, and let (v,)n>1 be a sequence of elements of V. Assume that the series
> X,vn converges almost surely in V. Let m > 0 be a median of

HZ XnUnll.
n>1

Let 0 > 0 be the real number such that

For any real number t > 0, we have

P ( ‘Z XU,
n=1

We recall that a median m of a real-valued random variable X is any real number
such that

t2
> to + m) 4exp<—E>

PX>m)>5,  PX<m)>g
A median always exists. If X is integrable, then Chebychev’s inequality
(B.21) PX>1t) < E<|tX|)
shows that m < 2 E(|X]).
ProOF. This follows easily from [114, Th. 13.2], which concerns finite sums, by
passing to the limit. O

The application of this inequality will be the following, which is (in the case V = R)
partly a simple variant of a result of Montgomery-Smith [88].

PROPOSITION B.11.13. Let V be a separable real or complex Banach space and V' its
dual. Let (X,)n>1 be a sequence of independent random variables with |X,,| < 1 almost
surely, which are either real or complex-valued depending on the base field. Let (vy)n>1
be a sequence of elements of V. Assume that the series Y X, v, converges almost surely
m V, and let X be its sum.
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(1) Assume that

1
(B.22) D llall <log(N), D lonl® < N

n<N n>N

for all N > 1. There exists a constant ¢ > 0 such that for any A > 0, we have
P(||X]|| > A) < cexp(—exp(ctA)).

(2) Assume that V is a real Banach space, that (X,,) is symmetric, identically dis-
tributed, and real-valued, and that there exists A\ € V' of norm 1 such that

(B.23) > " [A(wn)| > log(N)

n<N
for N > 1. Then there exists a constant ¢ > 0 such that for any A > 0, we have
c texp(—exp(cA)) <P (AX)| > A) <P (||X]| > A).

PROOF. We begin with (1), and we first check that we may assume that V is a real
Banach space and that the random variables X,, are real-valued. To see this, if V is
a complex Banach space, we view it as a real Banach space Vg (by restricting scalar
multiplication), and we write X,, = Y,, + iZ, where Y,, and Z,, are real-valued random
variables. Then X =Y + ¢Z where

Y = Zmn, 7 = Zvan

n>1 n=1

are both almost surely convergent series in Vg with independent real coefficients of ab-
solute value < 1. We then have

P (X[ > A) <P (Y] > A or [|Z]] > 3A) <P (Y] > 4A) + P (|Z]| > 1A)

for any A > 0, by the triangle inequality. Since the assumptions (B.22) hold indepen-
dently of whether V is viewed as a real or complex Banach space, we deduce that if (1)
holds in the real case, then it also does for complex coefficients.

We now assume that V is a real Banach space. The idea is that if V was simply equal
to R, then the series X would be a subgaussian random variable, and standard estimates
would give a subgaussian upper-bound for P(|X] > A), of the type exp(—cA?). Such
a bound would be essentially sharp for a gaussian series. But although this is already
quite strong, it is far from the truth here; intuitively, this is because, in the gaussian case,
the lower-bound for the probability arises from the small but non-zero probability that
a single summand (distributed like a gaussian) might be very large. This cannot happen
for the series X, because each X,, is absolutely bounded.

The actual proof “interpolates” between the subgaussian behavior (given by Tala-
grand’s inequality, when the Banach space is infinite-dimensional) and the boundedness
of the coefficients (X,,) of the first few steps. This principle goes back (at least) to
Montgomery-Smith [88], and has relations with the theory of interpolation of Banach
spaces.

Fix an auxiliary parameter s > 1. We write X = X* 4+ X°, where

XF= ) Xovn, X =) Xpvn.
1<n<s2 n>s?

Let m be a median of the real random variable || X"||. Then for any a > 0 and 3 > 0, we
have
P(IX|| > a+ 5 +m) <P([X| = a) + P(IX] = m + 5),
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by the triangle inequality. We pick
a=8 Y vl
1<n<s?
so that by the assumption |X,,| < 1, we have
P(|X¢| = a) =0.

Then we take 8 = so, where o > 0 is such that

o? = sup Z|)\vn :

INI<1 S

where A\ runs over the elements of norm < 1 of the dual space V'. By Talagrand’s
Inequality (Theorem B.11.12), we have

2

P(IX']| > m+ 8) < 4exp(—3)

Hence, for all s > 1, we have
2

P(IX]| > a+ 8 +m) <dexp(-).

We now select s as large as possible so that m + a + 8 < A. By Chebychev’s inequal-

ity (B.21), we have
m <2E(IX) <2 ) vl

1<h<s?

so that
(B.24) m+a <K Z l|lvn|] < log(2s)

1<n<s?

for any s > 1 by (B.22). Moreover, for any linear form A with ||[A|| < 1, we have

1
S REE < Y ol <

n>s2 n>s?2
by (B.22), so that 0 < s7! and 3 = so < 1. It follows that
(B.25) m+ a+ B < clog(cs)

for some constant ¢ > 1 and all s > 1. We finally select s so that clog(cs) = A, i.e.
1 A

s = - exp<—>
c c

(assuming, as we may, that A is large enough so that s > 1) and deduce that
2 1 A
P(IX] = A) < 46Xp<—%> = 4exp< ) exp( ; >>
This gives the desired upper bound.
We now prove (2). Replacing the vectors v, by the real numbers A(v,) (recall that (2)

is a statement for real Banach spaces and random variables), we may assume that V = R.
Let a > 0 be such that

> A wa)| = arlog(N)

n<N
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for N > 1 and let 8 be a median of |X,,|. We then derive
P(X|>A)>P ( > B, for 1 < n < @A and Z U Xy = 0>.
n>eA/(aﬁ)

Since the random variables (X,,) are independent, this leads to

1\ lexp(A/(aB))]
P(X| > A) > <Z> P( Y wX,> 0).
n>eA/(aﬁ)
Furthermore, since each X,, is symmetric, so is the sum
> uX,,
n>eA/(0‘ﬁ)

which means that it has probability > 1/2 to be > 0. Therefore we have

.
X[ > A ~(log 4) exp(A/ (a8))

This is of the right form asymptotically, and thus the proof is completed. O
REMARK B.11.14. (1) The typical example where the proposition applies is when ||v,,|
is comparable to 1/n.
(2) Many variations along these lines are possible. For instance, in Chapter 3, we

encounter the situation where the vector v, is zero unless n = p is a prime p, in which

case
1

lopll = 2
for some real number o such that 1 / 2 < o < 1. In that case, we have

1 1
2
Z anH >> 7 Z ”UnH < NQO— 1 IOgN

n<N n>N

for N > 2 (by the Prime Number Theorem) instead of (B.22), and the adaptation of the
arguments in the proof of the proposition lead to

P(IX] > A) < cexp< cAl/(l—U)(logA)l/(zu_g)))
(Indeed, check that (B.25) gives here

82(170)

Vlog s

- Al/(2(1—0))(10g A)l/@4=0)
in the final application of Talagrand’s inequality.)
On the other hand, in Chapter 5, we have a case where (up to re-indexing), the
assumptions (B.22) and (B.23) are replaced by

loe N
> llenll > (og N2 flon? < 25—

n<N n>N

m+a+ <K

and we take

Then we obtain by the same argument the estimates
P(|[X]| > A) < cexp(—exp(¢"AY?)),
¢ exp(— exp(cA2)) < P(AX)| > A) < P(IX]| > A)
for some real number ¢ > 0.
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APPENDIX C

Number theory

We review here the facts of number theory that we use, and give references for their
proofs.

C.1. Multiplicative functions and Euler products

Analytic number theory frequently deals with functions f defined for integers n > 1
such that f(mn) = f(m)f(n) whenever m and n are coprime. Any such function that
is not identically zero is called a multiplicative function." A multiplicative function is
uniquely determined by the values f(p*) for primes p and integers k > 1, and satisfies
f(1) =1.

We recall that if f and g are functions defined for positive integers, the Dirichlet
convolution f x ¢ is defined by

(fxg)n) =D fld)g(%).
dln
Its key property is that the generating Dirichlet series
D (frg)mn*
n=1

for fxg is the product of the generating Dirichlet series for f and g (see Proposition A.4.4).
In particular, one deduces that the convolution is associative and commutative, and that
the function ¢ such that 6(1) = 1 and 6(n) = 0 for all n > 2 is a neutral element. In
other words, for any arithmetic functions f, g and h, we have

frxg=gxf, fx(gxh)=(fxg)xh, [fxdi=/Ff

LEMMA C.1.1. Let f and g be multiplicative functions. Then the Dirichlet convolution
fxg of f and g is multiplicative. Moreover, the functz’on f © g defined by

(f@gn) = > fl
[a,b]=n
18 also multiplicative.

PRroOF. Both statements follow simply from the fact that if n and m are coprime
integers, then any divisor d of nm can be uniquely written d = d’'d” where d' divides n
and d” divides m. O

ExamMpLE C.1.2. To get an idea of the behavior of a multiplicative function, it is
always useful to write down the values at powers of primes. In the situation of the
lemma, the Dirichlet convolution satisfies

(fx9)®") = Z F®)g(p*),

'We emphasize that it is not required that f(mn) = f(m)f(n) for all pairs of positive integers.
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whereas
k—1

(f@g)®") =D _(F@)®*) + F@")g@) + F0")g(").

j=0

In particular, suppose that f and g are supported on squarefree integers, so that f(p*) =
g(p*) = 0 for any prime if & > 2. Then f © g is also supported on squarefree integers
(this is not necessarily the case of f x g), and satisfies

(fe@g)p) = fp)+9p)+ fp)gp)

for all primes p.
A very important multiplicative function is the Mobius function.

DEFINITION C.1.3. The Mébius function p(n) is the multiplicative function supported
on squarefree integers such that pu(p) = —1 for all primes p.

In other words, if we factor

n = pl “ e p]

where each p; is prime, then we have p(n) = 0 if there exists i # j such that p; = p;, and
otherwise p(n) = (—1)7.

A key property of multiplicative functions is their Fuler product expansion, as a
product over primes.

LEMMA C.1.4. Let f be a multiplicative function such that

D ()] < 4o

n=1

> s =TI 10)

n=1 p j=0

Then we have

where the product on the right is absolutely convergent. In particular, for all s € C such

that )
f(n
2T

converges absolutely, we have

Z fT(:) - H(l +f@)p S+ fO TR,

n=1 p

where the right-hand side converges absolutely.
PROOF. For any prime p, the series

L fp)+- o+ f8) + -

is a subseries of }_ f(n), so that the absolute convergence of the latter (which holds by
assumption) implies that all of these partial series are also absolutely convergent.
We now first assume that f(n) > 0 for all n. Then for any N > 1, we have

[ rehH= > rm

p<N k>0 nz1
p|n=-p<N
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by expanding the product and using the absolute convergence and the uniqueness of
factorization of integers. It follows that

\HZW) - Zf(n)( <> fn)

(since we assume f(n) > 0). This converges to 0 as N — 400, because the series ) f(n)
is absolutely convergent. Thus this case is done.

In the general case, replacing f by | f]|, the previous argument shows that the product
converges absolutely. Then we get in the same manner

M0 - X s < X 1rm) — o0

p<N k>0 n<N n>N

as N — +o0. O

COROLLARY C.1.5. For any s € C such that Re(s) > 1, we have

(C.1) d o =1] ! —,

n>1 p 1_p

—s —s 1
(€2) S umpn =Tl -p) = —.
e . ¢(s)

ExaMPLE C.1.6. The fact that the Dirichlet series for the Mobius function is the
inverse of the Riemann zeta function, combined with the link between multiplication and
Dirichlet convolution, leads to the so-called Mobius inversion formula: for arithmetic
functions f and g, the relations

o) =3 @), ) =3 (g (5)

dn dln

(for all n > 1) are equivalent. (Indeed the first means that g = f x 1, where 1 is the
constant function, and the second that f = g*u; since ux1 = 9, which is the multiplicative
function version of the identity ((s)™* - ((s) = 1, the equivalence of the two follows from
the associativity of the convolution.)

ExampLE C.1.7. Let f and g be multiplicative functions supported on squarefree
integers defining absolutely convergent series. Then for o > 0, we have

flm)gn) <~ (f@g)(d) _ o
S T =g =1+ U0) +9) + S0,
n>1 d>1 p
For instance, consider the case where f and g are both the Mobius function . Then

1 ®© p is supported on squarefree numbers and takes value —1 —1+1 = —1 at primes, so
is in fact equal to p. We obtain the nice formula

pm)pn) = (f@g)d) 1y s 1
Y m o I ) = e = 5

n>1 d>1 P n=1

for Re(s) > 1.

ExamMpLE C.1.8. Another very important multiplicative arithmetic function is the
Euler function ¢ defined by ¢(q) = |(Z/qZ)*| for ¢ > 1. This function is multiplicative,
by the Chinese Remainder Theorem, which implies that there exists an isomorphism of
groups

(Z)q10:2)* ~ (Z/02)* x (Z)0:2)"
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when ¢; and gy are coprime integers. We have ¢(p) = p — 1 if p is prime, and more
generally o(p*) = p* — p*~! for p prime and k > 1 (since an element x of Z/p*Z is
invertible if and only if its unique lift in {0, ..., p* — 1} is not divisible by p). Hence, by
factorization, we obtain the product expansion

o(m) = [T =) =n ] (1 - )

pln pln

where v,(n) is the power p-adic valuation of n, i.e., the exponent of the power of p dividing
exactly n.
We deduce from Lemma C.1.4 the expression

> el = H<1 +p—p+ @ —pp =+ + =+ )

n>1 )
(s =1)
(s)
again valid for Re(s) > 1. This may also be deduced from the formula

p(n) =Y u(d),

din

i.e., ¢ = pu«Id, where Id is the identity arithmetic function.

C.2. Additive functions

We also often encounter additive functions (although they are not so important in
this book), which are complex-valued functions g defined for integers n > 1 such that
g(nm) = g(n) + g(m) for all pairs of coprime integers n and m. In particular, we have
then g(1) = 0.

If ¢g is an additive function, then we can write

g(n) =Y g(p™)

for any n > 1, where v, is the p-adic valuation (which is zero for all but finitely many p).
As for multiplicative functions, an additive function is therefore determined uniquely by
its values at prime powers.

Some standard examples are given by g(n) = logn, or more generally g(n) = log f(n),
where f is a multiplicative function that is always positive. The arithmetic function w(n)
that counts the number of prime factors of an integer n > 1 (without multiplicity) is also
additive; it is of course the subject of the Erdés—Kac Theorem.

Conversely, if ¢ is an additive function, then for any complex number s € C, the
function n — €9 is a multiplicative function.

C.3. Primes and their distribution

For any real number x > 1, we denote by 7(x) the prime counting function, i.e.,
the number of prime numbers p < x. This is of course one of the key functions of
interest in multiplicative number theory. Except in the most elementary cases, interesting
statements require some information on the size of 7(x).

The first non-trivial quantitative bounds are due to Chebychev, giving the correct
order of magnitude of m(x), and were elaborated by Mertens to obtain other very useful
estimates for quantities involving primes.
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ProrosITION C.3.1 (Chebychev and Mertens estimates). (1) There exist positive
constants c¢; and co such that
x x

7(r) <

X G
log

€1 <
log x

for all x > 2.
(2) For any x > 3, we have

Zl = loglogx + O(1).

Pz

(3) For any x > 3, we have

1
Z Ozg)p =logz + O(1).

psT

See, e.g, [59, §2.2] or [52, Th. 7, Th. 414] (resp. [59, (2.15)] or [52, Th. 427]; [59,
(2.14)] or [52, Th. 425]) for a proof of the first (resp. second, third) estimate.

EXERCISE C.3.2. (1) Show that the first estimate implies that the n-th prime is of
size about nlogn (up to multiplicative constants), and also implies the bounds

1
loglog r < Z - < loglog x
psz
for x > 3.
(2) Let ma(x) be the numbers of integers n < x such that n is the product of at most
two primes (possibly equal). Prove that there exist positive constants c3 and ¢4 such that

xloglogx xloglogx

C3 X 7T2(£E) X C

log x log x

for all x > 3.

The real key result in the study of primes is the Prime Number Theorem with a strong
error term:

THEOREM C.3.3. Let A > 0 be an arbitrary real number. For x > 2, we have

(C.3) () = li(z) + o((L),

log z)A
where 1i(x) is the logarithmic integral
Todt
li(z) = | —
5 logt

and the implied constant depends only on A. More generally, for a > 0 fized, we have

N v dt pite
27 :/2 “iogi * O Tog )

P

where the implied constant depends only on A.

For a proof, see for instance [59, §2.4 or Cor. 5.29]. By an elementary integration by
parts, we have
li(z) Todt x n O( x )
i(x) = — = — ),
o logt logx (log x)?
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for > 2, hence the “usual” simple asymptotic version of the Prime Number Theorem
x

m(x) as T — +o00.

~ logx’

However, note that if one expresses the main term in the “simple” form x/log z, the error
term cannot be better than z/(log ).
The Prime Number Theorem easily implies a stronger form of the Mertens formula:

COROLLARY C.3.4. There exists a constant C € R such that

(C4) Zl = loglogz + C + O((logz) ™).

psT

EXERCISE C.3.5. Show that (C.4) is in fact equivalent with the Prime Number The-

orem in the form
T

m(w) ~ log x
as r — +00.
Another estimate that will be useful in Chapter 4 is the following:

ProproOSITION C.3.6. Let A > 0 be a fixed real number. For all x > 2, we have

H(l + %) < (logz)™,

p<T
A —1
1-—) < A
g( p) (log )

where the implied constant depends only on A.

PROOF. In both cases, if we compute the logarithm, we obtain

> (5+0Gs)

pszT

where the implied constant depends on A, and the result follows from the Mertens for-
mula. U

In Chapter 5, we will also need the generalization of these basic statements to primes
in arithmetic progressions. We recall that for x > 1, and any modulus ¢ > 1 and

integer a € Z, we define
n(eiga)= ) 1

p<T
p=a (mod q)
the number of primes p < z that are congruent to a modulo ¢. If a is not coprime
to ¢, then 7(z;q,a) is bounded as x varies; it was one of the first major achievements
of analytic number theory when Dirichlet proved that, conversely, there are infinitely
many primes p = a (modq) if (a,q) = 1. This was done using the theory of Dirichlet
characters and L-functions, which we will survey later (see Section C.5). Here we state
the analogue of the Prime Number Theorem which shows that, asymptotically, all residue
classes modulo ¢ are roughly equivalent.
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THEOREM C.3.7. For any fized ¢ > 1 and A > 1, and for any x > 2, we have

1 = x
m(zig,0) = ©(q) logx * O((logx)A>

1 .
~ @ﬁ(x) ~ ) li(z).

C.4. The Riemann zeta function

As recalled in Section 3.1, the Riemann zeta function is defined first for complex
numbers s such that Re(s) > 1 by means of the absolutely convergent series

1
()= —
n
n=>1
By Lemma C.1.4, it has also the Euler product expansion
) =JJa-p)"
p

in this region. Using this expression, we can compute the logarithmic derivative of the
zeta function, always for Re(s) > 1. We obtain the Dirichlet series expansion

¢ (log p)p~* A(n)
C.5 —2(s) = AS=2 7 S 7
©5) o= S - S
(using a geometric series expansion), where the function A is called the von Mangoldt
function, defined by

(C.6) A(n) = logp ifn= pk for some prime p and some k£ > 1
0 otherwise.

In other words, up to the “thin” set of powers of primes with exponent k > 2, the
function A is the logarithm restricted to prime numbers.

Beyond the region of absolute convergence, it is known that the zeta function extends
to a meromorphic function on all of C, with a unique pole located at s = 1, which is a
simple pole with residue 1 (see the argument in Section 3.1 for a simple proof of analytic
continuation to Re(s) > 0). More precisely, let

§(s) =71 (3)¢(s)

for Re(s) > 1. Then £ extends to a meromorphic function on C with simple poles at
s =0 and s = 1, which satisfies the functional equation

§(1 =) =¢&(s).

Because the Gamma function has poles at integers —k for & > 0, it follows that
((—2k) = 0 for k£ > 1 (the case k = 0 is special because of the pole at s = 1). The
negative even integers are called the trivial zeros of ((s). Hadamard and de la Vallée
Poussin proved (independently) that ((s) # 0 for Re(s) = 1, and it follows that the
non-trivial zeros of ((s) are located in the critical strip 0 < Re(s) < 1.

ProrosITION C.4.1. (1) For 1/2 < o < 1, we have

1 (T
T /. |C (0 +it)|Pdt — ((20)
as T — +o00.
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(2) We have

I ‘
o | . (L +dt)|%dt ~ T(log T)
as T — +oo0.
See [117, Th. 7.2] for the proof of the first formula and [117, Th. 7.3] for the second

(which is due to Hardy and Littlewood).

EXERCISE C.4.2. This exercise explains the proof of the first formula (which is easier
than the second one).
(1) Prove that for 5 < 0 < ¢’ <1 and for T > 2, we have

1 1
< T**(log T).
1<T§<T (mn)? log(n/m)

(Consider separately the sum where m < in and the remainder.)

(2) Prove that
I :
. n—a—zt
57 ) 2

n<|t|

“dt — ¢(20)

as T — +oo. (Expand the square and integrate using (1).)
(3) Conclude using Proposition C.4.5 below.

For much more information concerning the analytic properties of the Riemann zeta
function, see [117]. Note however that the deeper arithmetic aspects are best understood
in the larger framework of L-functions, from Dirichlet L-functions (which are discussed
below in Section C.5) to automorphic L-functions (see, e.g, [59, Ch. 5]).

We will also use the Hadamard factorization of the Riemann zeta function. This is
an analogue of the factorization of polynomials in terms of their zeros, which holds for
meromorphic functions on C with restricted growth.

PROPOSITION C.4.3. The zeros o of £(s) all satisfy 0 < Re(o) < 1, and there exists
constants o and 3 € C such that

s(s — 1)E(s) = e*tPs H(l — f)e—S/g

0

for any s € C, where the product runs over the zeros of £(s), counted with multiplicity,
and converges uniformly on compact subsets of C. In fact, we have
S <o
5 :
—~ |o|

Given that s — s(s — 1)&(s) is an entire function of finite order, this follows from the
general theory of such functions (see, e.g, [116, Th. 8.24] for Hadamard’s factorization
theorem). What is most important for us is the following corollary, which is an analogue

of partial fraction expansion for the logarithmic derivative of a polynomial — except that
it is most convenient here to truncate the infinite sum.

PROPOSITION C.4.4. Let s = o + it € C be such that 3 <o <1 and ((s) # 0. Then
there are < log(2 + |t|) zeros o of & such that |s — o| < 1, and we have

G S%+O(log(2+|t|)),

[s—ol<1

C(s) s s—1
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where the sum is over zeros o of ((s) such that |s — po| < 1, counted with multiplicity.

SKETCH OF PROOF. We first claim that the constant 8 in Proposition C.4.3 satisfies

(C.7) Re(8) = =) Re(o™),

where g runs over all the zeros of £(s) with multiplicity. Indeed, applying the Hadamard
product expansion to both sides of the functional equation £(1 — s) = £(s) and taking
logarithms, we obtain

2Re(5):ﬁ+52—2(8i9+1_2_@—1—?—1—%).

For any fixed s that is not a zero of £(s), we have (s —0) ™! — (1 —s—9)7! < |o|72, where
the implied constant depends on s. Similarly similarly o=! + g7! < |o| 72, so the series

§<si9+1—i—g> and ;(%—i_é)

are absolutely convergent. So we can separate them; the first one vanishes, because the
terms cancel out (both p and 1 — p are zeros of ((s)), and we obtain (C.7).
Now let T > 2 and s = 3 + ¢T. Using the expansion

- 28 => > (logpp™,

k>0 p

we get the trivial estimate

¢ < o
F)] <)

By Stirling’s formula (Proposition A.3.3), we have 1 (s/2) < log(2+T), and for any zero
0= [ +iv of £(s), we have
2
9+ (T —~)?
If we compute the real part of the formula
! /
- Eompebe S (o)

and rearrange the resulting absolutely convergent series (using (C.7)), we get

1 )< 3
s—op 44 (T —~)*

<Re<

This convenient estimate implies, as claimed, that there are < log(2 + T) zeros g such
that [Im(p — T)| < 1.
Now, finally, let s = o + it such that § < o <1 and £(s) # 0. We have

! !/
= —%(s) + Z<3 +it) + +O(log(2 + [t])),
by the previous elementary estimate. Hence (by the Stirling formula again) we have

R N ) +0llog(2 + [1).

¢ s—1 5—9_3—1—2'15—@
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In the series, we keep the zeros with |s — g| < 1, and we estimate the contribution of the

others by
2

[s—ol>1
by (C.8). O

We will use an elementary approximation for ((s) in the strip 1 < Re(s) < 1.

1 1 5
- S — < log(2+t
s—0 3—1—@'25—@‘ 2 1+(T_7)2<<0g( + [¢])

[s—o|>1

ProOPOSITION C.4.5. Let T > 1. Foro > 1/2, and for any s = o +it with 1/2 < 0 <
3/4 and |t| < T, we have

Tﬂ—a
- 0 T,
¢(s) 1<nz<Tn Ot
Proor. This follows from [117, Th. 4.11] (a result first proved by Hardy and Little-

wood) which states that for any og > 0, we have

()= Y w - T o)

1._
1<n<T

for ¢ > oy, since 1/(1 —s) < 1/(Jt|+1) if 1/2 < o < 3/4. O

The last (and most subtle) result concerning the zeta function that we need is an
important refinement of (2) in Proposition C.4.1.

ProproOSITION C.4.6. Let T > 1 be a real number and let m, n be integers such that
1<m,n<T. Let o be a real number with % <o <1. We have
1 T <m

2T ¢ )itK(a +it)[2dt = <<20>(M)0

n mn

+ %((2 — 20) ((m,—n)2)1—0’ /Z (ﬂ)l_gadt + O(min(m,n)T~7).

mn 27

This is essentially due to Selberg | , Lemma 6], and a proof is given by Radziwilt
and Soundararajan [95, §6].

C.5. Dirichlet L-functions

Let ¢ > 1 be an integer. The Dirichlet L-functions modulo ¢ are Dirichlet series
attached to characters of the group of invertible residue classes modulo g. More precisely,
for any such character x: (Z/qZ)* — C*, we extend it to Z/qZ by sending non-invertible
classes to 0, and then we view it as a g-periodic function on Z. The resulting function on Z
is called a Dirichlet character modulo q. (See Example B.6.2 (3) for the definition and
basic properties of characters of finite abelian groups; an excellent elementary account
can also be found in Serre’s book [112, §VI.1].)

We denote by 1, the trivial character modulo ¢ (which is identically 1 on all invertible
residue classes modulo ¢ and 0 elsewhere). A character x such that x(n) € {£1} for
all n coprime to ¢ is called a real character. This condition is equivalent to having y
real-valued, or to having x* = 1,.

By the duality theorem for finite abelian groups (see Example B.6.2, (3)), the set
of Dirichlet characters modulo ¢ is a group under pointwise multiplication with 1, as
the identity element, and it is isomorphic to (Z/¢Z)*; in particular, the number of
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Dirichlet characters modulo ¢ is ¢(q). Moreover, the Dirichlet characters modulo ¢ form
an orthonormal basis of the space of complex-valued functions on (Z/qZ)*.

Let x be a Dirichlet character modulo ¢. By construction, the function y is multi-
plicative on Z, in the strong sense that x(nm) = x(n)x(m) for all integers n and m (even
if they are not coprime).

The orthonormality property of characters of a finite group implies the following
fundamental relation:

ProprosiTION C.5.1. Let g > 1 be an integer. For any x and y in Z, we have

0  otherwise.

Z W {1 if t =y (modq) and x, y are coprime with q
sO( )

x (mod q)
where the sum is over all Dirichlet characters modulo q.

PROOF. If z or y is not coprime with ¢, then the formula is valid because both sides
are zero. Otherwise, this is a special case of the general decomposition formula

1 ifz=y
C.9
(C.9) |G|ZX {0 ifox#y
x€G

for any finite abelian group G and elements x and y of G. Indeed, if we view y as fixed
and z as a variable, this is simply the decomposition of the characteristic function f, of
the element y € G in the orthonormal basis of characters: this decomposition is

fy = Z<fy>X>X7

xe@G
which becomes L
=> xx.
x€G
from which in turn (C.9) follows by evaluating at x. O

Let ¢ > 1 be an integer and x a Dirichlet character modulo ¢q. One defines
x(n)
sX) =)
n=1 n

for all s € C such that Re(s) > 1; since |x(n)| < 1 for all n € Z, this series is abso-
lutely convergent and defines a holomorphic function in this region, called the L-function
associated to x.

In the region where Re(s) > 1, the multiplicativity of x implies that we have the
absolutely convergent Euler product expansion

L(s,x) = [J(1 = x(p)p~)~"

p

(by Lemma C.1.4 applied to f(n) = x(n)n~° for any s € C such that Re(s) > 1). In
particular, we deduce that L(s, x) # 0 if Re(s) > 1. Moreover, computing the logarithmic
derivative, we obtain the formula

——SX ZA

n>1

for Re(s) > 1
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For the trivial character 1, modulo ¢, we have the formula

Lis, 1) = [Ja =) = ¢ JJ - 7).
plg plg

Since the second factor is a finite product of quite simple form, we see that, when ¢
is fixed, the analytic properties of this particular L-function are determined by those of
the Riemann zeta function. In particular, it has meromorphic continuation with a simple
pole at s = 1, where the residue is

H(l _p—l) _ SO(Q)

pla 1
For y non-trivial, we have the following result (see, e.g. [59, §5.9]):

THEOREM C.5.2. Let x be a non-trivial Dirichlet character modulo q. Define ey, = 0
if x(=1) =1 and e, =1 if x(—1) = —1. Let

(s, x) = 7T(”5’”/2613/2F<8jLTg">L(8,><)

for Re(s) > 1. Furthermore, let

Vi v€(Z/q2)*
Then £(s, x) extends to an entire function on C which satisfies the functional equation
§(s,x) = T()E(1 = 5,X).

In Chapter 5, we will require the basic information on the distribution of zeros of
Dirichlet L-functions. We summarize it in the following proposition (see, e.g., [59, Th.

5.24)).

ProprosiTiON C.5.3. Let x be a Dirichlet character modulo q.
(1) For T > 1, the number N(T; x) of zeros o of L(s, x) such that

Re(o) >0,  [Im(g)| <T
satisfies
. T, /qT\ T
(C.10) N(T:x) = — log(%r) — + O(logq(T + 1)),

where the implied constant is absolute.
(2) For any € > 0, the series
> o7t
0

converges, where o runs over zeros of L(s, x) such that Re(p) > 0.

REMARK C.5.4. These two statements are not independent, and in fact the first one
implies the second by splitting the partial sum

1
Z|Q|—1+a

lo|<T

for T > 1 in terms of zeros in intervals of length 1:

1 1 log N
Z|Q|—1+E<ZN1+5 Z 1<<Z§§+g

lo|<T ISNKT N-1<[e|<N ISNKT
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by (1). Since this is uniformly bounded for all T, we obtain (2).
COROLLARY C.5.5. Let x be a Dirichlet character modulo q.

(1) We have
1
Z T > (log T)2
0<y<T 2+
L(%Jri%x):()
for T large enough.

(2) We have
¥>T |5 + il T
L(%Jri'y,x):O
for T > 1.

Finally, we need a form of the explicit formula linking zeros of Dirichlet L-functions
with the distribution of prime numbers.

THEOREM C.5.6. Let ¢ > 1 be an integer and let x be a non-trivial Dirichlet character

modulo q. For any x > 2 and any X > 2 such that 2 < v < X, we have
Pt z(log gz)?
S A =- ¥ <—>,
n<e L(B+iv)= B + Z’}/ X
yIsX

where the sum is over non-trivial zeros of L(s,x), counted with multiplicity, and the
implied constant is absolute.

SKETCH OF PROOF. We refer to, e.g., [59, Prop. 5.25] for this result. Here we wish to
justify intuitively the existence of such a relation between sums (essentially) over primes,
and sums over zeros of the associated L-function.

Pick a function ¢ defined on [0, +00[ with compact support. Using the Mellin inversion
formula, (see Proposition A.3.1, (3)), we can write

n 1 L/ s
> Ao (3) = 51 [, T 0p)as
for all x > 1. Assume (formally) that we can shift the integration line to the left, say to
the line where the real part is 1/4, where the contribution would be z'/4. The contour
shift leads to poles located at all the zeros of L(s, x), with residue equal to the opposite
of the multiplicity of the zero (since the L-function is entire, there is no contribution from
poles). We can therefore expect that

ZA(n)X(n)gz)(g) =— Z ?(0)x® + (small error).

where ¢ runs over non-trivial zeros of L(s, x), counted with multiplicity.
If such a formula holds for the characteristic function ¢ of the interval [0, 1], then

since
! 1
o(s) = / ¥ dr = =,
0 S

e

Z A(n)x(n)g@(ﬁ> =— Z Ty (small error).

0

we would obtain



g

REMARK C.5.7. There is non-trivial analytic work to do in order to justify the com-
putations in this sketch, because of various convergence issues for instance (which also
explains why the formula is most useful in a truncated form involving only finitely many
zeros), but this formal outline certainly explains the ezistence of the explicit formula.

This explicit formula explains why the location of zeros of Dirichlet L-functions is so
important in the study of prime numbers in arithmetic progressions. This motivates the
Generalized Riemann Hypothesis modulo g:

CONJECTURE C.5.8 (Generalized Riemann Hypothesis). For any integer ¢ > 1 and

for any Dirichlet character x modulo q and any zero o = 8 + iy of its L-function such
that 0 < 8 < 1, we have = 3

This is the most famous open problem of number theory. In practice, we will also speak
of Generalized Riemann Hypothesis modulo ¢ when considering only the fixed modulus ¢
instead of all moduli. The case ¢ = 1 corresponds to the original Riemann Hypothesis
for the Riemann zeta function only.

By just applying orthogonality (Proposition C.5.1) and estimating trivially in the
explicit formula with the help of Proposition C.5.3, we deduce:

ProPOSITION C.5.9. Let ¢ > 1 be an integer. Assume that the Generalized Riemann
Hypothesis modulo q holds. Then we have

Y. A=

n<T
n=a (mod q)

$1/2O l’2.
(q) + O(z"/*(log gx)°)

REMARK C.5.10. Compare the quality of the error term with the (essentially) best
known unconditional result of Theorem C.3.7.

Another corollary of the explicit formula that will be helpful in Chapter 5 is the
following;:

COROLLARY C.5.11. Let ¢ > 1 be an integer and let x be a non-trivial Dirichlet
chamcter modulo q. Assume that the Generalized Riemann Hypotheszs holds for L(s, x),
, that all non-trivial zeros of L(s, x) have real part 1/2. For any x > 2, we have

/ (ZA )dt<<:c3/2

n<t

where the implied constant depends on q.

PROOF. Pick X = z in the explicit formula. Using the assumption on the zeros, we
obtain by integration the expression

/ (ZA )dt Z / 2+W dt+O( (log qz)?)

L( +iy)=
|v|<fv

1. 1.
patirtl _ g5tivtl

B 12 G+inG+iv+1)
L(§+i'y):0
[v|<=

+O(z(log gz)*) < 22,
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where the implied constant depends on ¢, since the series

1
12 (+mG+iv+1)
L(5+iv)=0

converges absolutely by Proposition C.5.3, (2). OJ

C.6. Exponential sums

In Chapter 6, we studied some properties of exponential sums. Although we do not
have the space to present a detailed treatment of such sums, we will give a few examples
and try to explain some of the reasons why such sums are important and interesting.
This should motivate the “curiosity driven” study of the shape of the partial sums. We
refer to the notes [75] and to [59, Ch. 11] for more information, including proofs of the
Weil bound (6.1) for Kloosterman sums.

In principle, any finite sum
Sy = Z e(ay)

1<n<N

of complex numbers of modulus 1 counts as an exponential sum, and the goal is — given
the phases a,, € R — to obtain a bound on S that improves as much as possible on the
“trivial” bound |Sx| < N.

On probabilistic grounds one can expect that for highly oscillating phases, the sum Sy
is of size about v/N. Indeed, if we consider a, to be random variables that are independent
and uniformly distributed in R/Z, then the Central Limit Theorem shows that Sx/v/N is
distributed approximately like a standard complex gaussian random variable, so that the
“typical” size of Sy is of order of magnitude v/N. When this occurs also for deterministic
sums (up to factors of smaller order of magnitude), one says that the sums have square-
root cancellation; this usually only makes sense for an infinite sequence of sums where
N — +o0.

ExamMpPLE C.6.1. For instance, the partial sums
My = Z w(n)
1<n<N

of the Mobius function can be seen in this light. Estimating My is vitally important
in analytic number theory, because it is not very hard to check that the Prime Number
Theorem, in the form (C.3), with error term z/(log z)* for any A > 0, is equivalent with
the estimate

N
M -
N llog N)A

for any A > 0, where the implied constant depends on A. Moreover, the best possible
estimate is the square-root cancellation

MN < 1\]1/2-{-:’:‘7

with an implied constant depending on € > 0, and this is known to be equivalent to the
Riemann Hypothesis for the Riemann zeta function.

The sums that appear in Chapter 6 are however of a fairly different nature. They
are sums over finite fields (or subsets of finite fields), with summands e(a,,) of “algebraic
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nature”. For a prime p and the finite field F, with p elements,” the basic examples are
of the following types:

ExampLE C.6.2. (1) [Additive character sums|] Fix a rational function f € F,(T).
Then for x € F, that is not a pole of f, we can evaluate f(z) € F,,, and e(f(x)/p) is a
well-defined complex number. Then consider the sum

Y. elf@)/p)

z€F,
f(z) defined

For fixed a and b in F, the example f(T) = aT + VT~ gives rise to the Kloosterman
sum of Section 6.1. If f(T) = T?, we obtain a quadratic Gauss sum, namely
2

> (%)

zeF,

(2) [Multiplicative character sums| Let y be a non-trivial character of the finite multi-
plicative group F,; we define x(0) = 0 to extend it to F,. Let f € F,[T] be a polynomial
(or a rational function). The corresponding multiplicative character sum is

> x(f(@):

One may also have finitely many polynomials and characters and sum their products. An
important example of these is

Z x1(z)xa2(1 — ),

for multiplicative characters y; and ys, which is called a Jacobi sum.
(3) [Mixed sums] In fact, one can mix the two types, obtaining a family of sums that
generalize both: fix rational functions f; and f; in F,(T), and consider the sum

> x(fi(@))e(falx)/p),

zcFy

where the summand is defined to be 0 if f5(x) is not defined, or if f;(z) is 0 or not defined.
Some of the key examples are obtained in this manner. Maybe the simplest interesting
ones are the Gauss sums attached to y, defined by

> x(@)e(az/p)

z€F,
where a € F,, is a parameter. Others are the sums

Z X(x)e<ax —; bi’)

xEFE

for a,b in F,, which generalize the Kloosterman sums. When Y is a character of order 2
(i.e., x(z) is either 1 or —1 for all x € F,), this is called a Salié sum.

2 For simplicity, we restrict to these particular finite fields, but the theory extends to all.
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REMARK C.6.3. We emphasize that the sums that we discuss range over the whole
finite field (except for values of  where the summand is not defined). Sums over smaller
subsets of F,, (e.g., over a segment 1 < # < N < p of integers) are very interesting and
important in applications (indeed, they are the topic of Chapter 6!), but behave very
differently.

Except for a few special cases (some of which are discussed below in exercises), a
simple “explicit” evaluation of exponential sums of the previous types is not feasible.
Even deriving non-trivial bounds is far from obvious, and the most significant progress
requires input from algebraic geometry. The key result, proved by A. Weil in the 1940’s,
takes the following form (in a simplified version that is actually rather weaker than the
actual statement). It is a special case of the Riemann Hypothesis over finite fields.

THEOREM C.6.4 (Weil). Let x be a non-trivial multiplicative character modulo q. Let
fi and fy be rational functions in F,[T|, and consider the sum

> x(fi@)elfa(x)/p).

zcFy

Assume that either fi is not of the form g¢, where d is the order of x and g, € F,[T], or
fa has a pole of order not divisible by p, possibly at infinity.

Then, there exists an integer B, depending only on the degrees of the numerator and
denominator of fi and fs, and for 1 < i < [, there exist compler numbers «; such that
| < \/p, with the property that

B

> x(h(@)e(fal@)/p) = =) o

z€F, i=1
In particular, we have

| x(@)elfa(@)/p)] < By

zeF,

In fact, one can provide formulas for the integer 5 that are quite explicit (in terms
of the zeros and poles of the rational functions f; and f;), and often one knows that
|| = y/q for all 4. For instance, if fi = 1 (so that the sum is an additive character sum)
and f; is a polynomial such that 1 < deg(f;) < p, then 8 = deg(f2) — 1, and |as| = \/p
for all p.

For more discussion and a proof in either the additive or multiplicative cases, we refer
to [75].

The following exercises illustrate this general result in three important cases. Note
however, that there is no completely elementary proof in the case of Kloosterman sums,
where 8 = 2, leading to (6.1).

EXERCISE C.6.5 (Gauss sums). Let x be a non-trivial multiplicative character of F
and a € F;. Denote

7(x,a) = > x(z)e(ax/p),

and put 7(x) = 7(x,1) (up to normalization, this is the same sum as occurs in the
functional equation for the Dirichlet L-function L(s, x), see Theorem C.5.2).

(1) Prove that
I7(x, @) = v/p.
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(This proves the corresponding special case of Theorem C.6.4 with 8 =1 and || = \/p.)
[Hint: Compute the modulus square, or apply the discrete Parseval identity.]
(2) Prove that for any automorphism o of the field C, we also have

lo(r(x; a))| = V/p.
(This additional property is also true for all «; in Theorem C.6.4 in general; it means
that each «; is a so-called p-Weil number of weight 1.)

EXERCISE C.6.6 (Jacobi sums). Let x; and x3 be non-trivial multiplicative characters

of F7. Denote
Jxxe) = Y xa(@)xe(l — ).
zeF),

(1) Prove that

T0a)7(xe)
T(x1x2)

and deduce that Theorem C.6.4 holds for the Jacobi sums J(x1,x2) with § = 1 and
lag| = 1. Moreover, show that oy satisfies the property of the second part of the previous
exercise.

(3) Assume that p = 1 (mod 4). Prove that there exist integers a and b such that
a® + b* = p (a result of Fermat).[Hint: Show that there are characters y; of order 2 and
X2 of order 4 of F¢, and consider J(x1, x2)]

J(x1,x2) =

EXERCISE C.6.7 (Salié sums). Assume that p > 3.
(1) Check that there is a unique non-trivial real character x of F,’. Prove that for
any = € F,, the number of y € F,, such that y* = x is 1 + xa(y).
(2) Prove that
T(X)7(x2) = X(4)7()7(0x2)-
(Hasse-Davenport relation). [Hint: Use the formula for Jacobi sums, and compute J(x;, x)
in terms of the number of solutions of quadratic equations; express this number of solu-

tions in terms of xs.]
For (a,b) € F)', define

+ b
aa:p I>.

S(a,b) = Z XQ(.T)B(

z€Fy
(3) Show that for b € F 5, we have

S(a,b) =Y s(x)x(a)

X

where

b)x2(b)T(X)T(X
S(x) = X(0)x2(b)T(X)7(Xx2)
qg—1
[Hint: Use a discrete multiplicative Fourier expansion. |

(4) Show that

5000 = 2207, (a2,
(5) Deduce that
S(a,b) = 7(x2) Y e(%).

ay?=4b
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(6) Deduce that Theorem C.6.4 holds for S(a, b) with either 8 = 0 or § = 2, in which
case |oq| = |ag| = /P
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