N

N

A propos des matrices aléatoires et des fonctions L
Paul Bourgade

» To cite this version:

Paul Bourgade. A propos des matrices aléatoires et des fonctions L. Mathématiques [math]. Télécom
ParisTech, 2009. Frangais. NNT: . tel-00373735v2

HAL Id: tel-00373735
https://theses.hal.science/tel-00373735v2
Submitted on 31 Dec 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00373735v2
https://hal.archives-ouvertes.fr

On random matrices and L-functions

Paul Bourgade



© Paul Bourgade, this version : 2010.



A propos des matrices aléatoires et des fonctions L

Paul Bourgade

These de doctorat préparée a l’Institut Télécom et a [’Université Pierre
et Marie Curie, Paris 6, presentée pour obtenir le grade de

Docteur de I’Ecole Nationale Supérieure des Télécommunications

Soutenue devant le jury composé de

SEEESEE

Philippe Biane
Jean-Marc Deshouillers
Jonathan Keating
Joseph Oesterlé

Gérald Tenenbaum

Ali Siileyman Ustunel
Marc Yor

Rapporteur
Examinateur
Rapporteur
Examinateur
Examinateur
Directeur
Directeur






Abstract

Evidence for deep connections between number theory and random matrix theory
has been noticed since the Montgomery-Dyson encounter in 1972 : the function fields
case was studied by Katz and Sarnak, and the moments of the Riemann zeta function
along its critical axis were conjectured by Keating and Snaith, in connection with
similar calculations for random matrices on the unitary group. This thesis concentrates
on the latter aspect : it aims first to give further evidence for this analogy in the
number field case, second to develop probabilistic tools of interest for number theoretic
questions.

The introduction is a survey about the origins and limits of analogies between
random matrices in the compact groups and L-functions. We then state the main
results of this thesis.

The first two chapters give a probabilistic flavor of results by Keating and Snaith,
previously obtained by analytic methods. In particular, a common framework is set
in which the notion of independence naturally appears from the Haar measure on a
compact group. For instance, if g is a random matrix from a compact group endowed
with its Haar measure, det(Id — g) may be decomposed as a product of independent
random variables.

Such independence results hold for the Hua-Pickrell measures, which generalize
the Haar measure. Chapter 3 focuses on the point process induced on the spectrum
by these laws on the unit circle : these processes are determinantal with an explicit
kernel, called the hypergeometric kernel. The universality of this kernel is then shown :
it appears for any measure with asymmetric singularities.

The characteristic polynomial of random matrices can be considered as an ortho-
gonal polynomial associated to a spectral measure. This point of view combined with
the widely developed theory of orthogonal polynomials on the unit circle yields results
about the (asymptotic) independence of characteristic polynomials, a large deviations
principle for the spectral measure and limit theorems for derivatives and traces. This
is developed in Chapters 4 and 5.

Chapter 6 concentrates on a number theoretic issue : it contains a central limit
theorem for log( evaluated at distinct close points. This implies correlations when
counting the zeros of { in distinct intervals at a mesoscopic level, confirming numerical
experiments by Coram and Diaconis. A similar result holds for random matrices from
the unitary group, giving further insight for the analogy at a local scale.
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S(n)
U(n)
O(n)
SU(n)
SO(n)
USp(2n)

U(n, K)

Zn(u,X)

Notations

Matrix groups

Symmetric group : set of permutations of [1,n]

Unitary group : set of n x n complex matrices u satisfying u *u = Id
Orthogonal group : elements in U(n) with real entries

Special unitary group : elements in U(n) with determinant 1
Special orthogonal group : elements in O(n) with determinant 1
Unitary symplectic group : elements v € U(2n) such that uz 'u = 2

. 0 1d,,
with z = ( 1, 0 >

Unitary group over an arbitrary field : set of n xn complex matrices
u with entries in K satisfying « 'u = Id

Characteristic polynomial : Z, (u, X) = det(Id,, —uX), v an x n
matrix, X € C*. When the dimension, the evaluation point or the
matrix is implicit, Z, (u, X) is written Z(u, X), Z(u, @) (X = %)
orZ, (X=1).

Number theory

Set of prime numbers

Prime-counting function : w(z) = [P N [1, z]|

Riemann zeta function

Argument of ¢ on the critical axis : S(t) = 1 arg ((1/2+it), defined
continuously from 2 to 2 + it to 1/2 + it (if ¢ vanishes on the
horizontal line Jmz = ¢, S(t) = S(tT))

Number of non-trivial zeros z of ¢ with 0 < Jmz < ¢t : N(¥) =
£ log 5= +S(t) + L + R(t),R(t) < 1

2me

Random variables

Uniform random variable on (0,1)

Uniform random variable on the unit circle (here w is uniform on
(0,2m))

Beta random variable with parameter (a, )

Dirichlet distribution of order n with parameter a

Orthogonal polynomials on the unit circle

Open unit disk

Unit circle

Hermitian product on the unit circle associated to an implicit mea-
sure v : (f,g) = faﬂ) f(x)g(x)dv(z)

Monic orthogonal polynomials for (-, -) associated to a measure v
on JD

Verblunsky coefficients associated to (P, k > 0)

Modified Verblunsky coefficients

ix
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notations

Special functions

Gamma function
Pochhammer symbol : (z), = T'(z +n)/I'(z) =z(z+1)...(x +
n—1)ifneN* (), =1/(x +n)_, if n € =N

Gauss’s hypergeometric function : if the series converges,
(b

2Fi(a,b,c2) =305 ((Ei];fk)'k 2

Vandermonde determinant : A(z1,...,%n) = [[1¢;cjcn (T — 25)

Measures on matrices

Haar measure on a compact group G
Hua-Pickrell measure on a compact group G : dets-sampling of
MG

Jacobi  ensemble : the  eigenvalues have  density
e gl A wn) P Ty (2= )72+ 25)" on [-2,2]"
Circular Jacobi ensemble : the eigenangles have density
S, . )P T, (1 — e79)5(1 — € on [~ 7]

Various symbols

Set of real numbers z such that s <x <t

min(a, b)

max(a, b)

the random variable X is p-distributed

an /by — 1 asn — oo

an =0(by) : an/by — 0 asn — oo

an, = O(by) : there is ¢ > 0 with |a,| < ¢|by,| for all n

ap, < by, the Vinogradov symbol : a,, = O(b,,). Moreover, a,, > b,
means b, < a,.
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Introduction on random matrices and number theory :

historical analogies

I spent two years in Gottingen ending around the begin of 1914.
I tried to learn analytic number theory from Landau. He asked
me one day : 7 You know some physics. Do you know a physical
reason that the Riemann hypothesis should be true ¢?” This would
be the case, I answered, if the nontrivial zeros of the &-function
were so connected with the physical problem that the Riemann
hypothesis would be equivalent to the fact that all the eigenvalues
of the physical problem are real.

George Polya
Correspondence with Andrew Odlyzko, 1982

Hilbert and Pélya conjectured that the zeros of the Riemann zeta function may
have a spectral origin : the values of ¢, such that % + it,, is a non trivial zero of
¢ might be the eigenvalues of a Hermitian operator; this would imply the Riemann
hypothesis.

There was no real support for this spectral view of the Riemann zeros till the 50’s :
the resemblance between the Selberg trace formula, concerning the eigenvalues of the
Laplacian of a Riemann surface, and the Weil explicit formula in number theory,
provided evidence for the Hilbert-Pdlya conjecture.

Montgomery’s calculation of the pair correlation of the ¢,’s (1972) was a second
deep sign : these zeros present the same repulsion as the eigenvalues of typical large
unitary matrices, as noticed by Dyson. Montgomery conjectured more general analo-
gies with these random matrices, which are fully confirmed by Odlyzko’s numerical
experiments in the 80’s.

In the late 90’s, two new viewpoints supported the Hilbert-Pélya conjecture.
Firstly, the function field analogue (e.g. : zeta functions for curves over finite fields)
was studied by Katz and Sarnak : they proved that the zeros of almost all such zeta
functions satisfy the Montgomery-Odlyzko law. Secondly, the moments of L-functions
along their critical axis were conjectured by Keating and Snaith. Their idea was to
model these moments by similar expectations for the characteristic polynomial of
random matrices. Their conjecture agrees with all the moments previously known or
guessed.

This introduction reviews the evidence mentioned above and presents some of the
results of this thesis along this historical account. The next chapters focus almost
exclusively on the problem of moments and probabilistic digressions from it.

Many more precisions about the links between random matrices and number
theory can be found in [98] (see also the survey by Emmanuel Royer [117], in French).
Moreover, other analogies between number theory and probability exist : for surprising
identities relating Brownian motion and L-functions, see Biane [12], Biane, Pitman
and Yor [13] and Williams [141].

The Riemann zeta function : definition and some conjectures

The Riemann zeta function can be defined, for o = MRe(s) > 1, as a Dirichlet series
or an Euler product :
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1 1
n=1 peEP p®
where P is the set of all prime numbers. This function admits a meromorphic conti-
nuation to C, and is regular except at the single pole s = 1, with residue 1 (see [135]
for a proof of all the results in this paragraph). Moreover, the classical functional

equation holds :

75/21 (g) ¢(s) = n~ (=921 (?) C(1—s). (0.1)

The zeta function admits trivial zeros at s = —2,—4,—6,... corresponding to
the poles of T'(s/2). From equation (0.1) one can check that all non-trivial zeros are
confined to the critical strip 0 < ¢ < 1, and they are symmetrically positioned about
the real axis and the critical line o = 1/2. It is supposed that all the non-trivial zeros
of ¢ lie on the critical line.

The Riemann hypothesis. If ((s) = 0 and Re(s) > 0, then Re(s) = 1/2.

This conjecture is known to be true for 2/5 of the zeta zeros (see Conrey [29]).
The importance of the Riemann hypothesis in many mathematical fields justifies the
intensive studies which continue to be made about the behavior of ((1/2 + it) for
t > 0. In particular, there is the following famous conjecture, which is implied by the
Riemann hypothesis (see [135]).

The Lindelof hypothesis. For every € > 0, as T — oo,
1.
’C (5 + 1T) ’ = O(T?).

This conjecture can be shown to be equivalent to the following one relative to the
moments of ¢ on the critical line.

The moments hypothesis. For every € > 0 and kK € N, as T — oo,

T
I (T) = %/0 ds C(%—i—is)

The moments hypothesis may be easier to study than the Lindel6f hypothesis,
because it deals with means of ( and no values at specific points. Actually, more
precise estimates on the moments are proved or conjectured’ :

2k
= O(T?).

(1og T)F < T4(T) e (log T)F'+.

for any € > 0. The lower bound was shown unconditionally by Ramachandra [115] for
integers 2k and by Heath-Brown [66] for general integer k, and the upper bound was
shown by Soundararajan [132] conditionally on the Riemann hypothesis.

By modeling the zeta function with the characteristic polynomial of a random
unitary matrix, Keating and Snaith [80] even got a conjecture for the exact equivalent
of Ix(T). This is presented in Section 2 of this introduction, and urges us to define
precisely some families of random matrices in the classical compact groups.

Random matrices : classical compact groups and their Haar measures

To state the analogy between moments of ( and the moments of the characteristic
polynomial of random unitary matrices, the definition of a natural uniform measure

1. The subscripts <3, and < . mean that the involved constants only depend on the indicated
parameters.
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on U(n) is required. This Haar measure can be defined in great generality (see Halmos
[63] for a proof of the following result, originally due in full generality to Weil [137]).

Existence and uniqueness of the Haar measure. Let G be a locally compact
group. There exists a unique (up to a multiplicative constant) measure ug on G such
as :

e uc(A) > 0 for all nonempty open sets A C G;
o uc(gA) = ug(A) for all g € G and nonempty open sets A C G.
This measure pug s called the Haar measure of G.

Obviously, for finite groups this is the counting measure, and for (R, +) this is the
Lebesgue measure. Hence the Haar measure corresponds to the idea of uniformity on
a group.

The locally compact groups considered in this thesis are compact Lie groups,
therefore in the sequel the Haar measure will always be normalized : in particular
we will discuss probability Haar measure on the orthogonal group O(n) of n x n real
matrices u such as u *u = Id,,, the special orthogonal group, subgroup SO(n) of O(n)
of matrices u with det(u) = 1, the unitary group U(n) of n X n matrices u such as
u' = Id,, the special unitary group SU(n), subgroup of U(n) of matrices u with
det(u) = 1, and finally the symplectic group USp(2n) of matrices u € U(2n) such

that uz u = z with
/0 1d,
=\ -1, o )

For these groups, the characteristic polynomial P(X) = det(XId — ) verifies the
functional equation

(=X)"P(1/X) = det(u)P(X),

which can be compared to (0.1). Moreover, all the eigenvalues have modulus 1, which
is an analogue of the Riemann Hypothesis : the unit circle corresponds to the critical
axis.

There is no generic way to choose an element of a group endowed with the Haar
measure, but for the special cases considered here, we mention the following ones.

First, take g be a random n x n matrix, with all g;;’s independent standard normal
variables. Then, the Gram-Schmidt orthonormalization of g is jo(n)-distributed (see
[97] for a proof). The same method to generate an element of U(n) applies with, this
time, g;x = ajr +1ibjx, and all a;i’s and b;;’s standard independent normal variables
(the distribution of g is often referred to as the Ginibre ensemble).

Another way to proceed, through a decomposition of any element of G as a pro-
duct of independent reflections, is detailed in Chapters 1 and 2.

Let us now consider especially the unitary group U(n). The Haar measure induces
a measure on the eigenvalues (elf1, ..., e!%) of a unitary matrix. More precisely, the
following formula holds (see [25] for a proof based on the theory of Lie groups and
Chapter 1 for a probabilistic proof).

The Weyl integration formula. With the previous notations, the joint distri-
bution of (01,...,0,) is given by

1 i0; i0), |2
MU(n)(del,...,den)— W H |€ T —e ‘ d91d9n
1<j<k<n
Similar formulas exist for other compact groups (see e.g. Chapter 5 Section 1).
The interest in densities of eigenvalues as in the above Theorem began in the 50’s :
Wigner’s idea was to model the resonance lines of heavy nucleus by the spectrum
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of large random matrices, because explicit analytic calculations were impossible. His
questions about the local (scaled) distribution of the eigenvalues for the above poten-
tial were answered by Gaudin [56] and Gaudin-Mehta [57]. Their results surprisingly
also appear in the repulsion of the zeros of (, as discovered thanks to the following
interactions between Montgomery and Dyson.

1. Correlations for the zeros : the Montgomery-Dyson encounter

We write 1/2 %+ it,, for all non-trivial roots of ¢, with 0 < Re(t;) < Re(tz)... and
_ Re(tn) Re(tn)
wy, = —5 log =—5**. Then
J\M — 1

T  x—00

)

where N'(z) = |n : w, < z| : the mean spacing between consecutive ¢,,’s tends to 0
and the mean spacing between w,,’s tends to 1. This is a key step for an analytic proof
of the prime number theorem, shown independently by Hadamard and de la Vallée
Poussin in 1896 (see e.g. [135] for the complete proof). A more precise comprehension
of the zeta zeros relies on the study of the pair correlation

1
_|(wnawm) € [O’xF: QS Wp =~ W <6|’
x

and more generally the operator

Ra(f,z) = L > flw; —wy).

1<), k<N (), 57k

In the following, f is a localization function : this is a Schwartz function on R with
f having compact support. The inverse Fourier transform of a ¢ function with
compact support is a localization function.

If the spaces between consecutive wy’s were uniformly distributed, Ro(f, z) would
converge to ffooo dyf(y) as x — oo. This is not the case, the following result showing
repulsion between successive wy’s.

Theorem (Montgomery [100]). Suppose f is a localization function with Fourier
transform supported in (—1,1). Then, assuming the Riemann Hypothesis,

Ra(fn) — [ dwfw)Raty) 02)

with

Ra(y) = 1 (sinﬂ'y)Q

Ty

This result is expected to hold with no restriction on the support of f : this is
Montgomery’s conjecture, which perfectly agrees with Odlyzko’s numerical experi-
ments ([104], [105]). As shown by Goldston and Montgomery [60], this conjecture
has a number theoretic equivalent, in terms of second moment for primes in short
intervals.

What is the link with Random Matrix Theory? In 1972, at the Princeton Ins-
titute for Advanced Studies, Montgomery and some colleagues stopped working for
afternoon tea. There, he was introduced to the quantum physicist Freeman Dyson
by Indian number theorist Daman Chowla. Montgomery, then a graduate student,
described his model for the pair correlation of zeros of {, and Dyson recognized the
pair correlation of eigenvalues of a unitary matrix®... The connection was born!

2. More precisely the link appeared with matrices from the GUE : its pair correlation asymptotically
coincides with the one from Haar-distributed unitary matrices.
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ot

More precisely, let (€l1,...,e!%) be the eigenvalues of an element u € U(n). We
write

n
= —9
Pk om k

for the normalized angles (6 is considered modulo 27, but not ). Then it can be
shown that

1 A sin 7 2
_/ dpyy (u) [(6,m) :a < @ — om < B, #m| — / dy 1—( y) ,
n U(n) n—=o0 Jqo Y

and, more generally, for a continuous function f with compact support, the asymptotic
law of the pair correlation for eigenvalues in U(n) is given by

1 o0
z /U(n) j; f(ps = pr)dpy(n) (v) ol /_O<> dy f(y)Ra(y). (0.3)

n

The similarity between formulas (0.2) and (0.3) suggests a strong connection bet-
ween the zeros of the Riemann zeta function and the spectra of the random uni-
tary matrices. Montgomery’s result was extended in the following directions. Hejhal
[67] proved that the triple correlations of the zeta zeros coincide with those of large
Haar-distributed unitary matrices; Rudnick and Sarnak [118] then showed that all
correlations agree; all those results are restricted to the condition that the Fourier
transform of f is supported on some compact set. The proofs are based on the ezplicit
formula that allows to express the correlations in terms of sums over prime numbers
(see Proposition 2.1 in [118]). Moreover, Rudnick and Sarnak showed the asymptotic
correlations for more general L-functions, L(s, f) where f is an automorphic cusp-form
for GL,,/Q.

The depth of this analogy between eigenvalues and zeta zeros correlations needs to
be slightly moderated : Bogomolny and Keating [14] showed that in the second order
the two-point correlation function depends on the positions of the low Riemann zeros,
something that clearly contrasts with random matrix theory. In the same vein, Berry
and Keating [11] gave a clear explanation of a similar phenomenon in the number
variance statistics first observed by Berry [10].

2. The problem of moments : the Keating-Snaith conjecture

2.1. The moments of ¢

The k" moment of the zeta function, I (T), has been extensively studied, but
its equivalent is well known in only two cases (see e.g. Titchmarsh [135] for proofs) :
Hardy and Littlewood [65] showed in 1918 that

L(T) ~ logT

—00
and Ingham [73] proved in 1926 that
1 4

For k > 3, no equivalent of I(T) has been proved. Keating and Snaith [80] have for-
mulated the following conjecture about the asymptotics of I (T), which agrees with
the 2"? and 4** moments above, and the conjectured 6" and 8" moments (see res-
pectively Conrey and Ghosh [30], Conrey and Gonek [31])

The Keating-Snaith conjecture. For every k € N*

L(T) ~ Hye(k)Hp(k)(log T)F

T—o0

with the following notations :
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e the arithmetic factor

e the matriz factor

HMat H j+k (04)

Note that the above term makes sense for real k (it can be expressed by means
of the Barnes function) so more generally the Keating-Snaith conjecture is originally
stated for Re(k) > —1/2.

Here are some first steps to understand the origins of this conjecture. First suppose
that ¢ > 1. Then the absolute convergence of the FEuler product and the linear
independence of the logp’s (p € P) over Q allow to show that

—/ d5|c 0’—|—18 k H / 1 —a% T—>oo HQFl <k‘ k, 1, 20)

(0.5)
This asymptotic independence of the factors corresponding to distinct primes gives
the intuition of a part of the arithmetic factor. Note that this equivalent of the k-th
moment is guessed to hold also for 1/2 < ¢ < 1, which would imply the Lindel6f
hypothesis (see Titchmarsh [135]).

Moreover, the factor (1 — 1 /p)k2 can be interpreted as a compensator to allow
the RHS in (0.5) to converge on o = 1/2. Note that Hp (k) appears in a recipe to
conjecture moments of L-functions, given in [32]. Moreover, the Riemann zeta function
on the critical axis (es = 1/2,TJms > 0) is the (not absolutely) convergent limit of
the partial sums

-1
-y L

k=1

Conrey and Gamburd [29] showed that

T 1
nlggo Th—>néo T(log T)* /0 n <§ N 1t>
where Hgq(k) is a factor distinct from Hpae(k) and appearing in counting magic
squares. So the arithmetic factor appears when considering the moments of the partial
sums, and inverting the above limits conjecturally changes Hgq (k) to a different factor
This matrix factor, which is coherent with numerical experiments, comes from
Keating and Snaith’s idea [80] (enforced by Montgomery’s theorem) that a good
approximation for the zeta function is the determinant of a unitary matrix. Thanks
to Selberg’s integral® formula [3], they have calculated the generating function for
the determinant of a n x n random unitary matrix (Z, (u,¢) = det(Id — e~'*u)) with
respect to the Haar measure :

2k
dt = Hsy (k)Hp (k),

Pa(ont) = Buugy (2ol e rse) = [T o S (09
j=1 2

Note that a similar result was given by Brézin and Hikami [24] for the GUE. This
closed form implies in particular

ltU(n) (|Z ( )|2k) ~ HMat(k)nk

n—oo

2

3. More about the Selberg integrals and its numerous applications can be found in [50]
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This led Keating and Snaith to introduce this matrix factor in the conjectured asymp-
totics of I (T). This matrix factor is supposed to be universal : it should for example
appear in the asymptotic moments of Dirichlet L-functions.

However, these explanations are not sufficient to understand clearly how these

arithmetic and matrix factors must be combined to get the Keating-Snaith conjecture.
A clarification of this point is the purpose of the two following paragraphs.
Remark. As observed in Chapter 1, the scission on the Mellin-Fourier transform in
formula (0.6) has the following probabilistic meaning : det(Id—e~"#u) has the same law
as a product of n independent random variables. This will be proven by probabilistic
means in Chapter 1 and extended to other compact groups in Chapter 2. An analogue
of this scission in independent random variables for ¢ remains mysterious.

2.2. Understanding the conjecture : the hybrid model

Gonek, Hughes and Keating [61] gave a partial justification for the Keating-Snaith
conjecture based on a particular factorization of the zeta function.

More precisely, let s = o+it with o > 0 and |¢| > 2, let X > 2 be a real parameter,
and let K be any fixed positive integer. Let u(z) be a nonnegative €°° function of
mass 1, supported on [e! /X ¢], and set U(z) = IS w(z)E1(zlog z)dz, where Eq(2)
is the exponential integral [~ (=" /w) dw. Let also

A(n)
nslogn

Px(s) = exp Z

n<

where A is Van Mangoldt’s function (A(n) = log p if n is an integral power of a prime
p, 0 otherwise), and

Zx(s) = exp (— S U (s = pa) 1ogx>>

pn

where (p,,n > 0) are the imaginary parts of the zeros of (. Then the following un-
conditional result was proved in [61].

Theorem. With the previous notations,

K+2

((s) = Px(s)Zx(s) (1 +0 <(|s|}§oT)K) +0 (X7 IOgX)> ;

where the constants in front of the O only depend on the function u and K.

The Px term corresponds to the arithmetic factor of the Keating-Snaith conjec-
ture, while the Zx term corresponds to the matriz factor. More precisely, this de-
composition suggests a proof for the Keating-Snaith conjecture along the following
steps.

First, for a value of the parameter X chosen such that X = O(log(T)?~¢) here
and in the sequel, the following conjecture A suggests that the moments of zeta are
well approximated by the product of the moments of Px and Zx (they are sufficiently
independent).

Conjecture A : the splitting hypothesis. With the previous notations
I 1
1 T
~ = d
T—o0 (T_/O 5

2k

1
PX <§ + ZS)

1
ZX <§ + ZS)

Y et
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Assuming that conjecture A is true, we then need to approximate the moments of
Px and Zx. The moments of Px were evaluated in [61], where the following result is
proven.

Theorem. With the previous notations,

%/OT ds |Px (% +18> = Hp(k) (¢"logX)¥" (1 0 <10g1X)> |

Finally, an additional conjecture about the moments of Zx, if proven, would be
the last step to prove the Keating-Snaith conjecture.

2k

Conjecture B : the moments of Zx. With the previous notations,

2
1 /7 1 logT \*

e7log X
The reasoning which leads to conjecture B is the following. First of all, the function
Zx is not as complicated as it seems, because as X tends to oo, the function u tends
to the Dirac measure at point e, So

2k

t—,:/oo HMat (k) <

Zx (% + it) ~ [ (it = pn)e” logX).

Pn

The ordinates p,, (where ¢ vanishes) are supposed to have many statistical pro-
perties identical to those of the eigenangles of a random element of U(n). In order to
make an adequate choice for n, we recall that the v, are spaced 27/log T on average,
whereas the eigenangles have average spacing 27/n : thus n should be chosen to be
the greatest integer less than or equal to log T. Then the calculation for the moments
of this model leads to conjecture B.

2.3. Understanding the conjecture : the multiple Dirichlet series

Diaconu, Goldfeld and Hoffstein [43] proposed an explanation of the Keating-
Snaith conjecture relying only on a supposed meromorphy property of the multiple
Dirichlet series

2me

o kit
/ C(Sl + Elit) e C(SQm + EQmit) <—t ) t_wdt,
1

with w, s, € C, e, = £1 (1 < k < 2m). They make no use of any analogy with random
matrices to predict the moments of {, and recover the Keating-Snaith conjecture.
Important tools in their method are a group of approximate functional equations for
such multiple Dirichlet series and a Tauberian theorem to connect the asymptotics as
w — 17 and the moments flT.

An intriguing question is whether their method applies or not to predict the joint

moments of ,
1 T
— [ a g(—+i(t+s»))
0 (TERE

with k; € N*, (1 < j < {), the s;’s being distinct elements in R. If such a conjecture
could be stated, independently of any considerations about random matrices, this
would be an accurate test for the correspondence between random matrices and L-
functions. One could compare if the conjecture perfectly agrees with the analogue
result on the unitary group, which is a special case of the Fisher-Hartwig asymptotics
of Toeplitz determinants and first proven by Widom [139) :
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4

s k-
Epy iy H |det(Id — ew"u)‘Q ’
j=1
¢ 2%,
o H |el¥i — el¥s|~2hiks H Eopis (|det(Id - ew'ju)‘ IJ)
1<i<j <L Jj=1
0
~ H |€i<pi - eiﬂﬁj |_2kikj H HMat (k])nk?7
n—00 1<ici<t =1

the ¢;’s being distinct elements modulo 2.

Note that the joint moments of ¢ have already been conjectured by Conrey, Farmer,
Keating, Rubinstein, and Snaith [32]. Their formula is remarkable in the sense that
it gives not only the leading order but also a full expansion of the joint moments.
Their conjecture was found thanks to an analogue in random matrix theory, and is
expressed in terms of multiple integrals ; the link with the Fisher-Hartwig asymptotics
is not obvious in this form.

3. Gaussian fluctuations

3.1. Central limit theorems.

The law of a unitary matrix determinant gives another example of similarity bet-
ween Random Matrix Theory and the zeta function. First, we recall the following
result due to Selberg in the 40’s and popularized in the 80’s.

Theorem (Selberg [120]). Let w be a uniform random variable on (0,1). Then
log¢ (% +iwT)
1/%log log T

as T — oo, with N1 and Ny independent standard real normal variables (here, and
in the following, log( is a continuous determination of the complex logarithm of C,
precisely defined at the beginning of Chapter 6).

% NG+ NG

This theorem admits a cousin concerning the characteristic polynomial of a ge-
neric unitary matrix u, € U(n), and originally proven after its number theoretic
counterpart. Precisely, we define

log Z(un, ) = log det (Id,, — e_i“’u) = Z log (1 — ei(e’“_‘p)) , (0.7)
k=1

where eif1, ... el

.,e’n are the eigenvalues of u,, and the logarithms on the RHS are
defined as the almost surely convergent series log(1 —z) = =, “”77, |z] < 1,2 # 1.

Theorem (Keating-Snaith [80]). If uy ~ py(n), then

logZ(Um(P) la_W>N1 +L/\/2
1/%10gn

as n — 0o, with N1 and N3 independent standard real normal variables.

Note that the limit does not depend on ¢ : indeed, by definition, the Haar measure
is invariant under the action of the unitary group (especially under the action of
€¥1d,), so the law of Z(uy, ¢) is the same as the law of Z(u,,0).

The Keating-Snaith central limit theorem admits an easy proof from the decom-
position as a product of independent random variables shown in Chapter 1. Such



10 introduction on random matrices and number theory : historical analogies

a decomposition holds for a wider class of potentials for the eigenvalues on the unit
circle, for which similar central limit theorems, with speed of convergence, easily follow
(see Chapters 1, 2, 4 and 5 for more details).

In the hope to transform the static limit in law of Selberg’s central limit theorem
into a dynamic one (i.e. : showing the convergence in law of a sequence of random
processes towards another random process), Hughes, Nikeghbali, Yor [72] defined, for
any fixed A > 0,

log ¢ (% + iwe"k)

1/%10gn

Then, if w is uniformly distributed on [0, 1], £ (u,n) law, Ny, from Selberg’s theorem,
where N, is a complex Gaussian variable with density

Li(w,n) =

1 22 1y?
PNV, € dzdy) = ﬁef 2 dzdy. (0.8)

As X varies, there is the following multidimensional extension of Selberg’s central limit
theorem.

Theorem (Hughes, Nikeghbali, Yor [72]). Let w be uniform on [0,1]. Then, for 0 <
AL < g <o < g

(L (@, 1), -y Loy (w,m)) 25 (Mo, oo Ny

as n — 0o, which means the convergence of the finite dimensional distributions of
{Lx(w,n),\ > 0} towards those of {Nx,\ > 0}, which denotes the totally disordered
Gaussian process : its components are all independent, Ny being distributed as indi-
cated in (0.8).

Note that the process (My, A > 0) does not admit a measurable version. Assuming

the contrary we would obtain by Fubini, for every a < b, E ((f: dX NA)Q) = 0. Thus

Ny =0, d) a. s., which is absurd.
Moreover, a totally disordered Gaussian process has also been encountered by
Hugues, Keating and O’Connell in [71]. They have proven that

log Z(un, )
,/%logn

converges weakly towards a totally disordered process X(p) 4+ iY () with covariance
E (X(p1)X(p2)) = E(Y(91)Y(p2)) = 0(1 = p2).

3.2. Counting the zeros.

The above central limit theorems have consequences for the counting of zeros of
in the critical strip, or of eigenvalues of u,, on arcs of the circle. First, write N(¢) for
the number of non-trivial zeros z of ¢ with 0 < Jmz < ¢, counted with multiplicity.
Then (see e.g. [135])

t t 1 7 1
N(t) = — log — + — I 1/2 41 — - .
(1) = 5= low g + ZomlogC (1/2-+i6)+ £ +0 (1)

with Jmlog ¢ (1/2 4 it) = O(logt). Hence Selberg’s central limit theorem implies that,

N(wt) — & log 24

2me

1./3loglogt
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converges in law to a standard Gaussian random variable as ¢ — 0o, w being uniform
on (0,1). This result was extended by Fujii [55] to count the number of zeros in a
shorter interval : writing

t t t t
A@htz):(N(tz)—N(tl))—(ﬁk’ Tme ~ 27 1° ?)

which represents the fluctuations of the number of zeros z (t1 < Jmz < t2) minus its
expectation, he showed among other results that for any constant ¢ > 0

A(wt,wt + ¢) Jaw 7
1 /loglogt

as t — o0o. Note the very small normalization /loglogt : this indicates the repulsion
of the zeros. Central limit theorems in counting the number of eigenvalues of random
matrices in domains were shown by Soshnikov [130] in great generality and by Wieand,
in particular through her following important result, then extended by Diaconis and
Evans [40]. We write N, («, 8) for the number of eigenvalues €' of u,, ~ py(,) with
0<a< < p<2n.

Theorem (Wieand [140]). As n — oo, the finite-dimensional distributions of the
process
N (e, 8) = E (Nn (o, 8))
%\/logn

converge to those of a Gaussian process {6(a, $),0 < a < f < 2w} with covariance
function

, 0<a< B < 2n,

1 fa=a and f =0
1/2 ifa=a and B # 5

E(3(0, 05, 8) =4 1/2 ifatd andf= @
“1/2 iff=a

0 elsewhere

The above correlation structure is surprising : it states for example that the devia-
tions from the mean are uncorrelated if the arc (a, ) is strictly included in (¢, 8),
and positively correlated if this inclusion is not strict. Coram and Diaconis [33] made
numerical experiments to give evidence that the same covariance appears when coun-
ting the zeros of ¢ in distinct intervals. This is proved in Chapter 6.

Concerning counting of zeta zeros
in much shorter intervals, limits in law
seem out of reach with today’s tech-
niques. The mean spacing between suc- 1
cessive zeta zeros z (0 < Jm(z) < t) is
asymptotically 27/logt. For fixed A\ >
0 and w uniform on (0,1), it is there-
fore realistic to expect that the integer- wt
valued random variables

27T\
wt + logt

} N (t) zeros

converge weakly as t — oo. If the zeta ze-
ros were independent and uniform on the
critical axis, then N (¢) would converge
in law to a Poisson variable; this is not the case, as shown by Fujii in [54] : this
indicates the existence of correlations between the zeros. Furthermore, he conjectu-
red that Ny (¢) converges weakly to the Gram distribution, described below (see [54]

———-——eo——90]0-—9o 000 -0o-
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for an historical overview of this problem and the origins of the Gram distribution).
Consider the eigenvalues A;’s of the operator

Usin((y — z)w\)

v -tsysna{ |

T f(x)da:,—lgygl}

and note, for any k € N,

k
= Ta-w) | 2 %

30 J1<<j €=1 s

Then it can be shown that Y kpx(k) = A (see Bohigas and Giannoni [15]) : the above
probabilities define a positive random variable with expectation A. Fujii’s conjecture
is

PNA(t) = k) —= pa(k) (0.9)

for any k > 0. This means that Ny (¢) weakly converges to the so-called Gram distri-
bution, which appears when counting the eigenvalues of the GUE or U(n) matrices in
short intervals, as shown by Mehta and des Cloizeaux [95] : this is the origin of Fujii’s
conjecture. Note that equation (0.9) exactly means that Ny (¢) converges in law to a
random variable

where the X;’s are independent, and X is a Bernoulli random variable with parameter
A;. For general results about the decomposition of the counting function as a sum of
independent random variables, see [9].

The mesoscopic fluctuations (Chapter 6) and microscopic fluctuations (Fujii’s re-
sults) of the zeta zeros are of different nature : the first ones are governed by Selberg’s
results and the second ones require precise conjectures of the same nature as Montgo-
mery’s. However, the repulsion of the zeros appears in both cases : Selberg’s central
limit theorem requires a remarkably small normalization and the Gram law has a
small variance compared to Poisson variables.

4. Over function fields : results by Katz-Sarnak

The following discussion presents some of the numerous results by Katz and Sarnak
[78] on consecutive spacings of zeros of Artin L-functions. Much more can be found
in [79], which is the main source of the following lines.

Among other types of L-functions, Katz and Sarnak considered the zeta function
of a curve over the finite field with ¢ elements, F,. More precisely, let F(X,Y,Z) be a
homogeneous polynomial of degree d and nonsingular (i.e. its first partial derivatives
have no common zero in Fq). Then the projective plane of equation

F=0 (0.10)

in P? is a curve, noted C/F,, with genus g = (d — 1)(d — 2)/2 (see e.g. [107] for a
precise definition of the genus and a proof of this formula). For n > 1, let N,, be the
number of projective solutions of (0.10) in Fyn. Then the zeta function of C/F, is the

formal series in T
o0

((T.C/F,) = exp (Z Nf") |

n=1

Thanks to this geometrical definition, it can be shown that

P(T)

N (SO
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with P € Z[T] a polynomial with degree 2g. Moreover, the Riemann-Roch theorem on
the curve C/Fy plays the role of Poisson summation formula and yields the functional
equation P(T) = ¢9T29 P(1/qT). There is a Riemann hypothesis for (T, C/F,), which
asserts that all the (complex) zeros lie on the circle |T| = 1/,/q. This was proven by
Weil [138] and extended to a larger class of L-functions by Deligne [38].

To study the distribution of the zeta zeros, we write them as

Oggl<"'<929<2ﬂ.

Katz and Sarnak consider the k-th consecutive spacing, the measure ulgc/ Fa) on [0, 00)

defined by

(C/E 1, ] = #{1<j<2d: 2(0;4x — 0)) € [a,0]}
:LLk; ) 2d

for any 0 < a < b < 27, where the indexes are considered modulo 2g and the
differences 6, — 8; modulo 27. The factor d/7 normalizes p, to have mean k. Take
a matrix g from the unitary, special orthogonal or symplectic group G(n), with n
eigenvalues e'%’s ordered as previously. The analogous measure is

19]a,b] = #{1 <5 <2d: Z(051x —05) € [a,b]}
k ) - )
n

giving a weight 1/n to each of the normalized spacings. The Kolmogorov-Smirnov
distance between two measures is defined by

D(v1,v2) = sup{|v1(I) — v2(I)| : I C R an interval}.

Katz and Sarnak show that for any k£ > 1 there exists a measure u,gGUE) such that

GUE
/ D (u;ﬁg),ui )) dpcm(9) —2 0,

the group G(n) being any of the three ones previously mentioned, pg(,) its Haar
probability measure. Hence the consecutive spacings, for the classical compact groups,
are asymptotically universal. Note that the measures u,gGUE) are not those of Poisson
random variables, corresponding to independent and uniform eigenvalues.

In the following asymptotics of the measures ,u,(cc/ FQ), the average is taken with
respect to the counting measure on My(F), the finite set of F,-isomorphism classes
of curves over F, with genus g. More precisely, a morphism ¢ : C — C’ between two
curves over IF, has the property that, at each point P € C, ¢ is represented in an open
neighborhood of P by homogenous polynomials of the same degree; an isomorphism

is a bijective morphism whose inverse is a morphism.

Theorem (Katz, Sarnak [78]). For any k > 1,

. . 1 (C/F,) (GUE)
lim lim —— D(p;, " )=0.
g—00 =00 # My (Fy) Ce/\%mq) i i

As all consecutive spacings universally converge to those of the GUE, this theorem
states that the zeta functions of curves over finite fields follow, on average over g and
q, the Montgomery-Odlyzko law. In the case of fixed ¢, we do not know if random
matrix statistics appear in the limit g — oo.

The proof of this theorem requires deep algebraic arguments, a little idea of them
being given in the following lines. First, an important ingredient is the spectral inter-
pretation of the zeros of ((T,C/F,) in terms of the Frobenius : N,, is the number of
fixed points when raising the coordinates of C in Fq to the power g, iterated n times.
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Based on this point of view, Katz and Sarnak show that the geometric monodromy
group of this family of curves is the symplectic one (see Theorem 10.1.18.3 in [78]
for a precise statement). This allows to use Deligne’s equidistribution theorem [38] :
it implies that for fixed genus g, the consecutive spacings of the zeros converge on
average, as ¢ — 00, to those of a Haar-distributed element of USp(2g). As the ge-
nus g goes to infinity, the asymptotics of the consecutive spacings are universally the

u,(CGUE)’s, included for the symplectic group, leading to the result.

Katz and Sarnak also give families of curves with other possible monodromy
groups, such as SO(2n). The statistics of the eigenangles closest to 1 are not univer-
sal, they depend on the corresponding group. This corresponds to distinct statistical
properties of the low-lying zeros of zeta functions of curves. Moreover, they show that
for families of Kloosterman sums, the zeros of the corresponding L-functions have the
statistical properties of conjugation classes in USp(2n), SO(2n) or SU(n), depending
on the considered family (see Theorem 11.10.5 in [78]).
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supervision of A.S. Ustiinel. This led to the following accepted publications.
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FEwens measures on compact groups and hypergeometric kernels, with A. Ni-
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proach, with C.P. Hughes, A. Nikeghbali, M. Yor, Duke Mathematical Journal
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The characteristic polynomial on compact groups with Haar measure : some
equalities in law, with A. Nikeghbali, A. Rouault, Comptes Rendus de
I’Académie des Sciences, Série I 345, 4, 229-232 (2007).

Euler’s formula for {(2n) and products of Cauchy variables, with T. Fujita,
M. Yor, Electronic Communications in Probability 12, 73-80 (2007).

This last work is too disjoint from the main topic of this thesis (analogies between
random matrices and number theory) to be presented in this document. The following
articles also constitute parts of this thesis and were submitted for publication.

The chapters do not follow the chronological order of the original findings, and
do not exactly correspond to the distinct publications. Some results, characteristic of
this thesis, are summarized below, in three sets of themes, in which we also mention
some questions related to this thesis.

First the Haar measure on a compact group can be obtained as a product of
independent transformations, which implies a scission in law for the characteristic
polynomial and many limit theorems for these random matrix analogues of zeta func-
tions.

This led us then to consider problems about random spectral measures on the unit
circle : they are characterized by a set of independent coordinates, and a large devia-
tions principle for spectral measures follows, when the dimension grows. On account
of the behavior of such measures at the edge, we show that the kernel associated to
asymmetric singularities is universally, asymptotically, the so-called hypergeometric
kernel.

Finally we give a joint central limit theorem for log ¢, which implies in particular
that a Gaussian process appears at the limit when counting the zeta zeros in distinct
intervals.

1. Haar measure and independence

To prove their central limit theorem on logZ, = logdet(ld — un),un ~ pym)
Keating and Snaith rely on the explicit Mellin-Fourier transform

15
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ey (1Zn]f €78 H —
This shows that Z,, is equal in law to a product of n independent random variables,
but hides the geometric interpretation of these random variables. Actually, thanks to

a recursive construction of the Haar measure, we directly get the following scission in
law, with no need of either the Weyl integration formula or the Selberg integrals.

Theorem. Let u, ~ pye). Then det(Id — uy,) law [T5—, (1 — &) with independent

random variables vy ’s, and i law e /B1 i : wy is uniform on (—m,m) and By g is
a beta variable with the indicated parameters.

These coefficients 7;’s have a clear geometric meaning : they are entries of inde-
pendent reflections whose composition generates the Haar measure puy(,). The above
result implies easily a central limit theorem with rate of convergence and a law of the
iterated logarithm for log Z,,, both of them being difficult to obtain without the above
interpretation in terms of independent random variables. The recursive construction
of the Haar measure has other consequences, such as a probabilistic proof of the Weyl
integration formula (Chapter 1, section 3), and a scission in law of det(Id — u) for u
Haar-distributed in other compact groups, for example SO(2n) or USp(2n) (Corolla-
ries 2.8 and 2.11). Such a scission in law also holds for the group of permutations :
this led us to prove an analogue of the Ewens sampling formula for general compact
groups (Theorem 2.15).

A natural question is whether the above scission in law holds in a more gene-
ral setting, when the eigenvalues of u,, have a density given by the Jacobi circular

ensemble :
Cnps H 119;c _ 101|ﬁ H 719 1_ 6 )6
1§k<l<n

Relying on the theory of orthogonal polynomials on the unit circle (OPUC), Killip and
Nenciu [84] have given a very simple matrix model for the above density of eigenvalues
in the case 6 = 0. The theory of OPUC and our products of independent reflections
jointly yield a matrix model for the above density for general § (Theorem 4.16). This
implies in particular

Theorem. Let u,, have its eigenvalues with the above density. Then det(Id — u,) law

Z;é(l — k) with independent random variables i, ’s.

The explicit distribution of the ~;’s is given in Chapter 4. Moreover, these in-
dependent random variables are well understood : called deformed Verblunsky coeffi-
cients, they are natural coordinates coding the spectral measure associated to (uy,, e1).
The definition of the v;’s associated to the spectral measure actually coincides with
the definition of the ~,’s in terms of matrix entries of reflections (Theorem 4.12).

Concerning zeta functions, what could be the analogue of the above decomposi-
tions in law 7 For the Riemann zeta function, the Keating-Snaith conjecture involves
a matrix factor

n— o0 nk

/LU(n) (|det(1d - uﬂ)|2k)

The above results suggest that ((s)/[[»(1 — 1/p®), for s € [1/2,1/2 4 it] might be
decomposed as a product of logt asymptotically independent factors, provided that
the Euler product converges. We have no intuition of what the ~x’s might be.

For function-field zeta functions, the scission in law is a little better understood.
We keep the example of the Introduction, Section 4, about a family of curves over a
finite field F, with g elements. Let 6(C/F,) = {€'", ..., €129} where the €%/, /g’s are
the zeros of the zeta function ((T,C/F,), and g is the fixed genus of the curve. We
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note fiq,4 the counting probability measure on M, (F,;). Katz and Sarnak have shown
([78], [79]) that the Deligne equidistribution theorem yields

lim | (0(C/Fy))dige(C) = / F ) dpusp(ag (),

q—o0

for any continuous class function f. Consider the special case f(u) = det(Id — u), the
above result can be read, for C ~ pg 4 and u ~ pysp(2g),

L
Va

as ¢ — oo. For the symplectic group, we know that

(1-9)¢ ( ,C/]Fq) 1% det(Id — w)

2g
det(ld —u) 2 [T =),

=1

with independent 7,’s (see Theorem 5.3). Hence the two above results imply for
example a central limit theorem, large deviations, or iterated logarithm laws for
log ¢ (1/\/6, C/Fq), and the asymptotics of its moments for C ~ p4 4, as g, g — o0.

An interesting problem is about the geometric meaning of the Verblunsky coeffi-
cients 7x’s in this function field context. In other words :

Given a curve C/F,, what are the associated Verblunsky coefficients, and why are
they asymptotically independent as ¢ — oo ¢

Note that the Verblunsky coefficients depend on the spectral measure, that is to
say not only the conjugacy class (the e!%’s) but also the weight on each zero of ¢(T,C/
F,). Therefore, the asymptotic independence of the Verblunsky coefficients associated
to a curve C would require an equidistribution theorem about the whole monodromy
group, not only its conjugacy classes.

2. Limiting spectral measures

The asymptotic properties (n — oo) of the Jacobi circular ensemble

n
caps [] 1€ =P Tl —e )@= ey
j=1

1<k<I<n

are of interest in statistical physics for example. In this thesis, we are interested in
two distinct regimes.

First in Chapter 3, for the special case 8 = 2, the distribution of these n par-
ticles on the unit circle is a determinantal point process, characterized by a ker-
nel, whose asymptotics are given (Theorem 3.1). This limiting hypergeometric kernel
Kg‘?(a,ﬁ) is actually universal, in the sense that it appears for all potentials ha-
ving an asymmetric singularity. In the theorem below, A(®)(6) stands for the density
(2 — 2cos0)Be@e=ImO)(msgn0-0) on (7 1), and K% is the kernel associated to
n particles placed on the unit circle with the potential u (see Chapter 3 for more
precisions).

Theorem. Let p be a measure on 0D, such that the set of points with y' = 0 has
Lebesgue measure 0. Suppose that i is absolutely continuous in a neighborhood of 1
and 1/ (6) = k()X () in this neighborhood, with h continuous at 0 and h(0) > 0.
Then for all a, 8 in R,

n—0o0

]. =, jo H it
KW (e, én) — KO(a, B).
n



18 main results

Furthermore, the empirical spectral measure (uizc)i =1/n Y _, b.0,) associated
to the circular Jacobi ensemble has an equilibrium measure as n — oo in the regime
0 = d(n) = (B/2)nd for a constant d (Re(d) > 0). This explicit limiting measure is
supported by an arc of the circle (see Theorem 4.19), and a large deviations principle
is given concerning the convergence to this equilibrium measure.

More precisely we work with the set M7 (9D) of probability measures on the torus
and write

() = [ [1ogle — ¥ au(@)au(o') Ba) = [ wtop NN do
Q(f) = —(Red)log (2sin§) ~ (ma)? 5 T (9e(0,2m).

Theorem. In the regime §(n) = (8/2)nd, the sequence of empirical measures

(n) _ Oy + -+ 09,

a4 =
es n

satisfies the large deviations principle at scale (8/2)n? with good rate function defined
for € M;(0D) by

1) = ~£() + 2 [ QO)IN() + B,

3. Gaussian fluctuations of ¢

The result below could be enounced for any L-function in the Selberg class [120],
for simplicity we give it only for . It is a special case of Theorem 6.1 in Chapter 6,
which actually holds for shrinking shifts.

Theorem. Let w be uniform on (0,1) and constants 0 < f) < ... < f©. Then the

vector
1t log ¢ 1+if<1>+imf log ¢ l+if“>+iwt
Vioglogt 2 Y 2

converges in law to a standard complex Gaussian vector (Yq,...,Yy) of independent
random variables (see Corollary 6.2).

If the shifts f(*) decrease with t, correlations may appear in the limiting Gaussian
vector : this allows us to obtain convergence of log ¢ values to Gaussian processes.

Moreover, a consequence of this joint central limit theorem is an analogue for
¢ of a result by Wieand [140] : she showed that correlations appear when counting
the eigenvalues of unitary matrices which fall in distinct intervals. More precisely, let
N(t) be the number of non-trivial zeros z of ¢ with 0 < Jmz < ¢, counted with their
multiplicity, and for any 0 < t; < to

Altr,ts) = (N(t2) = N(t1)) — (t—Q log 22 — 1 10e t—1> ,

2 2me 2w 2me

which represents the fluctuations of the number of zeros z (t; < Jmz < to) minus its
expectation.

Corollary. The finite dimensional distributions of the process

A (wt + a,wt + B)
1 /loglogt

,0<a< <o
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converge to those of a centered Gaussian process (A(a,ﬁ), 0 < a<f <o) with the
covariance structure

1 ifa=a and =4

1/2 ifa=d and B #£ G

E (A, )A(,8)) = 1//2 "ji; # o and p=§'
—-1/2 1 =a
0 elsewhere

This correlation structure is surprising : for example A(«, 8) and A(a/, 8') are in-
dependent if the segment [a, (] is strictly included in [o, 8], and positively correlated
if this inclusion is not strict.

Finally, as noted by Laurincikas [88], the asymptotics of the moments of the

Riemann zeta functions, %fOT ds|¢ (1/2 +is)|**, are known only for k = 1,2 or
u/+/loglog T, for fixed u > 0. Theorem 6.1 also implies joint moments of the form
(0<0<1)

]. T ]_ ]_ 1 \/logulogT w2

il Zaj D oieq t uZ(146)

T/o ds C(2+18><<2+15+(10gt)5) oo e’ .

For future research on such topics, we distinguish two directions. First the convergence
in law, as n — oo of integrals

! 1 > ! 1 i
lo — +iwt+ 4 | dd, / lo <— + iwt + 7) do,
/0 g<<2 ) 82 (log )

for which the convergence to normal variables certainly requires distinct normaliza-
tions.

Moreover, to predict the extreme log ¢ values up to height ¢, it is not clear whe-
ther ¢ should be modeled by a product of independent random variables (like our
decomposition for logdet(Id — u)) and use an iterated logarithm law : if there were
a fast convergence in the multidimensional central limit theorem previously stated,
the prediction would rather be that these extreme values are of order 4/logtlog, t, as
predicted also in [47]. This point needs to be clarified.






Chapter 1

Haar measure and independence : the
unitary group

The first two sections of this chapter are a synthesis of The cha-
racteristic polynomial of a random unitary matrixz : a probabilistic
approach [19], a joint work with C.P. Hughes, A. Nikeghbali, M.
Yor, Duke Mathematical Journal, Vol 145, 1 (2008), 45-69. The
last section is extracted from Conditional Haar measures on clas-
sical compact groups [17], Annals of Probability vol 37, Number
4, 1566-1586, (2009).

Let u denote a generic n x n random matrix drawn from the unitary group U(n)
with the Haar measure piy(,). The characteristic polynomial of u is

Z(u, ) = det(Id — e_i‘pu) = ﬁ (1 _ ei(9n—<p))
j=1

where €% ... el are the eigenvalues of u. Note that by the rotational invariance of

Haar measure, if ¢ is real then Z(u, ) la Z(u, 0). Therefore here and in the following
we may simply write Z,, for Z(u, ¢). In [80] and in this thesis, arg Z,, is defined as the
imaginary part of

logZ,, = Zlog(l — €lfr)
k=1

with Jmlog(l — €'¥) = (0 — m)/2 if 0 € [0,7), (0 + 7)/2 if & € (—7,0). An equi-
valent definition for logZ, is the value at z = 1 of the unique continuous function
log det(Id — zu) (on [0,1]) which is 0 at 2 = 0.

In [80], Keating and Snaith give evidence to model the Riemann zeta function on
the critical line by the characteristic polynomial of a random unitary matrix consi-
dered on the unit circle. In their development of the model they showed that the
logarithm of the characteristic polynomial weakly converges to a normal distribu-

tion :
logZ,,

1/%10gn

where N7 and A, are two independent standard Gaussian random variables. This is
the analogue to Selberg’s result on the normal distribution of values of the logarithm
of the Riemann zeta function [120].

To prove this central limit theorem, Keating and Snaith evaluated the Mellin-
Fourier transform of Z,,. Integrating against the Haar measure on U(n), they obtained,
for all ¢t and s with Re(t £ ) > —1,

la—w>./\/‘1—|-i./\/‘2, (1.1)

, . L (k)T (k+t)
E |Zn|telsaran — - —-
( SV oy

(1.2)
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By calculating the asymptotics of the cumulants of (1.2), they were able to show that
for any fixed s, t,

]E(|Zn|t/\/<logn>/2€isargzn/\/aognw) Ly o5

n—oo

as n — 0o, and from this deduce the central limit theorem (1.1). Therefore their proof
relies on two ingredients :

1. the Weyl integration formula to write the LHS of (1.2) as a n-dimensional inte-
gral;

2. Selberg’s integral formula [121] to perform the calculation.

One purpose of this chapter is to prove (1.2) from different tools, including a
recursive way to generate the Haar measure on the unitary group. As a consequence
(1.2) may be simply interpreted as an identity in law involving a certain product of
independent random variables. In particular, Re log Z,, and Jm log Z,, can be written in
law as sums of independent random variables. Sums of independent random variables
are well known and well studied objects in probability theory, and we can thus have
a better understanding of the distribution of the characteristic polynomial with such
a representation.

The classical limit theorems are then applied to such sums to obtain asymptotic
properties of Z, when n — oco. In particular, the Keating-Snaith limit theorem for
log Z,, is a consequence of the classical central limit theorem. The rate of convergence
in (1.1) and an iterated logarithm law also follow from the decomposition of the
characteristic polynomial as a product of independent random variables.

Finally, the recursive way we obtain here to generate the Haar measure yields a
new proof of the Weyl integration formula, giving the density of the eigenvalues for
the Haar measure. This proof does not require the theory of Lie groups, but only
elementary probability theory.

1. Decomposition of the Haar measure

For r a nxn complex matrix, the subscript r;; stands for (e;, r(e;)), where (z,y) =
> ket ThYk-

1.1. Reflections.

Many distinct definitions of reflections on the unitary group exist, the most well-
known may be the Householder reflections. The transformations we need in this work
are the following.

Definition 1.1. An element r in U(n) will be referred to as a reflection if r —1d has
rank 0 or 1.

The reflections can also be described in the following way. Let M(n) be the set of
n X n complex matrices m that can be written

. mi2 Min
m=|(my,eq —k——>—, ...,y —k——n—1,
1-— mi1 1-— mi1
. t . . .
with the vector mqy = “(mi1,...,m1,,) # e1 on the n-dimensional unit complex

sphere and k = mj; — e;. Then the reflections are exactly the elements

[ 1des 0
"= 0 m
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with m € M(n —k + 1) for some 1 < k < n. For fixed k, the set of these elements is
noted R™)_ If the first column of m, my, is uniformly distributed on the unit complex
sphere of dimension n — k + 1, it induces a measure on R*), noted v(*.

The non-trivial eigenvalue €l? of a reflection r € R™*) is

: 1-— Tkk
el =~ : 1.3
1 —Tgr (1:3)
A short proof of it comes from e = Tr(r) — (n — 1). We see from (1.3) that for
r ~ v(¥) this eigenvalue is not uniformly distributed on the unit circle, and converges
in law to —1 as n — oo.

1.2. Haar measure as the law of a product of independent reflections.

The following two results are the starting point of this work : Theorems 1.2 and
1.3 below will allow us to properly define the Haar measure on U(n) conditioned to
have eigenvalues equal to 1.

In the following we make use of this notation : if u; ~ ™ and ug ~ p? are
independent elements in U(n), then uy X ug stands for the law of ujus.

The following theorem gives a way to generate the Haar measure recursively. Re-
lations between Haar measures on a group and a subgroup can be found in Diaconis
and Shahshahani [41], and Mezzadri [97] gives a decomposition based on Householder
reflections and proved through the Ginibre ensemble.

Theorem 1.2. Let py(y,) be the Haar measure on U(n). Then

Hu(n) = v xox ™,

0
0 u ).Ifwecan

Proof. Take independently r ~ v and u ~ HU(n—1)- Let v = < 1

prove that

TV ~ ,UU(n)a (14)
then the result will follow by an immediate induction. The Haar probability measure
is unique, so (1.4) is equivalent to

law
qgrv = rv

for all fixed ¢ € U(n). Since r(e;) is uniform on the unit complex sphere, so is

gr(e1). Therefore in an orthonormal basis with first element e;, the matrix gr can
law

be written (p(e1),p) with p(e;) = r(e1). Consequently, by conditioning on the value
pler) =r(e1) = w, it is sufficient to show that

aw

(w, p' v fan (w, "),

for some distributions on p’ and 7/, still assumed to be independent of v. Take u,, €
U(n) so that u,,(w) = e;. By multiplication of the above equality by w.,, we only need
to show that

n law gy
p'v=r"v

for some elements p”’ and r” once again independent of v, satisfying p”(e1) = r"(e1) =

e1. By conditioning on p” (resp "), p"v vy, (resp v faw v) by definition of the
Haar measure jyy(,—1)- This gives the desired result. [l

1.3. First scission of the characteristic polynomial.

Theorem 1.3. Take r*) ¢ R®*) (1<k<mn). Then

det (Id — ..r(”)) = ﬁ (1 — 7",(;2)) .
k=1
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1

Proof. Take r € RW, u € U(n —1) and v = < 0

2 ) If we can show that

det (Id,, — rv) = (1 — r11)det(Id,—1 — u),
then the result will follow by an immediate induction. First note that
det (Id,, — rv) = det (" — r) detu.

As r is a reflection, it can be written r = (e1 + k, ea + Aok, ..., e, + Ayk) for some
complex numbers Mg, ..., \, and k = r; — e;. Write "0 = (e1,v2,...,v,). Then the
multilinearity of the determinant gives

det('n —r) = det(—k,va—ez—kXo,..., v, — e, —k\p)
= det(—k,va —ea,...,v, —€y)
det('v —r) = (1—ry1)det ('uw—1Id,—1),
completing the proof. O

This decomposition gives another proof for equation (1.2). In reality, the following
Corollary 1.4 gives much more, as we get a representation of Z,, as a product of n
simple independent random variables.

Corollary 1.4. Let u € U(n) be distributed with the Haar measure piy(n). Then

det(Id — u laWH(1—e “VBra1),

with w1,...,wn,B1,0,...,B1 n—1 independent random variables, the wy’s uniformly
distributed on (0,27) and the B1;’s (0 < j < n — 1) being beta distributed with
parameters 1 and j (by convention, B1o ~ 61, the Dirac distribution on 1).

Proof. Theorems 1.2 and 1.3 together yield

det(Id — u) 2 H (1 _ r(k)) ,

where 7, ... #(") are independent reflections with distributions v, ..., (") res-

pectively. The proof will therefore be complete if r(k) law i‘*’"—’w/BLn_k. This is
straightforward because, since 7(*)(ey) (restricted to the last n — k + 1 coordinates)
is a random vector chosen uniformly on Yé“’”%

OB 1 + iy law o .
T — = /Bl ok,

V@ )+ 4 @2y + )

with the z;’s and y;’s all independent standard normal variables, w,_r1+1 and By ,—x
as desired. |

To end the proof of (1.2), thanks to the independence property, we now only need
to show the following result : if X = 1 — e/“y/B, where w has uniform distribution on

(—m,7) and, independently B has a beta law with parameters 1 and n — 1, then, for
all t and s with Re(t £5) > —1

Tn)T(n+1t)
L(n+ 58T (n+52)

E (|X|teis argX) _

This is the consequence of an elementary calculation, given in the Appendix as Lemma
7.2. Consequently, the Mellin-Fourier transform of Z,, has been found by a probabi-
listic method.



haar measure and independence : the unitary group 25

Corollary 1.5. For all t and s with Re(t £s) > —1,

: . I'(E)T (k+1t)
E |Zn |t615 argZn) _ . —.
( - Urersres

Corollary 1.4 can be extended to the law of the characteristic polynomial of a
random unitary matrix off the unit circle where we replace €¢'¥ by a fixed x. Once
more, due to the rotational invariance of the unitary group, we may take x to be real.

Corollary 1.6. Take x € R, up—1 distributed with the Haar measure piy(,—1) and,

independently, r ~ ™. Let 7 denote the vector with coordinates 12, ..., 1n.
Then, if up, is distributed with the Haar measure jiy(y),

det(Id,, — zuy,) i (1 —2xry) det(Idy—1 —  Up—1)
1—
dizo)
1-—- T11

Tt — 2 1dp_1) "7 det(Idp_1 — 2 un_y). (1.5)

Proof. The method is the same as the one used to prove Corollary 1.4. If k = r(e1)—e3
we can write more precisely

U= T11562+ _riQ kv"'7€n+ _rl_n k).
1 — 711 1 — 711

Thus, using multi-linearity of the determinant and using one step of the recursion in
the proof of Theorem 1.2, we get after some straightforward calculation

det(Id — = u,) 2 et (Id—xr < L0 >)

0 Un—1
t_
F 1 0
=bdet( ¢ " det
¢ ( 7 U,—q —2ld > ¢ ( 0 up—1 >
with b = _ﬁ;?::) and a = % As we want to express these terms with

respect to det(Id — x u,_1), writing v = "%, _; — xId leads to
1 'F 1 0
det(Id — z uy,) gvbdet( a-r )det( 1= )
r v —U T Up-—1

t= g
et @~ VT
0 VUp—1
=b(a— t?v_lf) det(Id — z up—1).
This is the desired result. O

Remark. Remember that logZ,, is defined by continuity of logdet(Id — xu) along
(0,1). I, for || < 1, log(1 —€) is defined through the Taylor expansion — 3.+, el /3,
is the equation

10gZy 2 log(1 — € /By 1) (1.6)
k=1

still true ? The result is an obvious consequence of Corollary 1.4 for the real parts of
both terms, but it is not so obvious for the imaginary parts which could have a 2kw
difference. The main tool to prove (1.6) is Corollary 1.6. Indeed, its proof shows that
its result remains true for the whole trajectory z € (0,1) :

(det(Id =z up),0 <z < 1) faw (1 = f(x,up—1,7(e1)))det(Id — x up—1),0 <z < 1),
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with the suitable f from (1.5). Let the logarithm be defined as in the Introduction
(i.e. by continuity from x = 0). The previous equation then implies, as f is continuous
in z,

logdet(Id — z u,,) law log(1 — f(x,up—1,7(e1))) +logdet(Id — z ty—1)-

One can easily check that |f(z,un—1,7(e1))] <1 for all z € (0,1) a.s., so

log(1 — f (@, un-1,r(e))) = =3 L Wn;, r(e))’

>0

for all z € (0,1) almost surely. In particular, for z = 1, we get

J
log det(Id — u,,) faw Z m + logdet(Id — uy—1),

j>1
which gives the desired result (1.6) by an immediate induction.

1.4. Second scission of the characteristic polynomial

Corollary 1.7. Let (Bk’k*1)1<k<n be independent beta variables of parameters k
and k — 1 respectively (with the convention that B1 o = 1). Define Wy,..., W,, as
independent random variables which are independent of the (B’M—l)lgkgw with Wy,
having the density

oy (dv) = ¢ cos?FY (v) ]l(_Tfr )dv,

B

s

ci being the normalization constant. Then
1 n n
(arg Zn, |Zn|) & (Z Wk, H 2Bk k-1 coku> .
k=1 k=1

22(k=1) ((f — 1)1)?
7w (2k — 2)!

Remark. The normalization constant is ¢, = , but we will not need

it in the following.

Proof. From the remark after Corollary 1.6, we know that

log Z,, law Zlog(l — e /Br 1)
k=1

Moreover, by identifying the Mellin-Fourier transforms, the case § = 0 in Lemma 7.4
in the Appendix shows that

i law iWyg
1—e“r /By g1 = 2Bj r—1cos Wie' "'k,

which concludes the proof. O

2. On the central limit theorem by Keating and Snaith

2.1. The central limit theorem.

In this section, we give an alternative proof of the following central limit theorem
by Keating and Snaith [80]. This relies on the first decomposition in Corollary 1.4.
The original proof by Keating and Snaith relies on an expansion of formula (1.2) with
cumulants.
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Theorem 1.8. Let u, be distributed with the Haar measure on the unitary group
U(n). Then,
log det(Id — uy,)

\/3logn

as n — 0o, with N1 and Ny independent standard normal variables.

la_W>N1 +W25

Proof. The idea is basically that B; ;—; tends in law to the Dirac distribution at 0 as
k tends to co. So log(1 — elwr | /B1 k—1) is well approximated by elwr | /B1 k-1, whose
distribution is invariant by rotation. Hence the central limit theorem will be easily
proven from classical results in dimension 1.

More precisely, log det(Id — u,) can be decomposed, thanks to (1.6), as

aw n ) n Gink n 1 ) ]
R DV i pheas S 3) DL SV rvy
k=1 k=1 j=23 k=1
X1(n) Xa(n) X3 (n)

where all the terms are absolutely convergent. We study these three terms separately.
Clearly, the distribution of Xj(n) is invariant by rotation, so to prove that
X1 (n)

\/%logn

LAgYs 1 +iMNa, we only need to prove the following result for the real part :

n
_1COswi/B1p—1 1
Zk—l A N7
1
\/5logn
1

where N is a standard normal variable. As E(cos?(wy)B1 x—1) = 55, this is a direct
consequence of the central limit theorem (our random variables satisfy the Lyapunov
condition).

To deal with Xa(n), as 3,5, 1/k* < oo, there exists a constant ¢ > 0 such as
E(|X2(n)|?) < ¢ for all n € N. Thus (X2(n),n > 1) is a L?-bounded martingale, so it
converges almost surely. Hence

X2(N)/y/31logN =0 a.s.

Finally, for X3(n), let Y = 3272, 377, %(BLk_l)j/Q. One can easily check that
E(Y) < 00, s0 Y < 00 a.s., hence as n — oo

IX3(n)|/y/3logn < Y/y/3logn =0 a.s.

Gathering all these convergences, we get the desired result. O
Remark. Still another proof can be found in [19], relying on the second decomposition

in Corollary 1.7 and on a multidimensional central limit theorem by Petrov [108].

2.2. The rate of convergence.

With the representation in Corollary 1.7 it is possible to obtain estimates on the
rate of convergence in the central limit theorem, using the following Berry-Esseen
inequalities (see [108] for example).

We use the traditional notations :

e (Xi,k > 1) are independent real random variables such that E (X;) = 0;
0, =3,,E (Xi) ;

o L= E(IXkf?) Jou/?
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e the distribution functions of the partial sums are defined as

1 n
Fp(z)=P = ZXjéa: ;
V n J:1

e the distribution function of the standard Gaussian variable is

1 v 2
o(x) = \/—2—7‘_/ et /2dt.

Theorem 1.9 (Petrov [108]). With the above notations, if moreover E (|Xj|?) < oo
for all k > 1, there exists a constant ¢ not depending on n such that for any x € R

cL,

|Fn(z) — @(2)] < W

Now, easy calculations allow us to apply the above theorem to the variables
(Wg, k > 0) and (2B, x—1 cos Wi, k > 0). Hence the rate of convergence in the Keating
Snaith central limit theorem is of order O(1/(logn)?/?).

Proposition 1.10. There exists a universal constant ¢ > 0 such that for anyn > 1
and z € R

c

1
P(log|Zn|/1/zlogn <z | — @ (z)| < ,
( 2 (logn)™* (1 + [a])’

c

1
P | argZ, —logn<ax| —®(x)] < .
< 'V ) S Gogn (1 1 )

Remark. If u ~ piy(y), then for any k € N*, (Tr U, T‘\(/%Q), ceey ﬂ\(/%k)) converges in law

(as n — 00) to a Gaussian vector with independent standard normal complex entries
(see [42]). Moreover, this speed of convergence is extremely fast (extra-exponential),
as shown by Johansson [75]. This contrasts with the much slower rate of convergence
found in the above proposition for the infinite sum

4

>1

2.3. An iterated logarithm law

We first state a general version of the iterated logarithm law by Petrov (see [109,
110]). Our interest here is in the asymptotic behavior of the maximum of the partial

sums
n
Sn =Y X
k=1

Theorem 1.11. Take (Xi, k > 1) and (on,n = 1) as previously defined, and sup-
pose that E(Xi) < oo for any k > 1. Suppose that 0, — oo, 2L — 1 and

n— oo 9n  n—oo

supyep |Fn(z) — @(x)| =0 ((log Un,)_l_é), for some 6 > 0. Then

S
lim sup - =1 a.s.

n—oo V20, loglog oy,

Remark. If the conditions of the theorem are satisfied, then we also have

lim inf S—n = -1 a.s.

V20, loglog o,
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Before using Theorem 1.11 for the real and imaginary parts of log Z,,, we need to
give the explicit meaning of the almost sure convergence for matrices with different
sizes.

Consider the set O = Y(Cl X 5”(52 X Y(g ... endowed with the measure A = A\ x
A2 X Az..., where )\ is the uniform measure on the unit sphere Yé“ (this can be a
probability measure by defining the measure of a set as the limiting measure of the
finite-dimensional cylinders). Consider the application f which transforms w € O into
an element of U(1) x U(2) x U(3) ... with iterations of compositions of reflections, as
in Theorem 1.2. Then Q = Jm(f) is naturally endowed with a probability measure
f()\), and the marginal distribution of f(\) on the £*" coordinate is the Haar measure
on U(k).

Let g be a function of a unitary matrix «, no matter the size of u (for example
g = det(Id—wu)). The introduction of the set 2 with measure py allows us to define the
almost sure convergence of (g(ug),k > 0), where (ux)r>0 € Q. This is, for instance,
the sense of the “a.s” in the following iterated logarithm law.

Proposition 1.12. The following almost sure convergence (defined previously) holds :

. log |Zy|
lim sup = 1,
n—oo V91ognlogloglogn

. argZy,
lim sup =
n—oo V1ognlogloglogn

Remark. The representations in law as sums of independent random variables we
have obtained could as well be used to obtain all sorts of refined large and moderate
deviations estimates for the characteristic polynomial.

3. A proof of the Weyl integration formula

The Weyl integration formula states that, for any continuous class function f (i.e. :
functions invariant on conjugation classes),

1 ; 0. 0, 0. d0 dé,,
IEJHU(n)(f(u)):a/---/|A(601,...,e‘)")|2f(ee €02 T

where A denotes the Vandermonde determinant. Classical proofs of this density of the
eigenvalues make use of the theory of Lie groups (see e.g. [25]), raising the question
of a more probabilistic proof of it.

3.1. Conditional Haar measure as the law of a product of independent reflections.

What might be the conditional expectation of u ~ py(,), conditioned to have one
eigenvalue at 17 As this conditioning is with respect to an event of measure 0, such
a choice of conditional expectation is not trivial.

As previously, suppose we generate the Haar measure as the law of a product
of independent reflections : v = r) ... +(™ . Since Id — r*) has rank 1 a.s., our
conditional distribution will naturally be constructed as a product of n — 1 of these
reflections : the unitary matrix u has one eigenvalue €' = 1 if and only if r(*) = Id
for some 1 < k < n, which yields r,(clz) =1.As 7"](;;) law el /B1,n—k, with the previous
notations, rﬁ[}) is more likely to be equal to 1 than any other 7“,(;2 (I<k<n-1).

Consequently, a good definition for the conditional distribution of u ~ py,),
conditionally to have one eigenvalue at 1, is #() ... 7(*=1D_ This idea is formalized in

the following way.

Proposition 1.13. Let Z(X) = det(XId — u) and dz be the measure of |Z(1)| under
Haar measure on U(n). There exists a continuous family of probability measures P(*)
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(0 < z < 2™) such that for any Borel subset T' of U(n)

.
(™) = [ PO, (1.7)

Moreover PO = () x ... x v(=1) pecessarily.

Remark. The continuity of the probability measures is in the sense of weak topology :
the map

T - f(w)dP® (w) (1.8)
U(n)
is continuous for any continuous function f on U(n).
Proof. We give an explicit expression of this conditional expectation, thanks to Theo-
rem 1.3. Take 2 > 0. If H:;ll [1— 7",(;2)| > x/2, then there are two r{")’s on the unit

circle such that [[,_, |1 — r,(j;)| =z

(n) — oo z
roy) = exp [ £2iarcsin — - > . (1.9)
( 2[Ti=a 1 _rl(ck)|

These two numbers will be denoted r4 et r_. We write vy for the distribution of r4,
the random matrix in R(™ equal to Id,,_; @ r,. with probability 1 /2, 1d,,—1 ®r_ with
probability 1/2. We define the conditional expectation, for any bounded continuous
function f, by

1 n—1
E (f('f’( ) .. .7"( )T'j:)]]-l—[;z;ll \1—r£§3\>m/2)

Epoiny (f(w) [1Z(1)] = 2) = ., (1.10)

E(“ :;%u—riifbm)
the expectations on the RHS being with respect to v x --. x v(»=1) x v, For
such a choice of the measures P(®) (z > 0), (1.7) holds thanks to Theorems 1.2 and
1.3. Moreover, these measures are continuous in z, and from (1.9) and (1.10) they
converge to v(1) x .. x (=1 as x — 0. The continuity condition and formula (1.7)
impose uniqueness for (P(‘”),O < z < 2"). Consequently, P©) necessarily coincides
with () x ... x p(n=1), O

For any 1 < k < n—1, we can state some analogue of Proposition 1.13, conditioning
now with respect to

(1ZW)L1Z' @), -, 125D ). (1.11)

This leads to the following definition of the conditional expectation, which is the
unique suitable choice preserving the continuity of measures with respect to (1.11).

Definition 1.14. For any1 <p <n—1, v x- .. xuv("=P) is called the Haar measure
on U(n) conditioned to have p eigenvalues equal to 1.

Remark. The above discussion can be held for the orthogonal group : the Haar
measure on O(n) conditioned to the existence of a stable subspace of dimension p
0<p<n—1)is

VH(;) X oo X Vﬂ(gkp),

where Vﬂgk) is defined as the real analogue of v(*) : a reflection r is Vﬂgk)—distributed if

r(ex) has its first k—1 coordinates equal to 0 and the others are uniformly distributed
on the real unit sphere.

More generally, we can define this conditional Haar measure for any compact group
generated by reflections, more precisely any compact group checking condition (R) in
the sense of the next chapter.
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Take p = n—1 in Definition 1.14 : the distribution of the unique eigenangle distinct
from 1 coincides with the distribution of the non-trivial eigenangle of a reflection
r ~ v that is to say from (1.3)

iw
o Clornaw  1—€®yBia

]-_m 1—€7iw\/B1’n,1.

In particular, this eigenvalue is not uniformly distributed on the unit circle : it
converges in law to —1 as n — oo. This agrees with the idea of repulsion of the
eigenvalues : we make it more explicit with the following probabilistic proof of the
Weyl integration formula.

3.2. The conditioning and slipping lemmas.

The following two lemmas play a key role in our proof of the Weyl integration
formula : the first shows that the spectral measure on U(n) can be generated by n—1
reflections (instead of n) and the second one gives a transformation from this product
of n — 1 reflections in U(n) to a product of n — 1 reflections in U(n — 1), preserving
the spectrum.

In the following, u 2 v means that the spectra of the matrices u and v are equally
distributed.

Recall that the measures v(¥) (1 € k < n) are supported on the set of reflec-
tions : the following lemma would not be true by substituting our reflections with
Householder transformations, for example.

Lemma 1.15. Take ) ~ v®) (1 <k < n), w uniform on (=7, ) and u ~ HU(n)s
all being independent. Then

uwZwp) 1),
Proof. From Proposition 1.13, the spectrum of (1) ... 7#("=1 is equal in law to the
spectrum of u conditioned to have one eigenvalue equal to 1.

Moreover, the Haar measure on U(n) is invariant by translation, in particular by
multiplication by e¥1d, for any fixed ¢ : the distribution of the spectrum is invariant
by rotation.

Consequently, the spectral distribution of u ~ g,y can be realized by successively
conditioning to have one eigenvalue at 1 and then shifting by an independent uniform

eigenangle, that is to say u = e“r() . #(»=1)  giving the desired result. O

Take 1 < k < n and § a complex number. We first define a modification Vék) of
the measure %) on the set of reflections R*). Let

(k) R*E) 5 Rt
€XpPs ¢ Fl =\
r o= (1—re)’ (1 —Trr)

Then y(gk) is defined as the expgk)—sampling of a measure v®) on R in the sense of
the following definition.

Definition 1.16. Let (X, F,u) be a probability space, and h : X — R* a measurable
function with E,(h) > 0. Then a measure p' is said to be the h-sampling of p if for
all bounded measurable functions f

For Re(0) > —1/2,0 < E, (expgk) (r)) < oo, so ng) is properly defined.
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Lemma 1.17. Let %) ~ p(*) (l<k<n-1)and r%k) ~ l/fk) (2<k<n)benxn
independent reflections. Then

pD D) 2 7“%2) o™

.7
Proof. We proceed by induction on n. For n = 2, take r ~ v(!). Consider the unitary
change of variables

€1 1 2 —(1-710) el
P . — . 1.12
( €2 > [1—ri1]? + |ri2f? < 1—r; T12 e (1.12)

In this new basis, 7 is diagonal with eigenvalues 1 and r1; —|r12|?/(1—717), so we only
need to check that this last random variable is equal in law to the |1 — X|?-sampling
of a random variable X which is uniform on the unit circle. This is a particular case
of the identity in law given in Theorem 7.1.

We now reproduce the above argument for general n > 2. Suppose the result is
true at rank n — 1. Take u ~ py(,), independent of all the other random variables.
Obviously,

r D R W) (712 (),
As the uniform measure on the sphere is invariant by a unitary change of basis, then
by conditioning on (u, ™, ..., 7~ D) we get
rD D) R (=1 (2) (=g
whose spectrum is equal in law (by induction) to the one of

r(l)(u_lrg?’) . .rgn)u) L (wrMy™) rg?’) . .ri”) Z,0 rg?’) ... rin).

Consider now the change of basis ® in (1.12), extended to keep (es,...,e,) in-

variant. As this transition matrix commutes with 7”53) .. rgn)

, to conclude we only
need to show that ®(r(1)) faw 7“%2). Both transformations are reflections, so a sufficient

condition is ®(r(1)(ey) law 7“%2) (e2). A simple calculation gives

——CT13,.-+,C T1n)

where the constant ¢ depends uniquely on r1; and r12. Hence the desired result is a
direct consequence of the identity in law from Theorem 7.1. O

Remark. The above method and the identity in law stated in Theorem 7.1 can be used

to prove the following more general version of the slipping lemma. Let 1 <m <n—1,
(k) (k)

01,-..,0m be complex numbers with real part greater than —1/2. Let Ts, ™~ Vs,
(1< k< m)and 7’((5],:),1+1 VéfilH (2 < k < m+1) be independent n x n reflections.

hen (1) (m) (2) ( )
1 m) Sp 2 m—+1
7"51 ...’I"Em :r51+1"'7ﬁ5m+1 .

In particular, iterating the above result,

) o) 2 rép“) e 7"1(7”).

3.3. The proof by induction.

The two previous lemmas give a recursive proof of the following well-known result.

Theorem 1.18. Let f be a class function on U(n) : f(u) = f(b1,...,0,), where the
0’s are the eigenangles of u and f is symmetric. Then

By (1)) = ~ FOr00) TT % =

n!
(=m,m)" 1<k<i<n

o, o,
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Proof. We proceed by induction on n. The case n = 1 is obvious. Suppose the result
holds at rank n — 1. Successively using the Conditioning Lemma and the Slipping

Lemma, if u ~ py(n), we get

uZewp) |y 2 ei“’r?) . .rgn).

Hence, using the recurrence hypothesis, for any class function f

1 [Mdw 1
B U0 = o5 [ Soamy | f bt bt)

cst J_, 2w (n—1)!

. L m Lodfy  d6,
H |610k—6101|2H|1—610j|2—...—
aiccicn ok 2 2

do,

1 1 . .
=—— 01,...,0, Ok _ i0)2 ..
cst (n —1)! /(mr)n f(61;- -, 6n) H e e 27

1<k<I<n

dé,

Here cst comes from the sampling : cst = By, _, (|det(Id — u)|?). This is equal to n

from Corollary 1.5, which is probabilistically proven.

O






Chapter 2

Hua-Pickrell measures on compact groups

The first two sections of this chapter are extracted from Fwens
measures on compact groups and hypergeometric kernels [21], with
A. Nikeghbali, A. Rouault, to appear in Séminaire de Probabilités.

In this chapter, we note U(n, K) the unitary group over any field K endowed with
a norm (in practice, K = R, C or H). These groups are defined in the following way :
their elements preserve the inner product on K™,

n
= E a;b;
i=1

In other words, for u € U(n, K), *wu = Id, which is equivalent to « 'z = Id (if *uu = Id
then w0 = v Tuu™! = vu=! = 1d).

Let g be distributed with the Haar measure on the n-dimensional complex unitary
group. As we have seen in the introduction, the random variable det(Id,, — g) has
played a crucial role in recent years in the study of the connections between random
matrix theory and analytic number theory, according to the Keating-Snaith paradigm.

In Chapter 1, we treated det(Id,, — ¢g) as a random variable : we showed that it
can be decomposed as a product of n independent random variables :

det(Id,, — g) 2 H (1 e m) (2.1)

where wi,...,wn,B10,...,B1,,—1 are independent random variables, the wj.s being
uniformly distributed on (—7, 7) and the By ;’s (0 < j < n—1) being beta distributed
with parameters 1 and j (with the convention that By o = 1). From this decomposi-
tion, the Mellin-Fourier transform, as well as the central limit theorem, follow at once
(one can actually deduce easily from this decomposition some information about the
rate of convergence in the central limit theorem, see Chapter 1).

Such a decomposition could not be easily obtained for the symplectic group, which
also plays an important role in the connections between random matrix theory and
the study of families of L functions; see [78], [79].

The present chapter first aims at extending (2.1) to other compact groups, inclu-
ding the case of the symplectic group which was left unsolved in Chapter 1. We shall
prove that if a subgroup G of U(n, k) contains enough reflections, in a sense to be
made precise in Section 1, then an element of G drawn according to the Haar measure
can be written as a product of n elementary independent reflections (the fact that
we allow K to be the field of Quaternions is important in solving the problem for the
symplectic group).

In particular, our method applies to the discrete subgroup of (matrices of) per-
mutations of dimension n, S,,, or more precisely to the symmetrized group S, =
{(619-75i(i))1<¢7j<n | o € Sp,(01,...,0,) € (—m,m)"} : the corresponding decomposi-
tion writes

det(Id, — g) & H (1—e“*Xy), (2.2)

35
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where wq,...,wn, X1,..., X, are independent random variables, the wy’s being uni-
formly distributed on (—m, ) and the X;’s being Bernoulli variables : P(X;, = 1) =
1/k,P(Xp=0)=1-1/k.

The method we use to decompose the Haar measure also applies to a two para-
meters deformation (or sampling) of the Haar measure to yield a generalization of
the Ewens sampling formula on S,,, which plays an important role in statistics and
applications to mathematical biology (see [4] for more details and references about
the Ewens sampling formula). Let us recall this formula for the symmetric group.
Define :

a. g1 =11 0---0T, where the 7;’s are independent transpositions in S,,, 7 = [k, j],
(k <j <n), with
9 . .
) —— if j=k
P(ri (k) = = { Otn—k . ;
== T G 50y

b. oy with law (), the sampling of the Haar measure p on S, by a factor 6%
(ks : the number of cycles of a permutation o) :

E,(f(02)6%2)

Epo (flo2)) = =4 )

for any bounded measurable function f.

Then the Ewens sampling formula can be expressed as the simple equality

g1 113 g9. (23)

We generalize (2.3) to unitary groups and a particular class of their subgroups.

The analogues of transpositions in decomposition (a) are reflections and the sampling

(b) is considered relatively to the factor det(Id—g)°det(Id—g)°, § € C, Re(§) > —1/2:
the measure ,ugs()n) on U(n), which is defined by

E ) (f(U)dEt(Id — U)gdet(Id - E)‘S)

HU(n

W By (det(1d — w)¥det(1d — m)?)

for any continuous function f, is the analogue of the Ewens measure and generalizes
the Haar measure fiy(y)-

Such samplings with 6 € R have already been studied on the finite-dimensional
unitary group by Hua [70], and results about the infinite dimensional case (on complex
Grassmannians) were given by Pickrell ([111] and [112]). More recently, Neretin [103]
also studied these sampled measures, introducing the possibility § € C . Borodin
and Olshanski [16] have used the analogue of this sampled Haar measure on the
infinite dimensional unitary group and studied resulting ergodic properties. Following
their work about the unitary group, we will refer to these sampled Haar measures
as the Hua-Pickrell probability measures. Forrester and Witte [53] also studied these
measures (or their projection on the spectrum), referring to them as the circular
Jacobi ensemble.

The organization of the chapter is as follows : Section 1 extends (2.1) to other
compact groups, such as the unitary group over other fields and the symplectic group.
In Section 2 we use the decomposition of Section 1 to derive central limit theorems
for the characteristic polynomial. Section 3 generalizes (2.3) to unitary groups and a
particular class of their subgroups.
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1. Splitting of the characteristic polynomial

In this section, we give conditions under which an element of a subgroup of U(n, K)
(under the Haar measure) can be generated as a product of independent elementary
transformations. This will lead to some remarkable identities for the characteristic
polynomial.

1.1. Reflections

In the same manner as in Chapter 1, we first define the reflections of a unitary
group. This requires some precisions because the field is not necessarily commutative
anymore.

In the following definition, the rank of a matrix u is defined as the dimension of
the K—vector space generated by the columns by multiplication on the right :

rank(u) = dim{Zuw\i [ A1, A € K} .
1

Definition 2.1. An element r in U(n,K) will be referred to as a reflection if r — Id
has rank 0 or 1.

The reflections can also be described in the following way, exactly as in Chapter
1. Let M(n) be the set of n x n quaternionic matrices m that can be written

mi2 Min
m=|my,es —k—F"-—,...,6np —k——7— ],
1-— mi1 1-— mi1
. t . . . . .
with the vector m1 = “(ma1,...,m1,n) # €1 on the n-dimensional unit quaternionic

sphere and k = m; — e;. Then the reflections are exactly the elements

[ 1ds 0
"= 0 m

with m € M(n—k+1) for some 1 < k < n (note that the above explicit construction
yields *7r = Id, as expected). For fixed k, the set of these elements is noted RK).

1.2. The general equality in law.

There exist distinct ways to generate the Haar measure recursively : for example,
Diaconis and Shahshahani [41] give relations between Haar measures on a group and
a subgroup, Mezzadri [97] presents a method based on Householder reflections and
proved through the Ginibre ensemble. We present here a general simple framework
that includes permutation groups or Lie groups.

For example, to generate a Haar-
distributed element of O(3), it seems natural
to proceed as follows :

e O(eq) is uniform on the unit sphere;

e O(ez) is uniform on the unit circle or-
thogonal to O(ey);

e O(es) is uniform on

{O(e1) A O(ez),—0O(e1) A O(e2)}.

The lines below are a formalization of this
simple idea, for general groups.

Let G be a subgroup of U(n, K), the group of unitary matrices of size n over K.
Let (e1,...,en) be an orthonormal basis of K™ and H = {h € G | h(e1) = e1}, the
subgroup of G which stabilizes e;. For a generic compact group A, we write uy4 for
the unique Haar probability measure on A. The following result holds :
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Proposition 2.2. Let g and h be independent random matrices, g € G and h € H
with distribution py. Then gh ~ ug if and only if g(ex) ~ p1(ug), where py is the
map u+— u(er).

Proof. If gh ~ pg, then g(e1) = gh(e1) ~ p1(pg)-
Suppose now that g(e;) ~ p1(ug). Thanks to the uniqueness of the Haar proba-
bility measure, to prove gh ~ pug, it suffices to show

agh faw gh
for any fixed @ € G. Since g(e1) ~ pi(ug), ag(er) ~ pi(ug). Therefore in an or-
thonormal basis with first element e;, the matrix ag can be written (p(e1),p) with

pler) law g(e1). Consequently, by conditioning on the value g(e1) = p(e1) = v, it is
sufficient to show that

(v.9)h = (0.},
for some distributions on p’ and ¢’, still assumed to be independent of h. As v =
g(e1) ~ p1(ug), there exists almost surely an element a, € G with a,(e;) = v. By
multiplication of the above equality by a; !, we only need to show that

p//h law q”h
for some elements p” and ¢’ in H, again assumed to be independent of h. By condi-

tioning on p” (resp ¢”), we know that p”h v (resp ¢"h faw h) by definition of the
Haar measure pg. This gives the desired result. |

This proposition will enable us to give a simple way to generate the Haar measure
on the group G. Before stating the corresponding theorem, we need to introduce the
following definition.

Definition 2.3. Let G be a subgroup of U(n,K) and, for all 1 < k < n—1, let ug
be the Haar measure on this subgroup of G : Hip = {g € G | g(ej) = €;,1 < j < k}.
We also set Ho = G, po = pg. Moreover, for all 1 < k < n we define pi as the map
pE u— u(eg).

A sequence (v, . ..,vn—1) of probability measures on G is said to be coherent with
pg if for all0 < k <n—1, vy(Hir) = 1 and the probability measures pr+1(vi) and
pr+1 (k) are the same.

In the following, vp X 11 X -+ X v,_1 stands for the law of a random variable
hohi...h,_1 where all h;’s are independent and h; ~ ;. Now we can provide a
general method to generate an element of G endowed with its Haar measure.

Theorem 2.4. Let G be a subgroup of U(n,K). Let (vo,...,Vn-1) be a sequence of
coherent measures with pg. Then pg and vy X v1 X --- X vp_1 are the same :

g =g Xvy X+ XVUp_1.
Proof. 1t is sufficient to prove by induction on 1 < k& < n that
Un—k X Un—k+4+1 X = X VUp1 = UH, &>

which gives the desired result for kK = n. If kK = 1 this is obvious. If the result is true
at rank k, it remains true at rank k 4+ 1 by a direct application of Proposition 2.2 to
the groups H,,_x—1 and its subgroup H,_. O

As an example, take the orthogonal group O(n). Let Y]ng) ={z eRF||z| =1}
and, for x, € Yﬂék), ri(zk) the matrix representing the reflection which transforms xy,
in the first element of the basis. If the x;’s are uniformly distributed on the Yﬂék)’s
and independent, then Theorem 2.4 implies that

T (Tn) ( Igl Tn71((35n71) ) ( Idg_Q 7"2862) ) ( Id%_l 7"1(0551) ) ~ [O(n)-
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1.3. Decomposition of determinants as products of independent random variables.

From now on, in the remaining of this chapter, the determinants are supposed to
be over commutative fields : the study of determinants over the quaternionic field is
not our purpose here.

Let G and H be as in the previous subsection and let R be the set of elements of
G which are reflections : the rank of Id — u, u € R, is 0 or 1. Define also

r.{ H — Un-1,K)
pr: h —> hspan(€27---7en)

where hgpan(e,,....e,,) 1S the restriction of h to span(es, ..., e,). Now suppose that

{g(e1) [ g € G} ={r(er) [r e R}. (2.4)

Under this additional condition the following proposition allows to represent the cha-
racteristic polynomial of G as a product of two independent variables.

Proposition 2.5. Let g (~ ug), ¢’ (~ pug) and h (~ py) be independent. Suppose
that condition (2.4) holds. Then

det(Id, — ) 2 (1 — (e1, ¢'(e1))) det(Id,_1 — pr(h)).

Proof. Note that in Proposition 2.2, we can choose any matrix in U(n,K) with its
first column having distribution p;(ug). Let us choose the simplest suitable transfor-
mation : namely r, the reflection mapping ey onto r(ey) if r(e1) # e; (Id if r(er) = e1)

with r(eq) law g(e1) independent of h. Thanks to condition (2.4), r € G. Define the
vector k as k = r(e1) — e1. There exists (Az,...,\,) € K1 such that

r=(e1+k,ea+kda,....en+k\).
Hence from Proposition 2.2, one can write
det(1d — ¢) '™ det (Id — rh) = det (tﬁ - r) deth.

t—

If we call (u1,...,un—1) = pr(h) then using the multi-linearity of the determinant,
we get
det(F—r) = det (—k( 0 ) —eg—kAQ,...,( 0 ) —en—k/\n)
U1 Up—1

det(—k,( 0 >—62,...,< 0 >—en)
U1 Un—1

—k
det( !

det(‘h—r) = —kldet(tpr(h)—Idn,l).

Finally, det(Id—g) 2 —k;det(Id—pr(h)), with —k; = 1—(e1,7(e1)) 2 1—(e1, ¢'(e1))
and h independent. [l

This decomposition can be iterated to write the determinant as a product of
independent random variables. We first need the equivalent of condition (2.4) for
every dimension.

Definition 2.6. Note Ry the set of elements in Hy which are reflections. If for all
0<k<n—-1
{r(ext+1) |7 € R} = {h(ex+1) [ h € Hy},

the group G will be said to satisfy condition (R) (R standing for reflection).
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Remark. We do not know an easy classification of groups satisfying condition (R).
For example, the symmetric group belongs to this class but not the alternate group.

The following result now follows immediately from Proposition 2.5, combined with
an induction on n :

Theorem 2.7. Let G be a subgroup of U(n,K) satisfying condition (R), and let
(vo,...,Vn—1) be coherent with ug. Take hy ~ v, 0 < k < n—1, and g ~ ug,
all being assumed independent. Then

n—1

det(Id — g) = [T (1 = (hr(ersr), enta))-
k=0

1.4. Unitary groups.

Take G = U(n,C). Then py, = fr(pum-kc)) where fr : A € U(n — k,C) —
Id, @ A. As all reflections with respect to a hyperplane of C* % are elements of
U(n — k,C), one can apply Theorem 2.7. The Hermitian products (e, hi(ex)) are
distributed as the first coordinate of the first vector of an element of U(n — k, K),
that is to say the first coordinate of the (n — k)-dimensional unit complex sphere with

uniform measure : (hg(€x+1), €x+1) taw e“n\/B1n—k—1 with w, uniform on (—m,)
and independent of By ,,—x—_1, a beta variable with parameters 1 and n — k — 1.

Therefore, as a consequence of Theorem 2.7, we obtain the following decomposition
formula derived in Chapter 1 : let g € U(n, C) be py(n,c) distributed. Then

det(Id — g) law ﬁ (1 — ei“”"\/B1,k71) )
k=1

with wi,...,wpn,B1,...,B1,,-1 independent random variables, the w;’s uniformly
distributed on (—m,7) and the B; ;’s (0 < j < n — 1) being beta distributed with
parameters 1 and j (by convention, By o = 1).

The generality of Theorem 2.7 allows us to apply it to other groups such as
SO(2n) = {g € O(2n) | det(g) = 1}. A similar reasoning (with the complex unit
spheres replaced by the real ones) yields :

Corollary 2.8. Special orthogonal group. Let g € SO(2n) be pig50(2n) distributed.

Then ,
det(Id — g) "= 2T (1 _— /B%’%) ,
k=2

with €1,...,€2n,B1/2,1/2,- -+, B1/2,¢2n—1)/2 independent random variables, P(e}, =
1) = P(ex = —1) = 1/2, and the B’s being beta distributed with the indicated pa-
rameters.

1.5. The symplectic group.

Following the Katz-Sarnak philosophy ([78] and [79]), the study of moments of
families of L-functions gives great importance to det(Id — g) for g € U(n, C), SO(2n)
but also for g in USp(2n,C) = {u € U(2n,C) | uz*u = 2z}, with

s ( _fdn e ) (2.5)

Getting a decomposition as a product of independent random variables for G =
USp(2n,C) requires some additional work, since condition (R) does not apply in
that case. We shall overcome this obstacle by using condition (R) after application of
a suitable ring morphism.
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Let K be a subfield of H and let K’ be a subfield of C. We write M(m,K’) for
the ring of linear transformations on K. Let ¢ : K — M(m,K’) be a continuous

injective ring morphism such that ¢(T) = tgp(a:). This morphism trivially induces the
ring morphism (abusively noted the same way)
o { M(n,K) — M(nm, K’)
" (@giciggn = (9(@ig)h<ij<n
More generally, for any matrix A of size s X ¢ with entries in K, we write p(A) the
sm x tm matrix with entries the ¢(a;;)’s.

Let G be a subgroup of U(n, K) ; then ¢(G) is a subgroup of U(nm, K’). The action
of ¢ can be applied to Theorem 2.4 and implies, with the notation of this Theorem,
p(ug) = e(vo) X o(v1) X -+ X p(vn-1),
because ¢(uv) = @(u)p(v). The measure ¢(ug) is invariant by left translation by any

element of p(G). Indeed, for x ~ pug and a € G, ax law 2, which yields

law

pla)p(r) = plaz) = ¢().

Hence, by uniqueness of the Haar measure, ¢(ug) = fy(g), so that

Hog) = P(vo) X p(v1) X -+ X p(Vp_1).

This constitutes an analogue of Theorem 2.4 about the decomposition of the Haar
measure. What would be the counterpart of Theorem 2.7 about the decomposition of
the determinant ? We have the following extension.

Theorem 2.9. Let G be a subgroup of U(n,K) checking (R), and (vo,...,vn—1) co-
herent with pg. Take hy (~ vg), 0 <k <n—1, and g(~ pyg)), all being assumed
independent. Then

n—1
det(Idum — g) "2 T det (Idum — o({exr1, hilers1)))) -
k=0

To prove this theorem, we only need the following analogue of Proposition 2.5.

Proposition 2.10. Suppose G contains a reflection r. Then, for h € H,
det (Id,m — @(rh)) = det(Id,,, — ¢((e1,7(e1))))det(Idy,(n—1) — @(pr(h))).

Proof. Define the vector k as k = r(e;) — e1. There exists (Ag,...,\,) € K"~! such
that
r=(e1+k,ea+kda,...,en+k\,).

One can write

det (1d — p(rh)) = det (o( R)o(h) — p(r)p(h) ) det (o) = (r) ) det(p(h)).

If we call (ug1,...,Up—1) = tpr(h) then using the multi-linearity of the determinant,

we get

der(o( ) = () =t (-0 () ) ) = olen) = 0ol

(W) - lew - otbreinn )
— et (-t (1)) = leaken (0 ) - eten)

= det ( (k)

0
(P( tw - Idn—l)
= e(=n)det (o Pr(R)) ~ Mpiu-)) -
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We can use the multi-linearity of the determinant from line 2 to 3 for the following
reason : if k = (I1,...,ly), every column of the m x mn matrix ¢(k)p(A) is a linear
combination of the [;’s, hence it can be removed by adding the appropriate linear
combinations of columns of ¢(—k). This concludes the proof. O

Remark. In the previous proof, we see a good reason for our choice of reflections : if
they were defined relatively to multiplication on the left, the matrices () (k) would
not make sense.

Consequently, det(Id — g), for g ~ puspeen,c), can be split in a product of n
independent random variables. This is an easy application of Theorem 2.9 with
H — M(2,C)

. . a+ib cH+id ,
atibtjetkd (—c—i—id a—ib)

the usual representation of quaternions. Indeed, for such a choice of ¢, ®(U(n,C))
is precisely the set of elements in g € U(2n,C) satisfying gz2tg = Z. Here, J, =

< _01 (1) > and Z = Jo®- - -®J is conjugate to z, defined by (2.5). The set (U(n, C))

is therefore conjugate to USp(2n,C), so the law of det(Id — g) is the same in both
sets endowed with their respective Haar measure. As

a,+lb C+ld _ 2 2 2 2
det(Id—(_C_Hd a—ib ))—(a—l) + b0+ +d,

the desired decomposition follows from Theorem 2.9.

Corollary 2.11. Symplectic group. Let g € USp(2n,C) be piuysp(an,c) distributed.
Then

a’

det(Id — g) :H (a — 1)*+ b} + i +d3),

with the vectors (ag, bg, ck,dr), 1 < k < n, being independent and (ay, by, ck, dx) 4 co-
ordinates of the 4k-dimensional real unit sphere endowed with the uniform measure ;

hence (a, by, ci, dr) law \/W(Nl,/\/g,/\/g,/\ﬂ;) with the N s independent stan-

dard normal variables.
Remark. If N1, N, ..., Nk, ..., N, are independent standard normal variables, then

N+ + NP law
NZ+ + N2 he

Consequently, with the notation of Corollary 2.11,
((Li,biﬂ-ci +dz) a (Bl 2k— (1 _B%,Qk—%) B%’Qkfg) )

with B and B’ independent beta variables with the specified parameters. This gives
the somehow more tractable identity in law

law 2 /
det(ld — g H (1+ek,/B%72k_%) +(1—B%72k_%)B%72k_2 :

with all variables independent, P(e, = 1) = P(e, = —1) = 1/2.
Moreover, note that our method can be applied to other interesting groups such
as USp(2n,R) = {u € U(2n,R) | uz'u = 2z} thanks to the morphism

C =  M(2,R)

PN a+ib (a—b)
b a
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The traditional representation of the quaternions in M(4, R)

H — M(4,R)
a —-b —c —d
@ o b a —-d -—c
a+ib+jc+kd — d 0 —b
d —c b a

gives another identity in law for a compact exotic subgroup of U(4n, R).

1.6. The symmetric group.

Consider now S, the group of permutations of size n. An element o € S,, can be
identified with the matrix (5g(i))1<i7j<N (6 is Kronecker’s symbol).

Let H be a subgroup of {a: cH||z|> = 1}, endowed with the Haar probability
measure py, and let H, be the group of diagonal matrices of size n with diagonal
elements in H. Then the semidirect product G = H™ - §,, gives another example of
determinant-splitting. More explicitly,

g = {(hj(si(i))lgi:jg” | RS Sn, (hl, .. ,hn) S Hn}

As the reflections correspond now to the transpositions, condition (R) holds. Mo-
reover, with the notation of Theorem 2.7, hi(ex+1) is uniformly distributed on the
unit sphere {xexy1 | x € HY U---U{xe, | © € H}. Therefore, following Theorem 2.7,
we can state the following decomposition result :

Corollary 2.12. Let g € G(=H"-S,,) be ug distributed. Then
det Id — law H 1 — a:ka

with x1,...,2n,X1,...,X, independent random variables, the x’s upg distributed,
PXry=1)=1/k, P(X, =0)=1-1/k.

Remark. Let k, be the number of cycles of a random permutation of size n, with
respect to the (probability) Haar measure. Corollary 2.12 allows us to recover the law

of k,
]f law X1+ +Xn,

with the Xj’s Bernoulli variables as previously. Indeed, take for example H = {—1,1}
in the Corollary. If a permutation o € &, has k, cycles with lengths I1,..., 1k,
(>°1 e = n), then it is easy to see that

ko

det(zld — g) = H — k)
k=1

with the 7’s independent and uniform on {—1,1}. Using this relation and the result
of Corollary 2.12 we get

n

ko
H(l—kak gvH 1_7]k

k=1

the z’s being also independent and uniform on {—1,1}. The equality of the Mellin
transforms yields, after conditioning by the X;’s and k.,

E (ek(xl+~~+xk>) = E (M)

for any A € R, giving the expected result. Note that conversely Corollary 2.12 follows
from the law of k.
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Remark. The above Corollary (2.12) deals with the permutation group H" - S,,. For
central limit theorems concerning the permutation group itself (i.e. limit theorems for
logdet(e'? — g) with g € S,,), the reader should read [64]

In this section we have shown that for g € G, a general compact group endowed
with its Haar measure, det(Id — g) can be decomposed as a product of independent
random variables. This can be generalized to some h-sampling of the Haar measure.
This will lead us in Section 4 to a generalization of the Ewens sampling formula, well
known for the symmetric group.

2. Limit theorems

The decomposition of the characteristic polynomial as a product of independent
random variables for the groups SO(2n), USp(2n) and

(OD)" - Sy = {(96 ) )i<ijcn | 0 € Sy (01, 0,) € (—m,m)"},

implies central limit theorems for its logarithm, together with an estimate for the rate
of convergence.

The proof follows from Corollaries 2.8, 2.11, 2.12, and from the Berry-Esseen
inequality, already stated in Chapter 1 as Theorem 1.9.

Corollary 2.13. Let gn be puso(an) distributed. Then as n — oo

logdet(Id — g, 17 aw
g det( 9)+20gn1_>N,
Vdiogn
where N is a standard real normal variable. Moreover, this convergence holds with

speed 1/(log n)3/2 : there is a universal constant ¢ > 0 such that for any n > 1 and
reR

c

P logdet(Id — g,,) + %logn
Viogn

The same result holds if gn is pusp(en) distributed, but with drift —% logn instead of

) x) ~P S e (e

%1ogn in the two above formulae.

Remark. The above Corollary admits a generalization to any Jacobi ensemble, shown
by a different method in Chapter 5.

Now let us consider the case of (0D)"-S,,. Let the X} s and wy’s be all independent,
PXy =1) = 1/k, P(X; = 0) = 1 —1/k, and the wy’s uniform on (—m, 7). Then
the exotic normalization in the following result comes from Corollary 2.12 and the
calculation

Var(|log(1 — e“*X;)[?) ~ E(]log(1 —e“1)|? -
> V(o O, Bllos(t =) 3 g
and E(|log(1 — e“1)[?) = Y2, 1/¢? = n% /6, as shows the Taylor expansion log(1 —
) = — > et /g,

Note also that an application of the Berry-Esseen inequality gives a slower rate of
convergence, only 1/+/logn in this case.

Corollary 2.14. Let g, have distribution the Haar measure on (OD)" - S,,. Then as

n — 0o
log det(Id — g,,)

1/’{—;logn

where N1 and Ny are independent standard real mormal variables. Moreover, this
convergence holds with speed 1/+/logn, for the real and imaginary parts.

la—W>./\/1 +iMNa,
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Note that the decompositions as products of independent random variables can
also be used to get iterated logarithm laws in the same manner as Proposition 1.12,
or large and moderate deviations estimates.

3. The Ewens sampling formula on general compact groups

Here again, a permutation o € &, is identified with the matrix (5i(i))1<i:j<”'
The Haar measure on S, can be generated by induction. Indeed, let m,...,7, be
independent transpositions respectively in Si,...,S,, with P(7;(1) = j) = 1/k for
any 1 < j < k. Theorem 2.4 shows that if o ~ ugs, then

law Id1 0 Idn,Q 0 Idn,1 0
O'—Tn< 0 Tnl)”.( 0 7_2)( 0 7_1). (2.6)

Read from right to left, the RHS of (2.6) corresponds to the so-called Chinese restau-
rant process, while from left to right this is the Feller decomposition of the symmetric
group (see e.g. [4]).

What if the independent distributions of the 73,(1)’s are not uniform anymore?
Let 0 >0.If forall k> 1

e if j=1
P(r(1) = j) =4 oFk—1 ' J : 2.7
=i ={ T 17 (27)

then the distribution ug? of

_ 1d, 0 Id,—2 0 Id,—1 O
T=n 0 Tn—1 Y 0 T2 0 T1 ’
can be expressed as a deformation of the Haar measure ps, = ufgln? : for a fixed ¥ € S,

fh=
P (e)(O’ZE)ZE Z),

B, (07) Pus, (0=

HSy,

with ky the number of cycles of the permutation X. This is the Ewens sampling
formula (for a direct proof, see e.g. [4]), which can also be formulated this way : for
any bounded or positive function f from S, to R

Eys, (f(0)0%)
Eps, (0%)

which means that ug? is the #F-sampling of s, . Our purpose here is to generalize
the non-uniform measure (2.7) to any compact group, and to derive the corresponding
equivalent of the Ewens sampling formula (2.8).

As usual, in the following, G is any subgroup of U(n, K). Take § € C such that

E, 0 (/(0) = 28)

0<E,, (det(Id — g)3det(Id — y)‘i) < . (2.9)

For 0 < kK < n —1 we note
<k>.{ g — RF

TP g s (= (glersn)seni) (1= (glensn)s enen)?

Moreover, define dets as the function

detr G — RT B
YU g = det(ld — g)°det(ld — g)°

Then the following generalization of Theorem 2.4 (which corresponds to the case
0 = 0) holds. However, note that, contrary to Theorem 2.4, in the following result we
need that the coherent measures vy, ..., V,_1 be supported by the set of reflections.



46 hua-pickrell measures on compact groups

Theorem 2.15. Generalized Ewens sampling formula. Let G be a subgroup of
U(n,K) checking condition (R) and (2.9). Let (vo, ..., vn—1) be a sequence of measures

(8)

coherent with pg, with viy(Ry) = 1. We note u(gé) the dets-sampling of ug and v,

the expgk)—sampling of vi. Then

1/(()6) X yf‘s) X e x U0 = M(g‘s),

that is to say, for all bounded measurable functions f on G,

Epg (f (9)det(Id — g)°det(Id — y)a)
Epg (det(Id — g)°det(Id — g)é) '

Eué‘;)x~~><u,,(21 (f(T07”1 .. .Tnfl)) =

Proof. From Theorem 2.4,

Epg (f (9)det(Id — g)?det(Id — g)a)
E,, (det(ld — ¢)7det(1d — g)é)

Evyoroxon s (f(ro o rne1)det(Id — 7o . . .7p_1)°det(Id — m)ﬁ)
Evysoroxr s (det(Id oy )3det(Id — m)é)

As ry is almost surely a reflection, we know from the proof of Theorem 2.7 that
det(Id —rg...7p—1) = Z;&(l — 1) a.s. where 1y = (rg(eg+1), ex+1). So thanks to
the independence of the r;’s
Eyo (/(9)det(1d — g)°det(1d - 5)°)
E,, (det(Id — g)3det(1d — y)é)

n—1 (1- 7’]@)5(1 _ ﬁ)g
:Ey0x~~~><un,1 f(?" '~~7"n—1) -
i I];[) E,, ((1 —r)0(1— ﬁ)é)

By the definition of the measures V,(f), this is the desired result. O
Remark. A generalized Ewens sampling formula could also be stated for ®(G), with
G checking condition (R) and ® the ring morphism previously defined. For simplicity
it is stated in the restricted case when G directly checks condition (R).

For G = U(n,C), Borodin and Olshanski [16] call ,u(gé) a Hua-Pickrell measure
(see the introduction for an explanation). We keep this name for all groups checking
condition (R).

Definition 2.16. The measures ,u(gé) are called the Hua-Pickrell measures on the
group G (which must satisfy the conditions of Theorem 2.15).

The general Theorem 2.15 gives a proof of formula (2.8), although det(Id —g) =0
in the case of the symmetric group. Indeed, we can consider the semidirect product
G = {-1,1} - S,,, consisting of all matrices (sjdff(j)) with ¢; = £1, 0 € S,. The
group G checks all conditions of Theorem 2.15 for § € R*. Moreover a sampling by
the function expgk) corresponds to a sampling by a parameter § = 229~ in (2.8).
Consequently (the first equality follows from Theorem 2.15),

Eyg (f(lg])ldet(Id — g)|*°)
B, (|det(Id — g)[*)

E/‘(se,z (f(g)) = EH‘E; f(|g|) =
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By conditioning on the permutation and integrating on the ¢;’s, we have

B,y (£(lg])ldet(Id — g)[*) = Eyg (E (£(lg])|det(Id — g)[2* | o))
By, (F(g)205 ) =B, (£(9)2050%).

We thus get the desired result :

ko
E o (f(9) = w

Hs,, cst
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Chapter 3

The hypergeometric kernel

This chapter is extracted from Fwens measures on compact groups
and hypergeometric kernels [21], with A. Nikeghbali, A. Rouault,

to appear in Séminaire de Probabilités.

In the previous chapter, we considered the Hua-Pickrell measures ugs()n) on U(n),

the unitary group over the field of complex numbers, which generalizes the Haar
measure fi(y(n)) on U(n) and which is defined by

By (f()det(1d — u)det(1d 7))

Euw) (f(u) = = (3.1)
U(n) E (det(Id —u)8det(Id — ﬂ)‘s)

HU(n)

for any continuous function f, for fRe(d) > —1/2. In this chapter we are interested in
the spectral properties induced by the Hua-Pickrell measures, i.e. by the probability
distribution function

n

ea@) [ (%, P TT (1 - ) (1 - em9)°, (3.2)

k=1

on the set of eigenvalues (€l ... %) of unitary matrices from U(n) endowed with
the probability measure (3.1). In the above formula, ¢, () is a normalizing constant
and A denotes the Vandermonde determinant.

We show that these measures give raise to a limit kernel at the edge of the spec-
trum, generalizing the Bessel kernel. The universality of this hypergeometric kernel is
then proven using Lubinsky’s method.

1. The reproducing kernel

In the above potential (3.2), a non-zero imaginary part b of 6 = a + ib yields an
asymmetric singularity at 1 :

(1- 610)3 (1- e*ie)(S = (2 — 2cosf)reVlmsend=0), (3.3)

We note A\(?)df/27 the probability measure on the unit circle having a density propor-
tional to (3.3) with respect to the Lebesgue measure df. The statistical properties of

the 0;’s depend on the successive orthonormal polynomials (p,(f)) associated to A(%) :

L (T ) o (8), i
[ —
where pi”) (X) = a)XF + - + af with a’’ > 0.

More generally, for a positive finite measure p on the unit circle, which admits

positive integer moments of all orders, we write pli“) for the successive orthonormal
polynomials associated to p, p, for the purely absolutely continuous part of p with
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respect to the Lebesgue measure df, and use the notation p,(a) = 27(du,/do)(«a).

The polynomials p,(f) were obtained by Askey (see p. 304 of [5]) and also derived by
Basor and Chen [7], thanks to a difference equation. We will give an alternative proof.
Of special interest in random matrix theory is the reproducing kernel

n—1 —
K (e, e%) = 3 ()il ()
k=0

and the normalized reproducing kernel
K[E}/L) (eia, eiﬂ) _ /N(L (a)'ua (6)K£iu) (eioz7 €iﬁ).

The first result of this chapter is an explicit expression of KS{S), the reproducing
kernel associated to the Hua-Pickrell measure with parameter 6 (Theorem 3.6) and
the following limit at the edge of the spectrum.

Theorem 3.1. Let § € C, Re(d) > —%. Then, uniformly on any compact set of R?,

1~ ca -
—KO (R, %) — KO (a,B)
n

n—oo

with an explicit kernel f{fﬁ) given in Theorem 3.8 further down. If Re(d) > 0, this
convergence is uniform in compact subsets of R?.

For graphical examples of the hypergeometric kernel, which reflect the main cha-
racteristics, see figures 3.3 to 3.6 at the end of this chapter. Due to the asymmetry of
@) Kg‘?(a,ﬁ) #* K (v, B). For § = 0 it is naturally the sine kernel, and for real ¢
it can be expressed in terms of Bessel functions. In all generality it depends on 1F;
functions, so we refer to f{é‘? as the hypergeometric kernel.

The measure A9 is a generic example leading to a singularity

) |0|2a]19>0 + ) |9|2a]19<0

at § = 0, with distinct positive constants ¢(*) and ¢(=). The hypergeometric kernel,
depending on the two parameters a and b = % log(c(=)/¢1), is actually universal
for the measures presenting the above singularity.

The most classical kernel appearing in different scaling limits is the sine kernel,
appearing in the bulk of the spectrum (i.e. u,(6) > 0),

L0 i0+a/m) i(0+8/n) sin((8 — a)/2)
—KG (e, e ) T T ) (3.4)

For 6 at the edge of the spectrum, with a singularity

pa(@) ~ clf—al*, a>—-1/2,
a—0

the Bessel kernel appears in the above scaling limit :

Ja—l/Q(Oé)JaH/Q(ﬁ) - Ja+1/2(0‘)Ja—1/2(5)
a—f ’

Its universality was shown, among other results, on the segment by Kuijlaars and
Vanlessen [87] and on the circle by Martinez-Finkelshtein & al [94], both relying on
the Deift-Zhou steepest descent method for Riemann-Hilbert problems [37]. Some
analyticity hypothesis is required in this method, and stronger results were shown by
Lubinsky in a series of papers ([90], [91], [92], [93]) Lubinsky showed that the local
behavior of the measure near the singularity is sufficient to obtain universality type
results. In particular, he showed that (3.4) holds for general measures .




the hypergeometric kernel 51

We directly use his method to prove the universality of the hypergeometric kernel,
which generalizes the Bessel kernel (corresponding to a symmetric singularity) but
also the sine kernel, introducing the possibility to be in the bulk of the spectrum
(a = 0) but with a discontinuity of the underlying measure (b # 0).

Theorem 3.2. Let u be a measure on 0D, such that the set of points with p, = 0
has Lebesgue measure 0. Suppose that u is absolutely continuous in a neighborhood of
1 and i (0) = h(0)XO) () in this neighborhood, with h continuous at 0 and h(0) > 0.
Then, uniformly in compact subsets of R2,

n—oo

1~ ca -
EKS{‘)(e‘W,e‘%) — Kg)(a,ﬁ).

If Re(8) > 0, this convergence is uniform in compact subsets of R?.

The proof of Theorem 3.2 strongly relies on the particular example given in Theo-
rem 3.1 : we use Lubinsky’s method, which allows to compare kernels associated to
distinct measures having the same singularity, and this comparison only requires es-
timates on the kernel evaluated on the diagonal : Lubinsky’s inequality states that if
@< p* on 9D, than for any « and 3

L oo o 1/2 oo 1/2
|K£7H) (el()n, elﬂ) _ Kgl/‘ )(€1a7 elﬁ)| < K%M)(elﬁ, elﬂ) / - K%M )(el()n, ela) /
KSZI'/)(eioé7 elo) K;ﬂ) (e, i) K;ﬂ) (e, i) ’

In the next section, we prove Theorem 3.1, by first explicitly working out the family
of orthogonal polynomials associated to the measure (%) (here the main ingredient
is the Pfaff-Saalschutz identity) and then by studying their asymptotics. Section 3
proves Theorem 3.2 : this is made easy thanks to Lubinsky’s localization principle
once Theorem 3.1 is established.

Remark. By means of the Cayley transform, the universality of the hypergeometric
kernel can be translated as the universality of a kernel for measures on the real line
with an asymmetric singularity.

2. Determinantal point process for the Hua-Pickrell measure

Let (e¥1,...,e") be the eigenvalues of a generic element in U(n). This section
explains that Hua-Pickrell measures on U(n) induce determinantal point processes
for the spectrum. There are many motivations to undertake a deeper study of these
determinantal processes.

First, Olshanski [106] has shown that the Hua-Pickrell measures are closely linked
to the natural analogue on the infinite unitary group of the biregular representations.
Such representations can be described by the spectral measure of their characters. This
spectral measure is characterized by the determinantal process appearing in Theorem
3.8. More details about these links between Hua-Pickrell measures and representations
of infinite dimensional groups can be found in [106].

Moreover, many limit theorems about the Hua-Pickrell measures can be derived
from the determinantal expression in Theorem 3.8 further down. For instance, the
number of eigenangles on any compact set of (—m, ) satisfies a central limit theo-
rem. Such results are easy applications of the general theory of determinantal point
processes (see [130]).

Finally, and maybe most importantly, this hypergeometric kernel may appear in
statistical physics : the limit given in Theorem 3.6 is relevant for a large class of
measures presenting the same asymmetric singularity as A(9), as shown in Section 3.
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2.1. Orthogonal polynomials associated to the Hua-Pickrell measures.

Consider a point process x on the unit circle D, with successive correlation func-
tions p1, pa, ... (more precisions about correlation functions and determinantal point
processes can be found in [76]).

Definition 3.3. If there exists a function K : 0D x D — C such that for all k > 1
and (21,...,2;) € (OD)*
pr(z1,. .., 25) = det (K(zi, zj)ﬁjzl)

then x is said to be a determinantal point process with correlation kernel K.

An example of determinantal point process related to the Hua-Pickrell measure is
explained below. Let H(n) be the set of n X n complex Hermitian matrices. Consider

the Cayley transform
{ H(n) — U(n)

—X
X = 1+X

Its reciprocal is defined almost everywhere and transforms the Hua-Pickrell measure
u%()n) in a measure ”%{) (n)- A- Borodin and G. Olshanski [16] studied ug()n) : they
exhibit a determinantal form for the eigenvalues correlation functions, involving hy-
pergeometric functions. Moreover, they suggest that such a form may exist for ,u%?()n)

itself. Theorem 3.6 gives the determinantal kernel for the probability distribution
function
i 5 . 5
5)|A(6191,--- H _ 10k _e_lgk)

induced on the eigenvalues by the Hua-Pickrell measures.
Before stating this theorem, we need the following proposition, which exhibits the
sequence of orthogonal polynomials on the unit circle for the measure

AD(dg) = c(6)(1— (1 — *Wda

= ¢(0)(2—2cosf)*etmsent=0)qg (3.5)

with _

I'(1+6)I'(1+3)
L(1+0+0)

df the Lebesgue measure on (—m, 7). Orthogonality and norm here are with respect
to the Hermitian product

d=a+ib , ¢(9) =

)

(00) = 5= | (N (0)ds (3.6)

—Tr

Figure 3.1. Examples of densities A(%), for 9e(8) negative, zero and positive.
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Proposition 3.4. Let § € C with Re(5) > —1/2. Then A®(0)2L s a probability
measure with successive monic orthogonal polynomials

szé)(X) = X"9F (8, —n;—n —5;X"1), n>0.

’ p

Remark. In this proposition and in the following, (), stands for the Pochhammer
symbol : if n 20, (), =2(x+1)...(x+n—1),and if n <0 (), =1/(x +n)_p.

The hypergeometric function oF; (8, —n; —n — §; X 1) is stricly speaking not well
defined : 9F1(a,b;c; 2) is generally not convergent for |z| = 1 if Re(c — a — b) < 0.
However, in our case, as —b € N, the hypergeometric series contains a finite number
of terms and therefore converges. Actually

Moreover,

(6)

n

’2 5+ 1),n
O+ 1)n(0+1)n

=\ k I(O)(n+1+0)

Proof. Let n > 0. We first calculate the moment of order n

1 efine))\(a)(g)de _ @/ efinG(l . 619)3(1 _ 6710)5(19.

Cn:% o 27

As the Taylor series

(1— 619)3(1 _ e—ie)é _ Z (_]j)keike Z (—9) e—ilo

! {!
k>0 1>0

agrees with formula (3.5), after an expansion of the double series all terms with
n + 1 # k cancel (the exchange of order between integral and sum requires some
attention) and we get

cn = c(0) Z (_l(,s)l ((l_j_)l;)r,l = c(9) (_Tf')ngﬂ(—d, —6+n;n+1;1).
= ! ! !

Combining our choice for ¢(d) and Gauss formula (see [3])

T'(c)T'(¢c—a—10)

oF1(a,b;¢;1) = m

, Re(c—a—1>) >0, (3.7)

leads to

(=0)n
0+ 1)n
The same method shows that formula (3.8) stands also for n < 0 ((x), is defined in

the preceding remark for a negative n). Note that co = 1 so A(®) (9)% is a probability
measure.

(3.8)

Cp =

The polynomials PE{S) (n > 0) are clearly monic, and they are orthogonal if and

only if
1 (7 . )
o / PO (e?)e A0 (9)dg =0, 0 <1 <n -1,

2 J_,

for all n > 1. Note that



54 the hypergeometric kernel

L P<5>( 9107 (9)df

2
:En: (0)k(=n) o —Z (0)k(= (=0)isk—n
= (—n— 6) kk' 0+ Disk—n
(= 3)
The Pfaff-Saalschutz identity (see [3]) states that if —c€ Nandd+e=a+b+c+1
then
(d—a)-c(d—b)—c
(d)—c(d—a—b)—c

Consequently, as | < n, <P£{S), X" =0 and so the PE{S)’S are orthogonal. Moreover, as
they are monic, we get

3F2(5 ~0+1—n,—n;1+8+1—n,—n—03;1).

3F2(CL, b7 (X da €; 1) =

HP@H (PO X"™) = 3F5(8, =0, —n; —n — 0, 1 4 6; 1),

(0+5+1)nn!

which is GBI (1D,

once again thanks to the Pfaff-Saalschutz identity. O
Note that the orthogonal polynomials in the above Proposition 3.4 necessarily
follow the Szegd’s recursion formula

PO (2) = 2PP(2) — @, PP (2)

where Pg{s)*(z) =P (271). The coefficients «, are called Verblunsky coeflicients
and satisfy the condition a,, € D : they play a central role in the theory of orthogonal
polynomials on the unit circle (see [122], [123]). In particular, they can be used as a
set of coordinates for the probability measure A(®) /27 in the manifold of probability
measures on the unit circle. Hence it is of interest to identify them : it follows from
Proposition 3.4 that the Verblunsky coefficients associated to the measure A(%) are

(0)nt1 o1 '@ + 1)672i3m(6) log n
(5 + 1)n,+1 n—oo N F((S)

as shown by the asymptotics I'(n + a) /T'(n) ~ n®.
Another quantity of interest in this theory is the Caratheodory function, easily
calculated thanks to the exact expression of the moments ¢,, previously obtained :

T _if (6)
F(z):/ ¢ +2L_1+2ch

0 _
- €Y=z

Qp = —

=142 Z 2" =2,F(=6,1,0+1,2) -1

The main results concerning the Hua-Pickrell measures are summarized below.

Hua-Pickrell A (6) = c(8)(2 — 2 cos )¢ P(TsEnd=0)
i : ) 5
density 6 =a+ib, ¢(6) :_F(éail(;f:g )
Moments cn (=9)n

(6"1’1)”
Orthogonal polynomials PS{S)(X) = X"9F (6, —n; —n — 0; X71)

2 _
2 (G454 1)an!
L“ norm R CENGER
Verblunsky coefficients an = —1 E(j)ln),:l 1
Asymptotics n _ 1L+ ,—2iIm(s) logn

nooo ™ T'(5)

Caratheodory function F(z) = 2.F(—6,1,6 +1,2) — 1
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2.2. Consequences for fixed n.

In fact, the second claim of the above Proposition 3.4 gives a new proof of the
Keating-Snaith formula [80] for the average of the characteristic polynomial Z, =
det(Id — u) of a random unitary matrix, originally derived with Selberg’s integrals :

Corollary 3.5. Let Z,, = det(Id — u), with u ~ pyemy. Then

ar n BT (k+t
By ny (|1Zn'e gzn H T T ( (kjL)t—iS)' (3.9)
k=1 2

Proof. An application of Heine’s formula (see e.g. [133]) yields :

sar 9 1 n—
By (1Zlle %) = ——det ((x*, X'yl )

c(9)
where t > —1, s € R and where the Hermitian product is defined in (3.6) with
6 = t*% It is well known that this determinant of a Gram matrix is the square of
the volume of the parallelepiped determined by the vectors 1,X, ..., X"~ 1. The "base
times height” formula implies that this volume is the product of the norms of the
successive monic orthogonal polynomials :

E

sar n _ (6) (k)f‘(k—i—t)
U (n) (|Zn|t6 g%n) = H HP H k‘—i— t+1s) (k—|—%)'

This agrees with (3.9). O

Note that Chapter 1 contains still another proof of (3.9), relying on a decomposi-
tion of Z,, as a product of n independent random variables.
Theorem 3.6. Let § € C, Re(6) > —1. Foru ~ ,u(UE()n), consider x = {el%1,... e}
the set of the eigenvalues of u. Then x is a determinantal point process with correlation
kernel

RO (e, ¢1P) = dy (8)1/ MO (a)A®) ()
¢ Q) (e=io) QP (¢17) —

7.77.((‘4 8)
e

Q(é)( 1a)Q(5)( ﬂﬂ)

Here d,(0) = %, Qg{s)(x) = oF (6, —n; —n — 0;z) and A9 (a) is defined by
(5.5).

Remark. First, substituting § = 0 leads to the kernel

. nla—p)
KO, ) = 22— (3.10)
SlnT

Moreover, in the above theorem and in the following, the values of the kernels on
the diagonal are defined by continuity, the limit being easily derived from L’Hospital’s
rule (examples of these diagonal values are given in figure 3.2) :

KO (i, elo) = d,, (§)AO) (oa)29ie(2F1(3, —n,—n — §,€)

(ggFl((S, —n,—n —0,e" %) — ange_i"‘gFl(é +1,-n+1,-n—0+1, e_ia))>
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v/\/\ 14 /F\/\/\J” o r\/“\f\/A\ 12} e
N\ 2l J/\/ \‘ of ~ Ve
\ / | /
\ 10f f | [
‘ | “ 8r |
\ 8 | |

Figure 3.2. K&{S)(eia, e'®) for n =10 and § = 5 (left), § = 3 + 5 (right)

Proof. This is straightforward once we know the orthogonal polynomials from Pro-
position 3.4 : the following arguments are standard in Random Matrix Theory, and

more details can be found in [96]. Let f(e!?)df be a probability measure on (—, 7).
Consider the probability distribution

F(el%, ... e%)db, ...d0, = c(n, f) H f(el% H s (R
k<l
on (—m,m)"™, with ¢(n, f) the normalization constant. Let Py (0 < k < n—1) be monic

polynomials with degree k. Thanks to Vandermonde’s formula and multilinearity of
the determinant

n—1 i9j n
H,/ F(ei%) [T (e — %) = H|Pk|L2(f)det< F(e0r)Lrle). )> ,
1

k<l k=0 ||Pk||L2(f)

Multiplying this identity with its conjugate and using det(AB) = detAdetB gives

F(el% ... elf) = det (f{n(eieﬂ' , eiek‘)zkzl)

with K,, (,y) =c\/f Y) e é IT‘]is(Zﬁzpk(@;) the constant ¢ depending on f, n and

the P;’s. This shows that the correlation p, has the desired determinantal form.

Gaudin’s lemma (see [96]) implies that if the polynomials Pj’s are orthogonal in
L2(f), then

pue ™ e%) = det (R (6,6 )

J,k=1
forall 1 <1< n. As 5= [T p

(€9)df = n, then ¢ = 27, so the Christoffel-Darboux
formula gives

Kn(xay) = 27TVf Z ||P]<HL2
_ \/ P* Pn(x)Pn(y) .

"P. HL2 Ty

where P*(z) = 2" P,,(1/7).

Concerning the Hua-Pickrell measure, taking in the above discussion A\(9) for f,
replacing the kernel K, (e'®, ) by €5 K, (!, ef)e i (this doesn’t change the
determinant), we get directly the result of Theorem 3.6. O
2.3. Asymptotics.

The asymptotics of the kernel (3.10) is given by

sin ( 45
K9(a, 8) = lim K<0>( i e%):#.

n—oo n
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A similar limit holds for the Hua-Pickrell determinantal kernel, given in Theorem 3.8.
To this end, we shall need the following asymptotics :

Proposition 3.7. Let § € C, Re(d) > 1/2. Then

o P (R ) I
1 g F 67— ;— —5, In = F 6,5+6+1,97
A 7 2 (9, —ni—n — dret) T(o+o+1) i )

uniformly on {0 € K}, with K any compact set of R.

Proof. The function ¢(™ : 6 n=? oF1 (8, —n; —n — 5;ei%) satisfies the ordinary
differential equation

[n(l - fi%)} pog"™
+ [—1(1 —e ) fie i (n+6) —i(n—03 — 1)} dpg™ +3g™ =0 (3.11)

with initial conditions (here we use the Chu-Vandermonde identity)

g™0) = (_g’_ﬂ — (5;'374'1)”
_n (—n—0)n _n (0+1),
g (0) = . 10(—n— 0 —0)pn—1 _ _1(5(5 +042)n-1
no(n+8)(—n —8+1)p_1 no(n+8)(0+ 1)1

Taking n — oo in (3.11) and using the classical theory of differential equations (i.e.
the Cauchy-Lipschitz theorem with a parameter), we can conclude that g™ converges
uniformly on any compact set to the solution g of the differential equation

(10)9p0g + (i(8 + 0 + 1) + 0)0pg + 6g = 0 (3.12)
with initial values g(0) = lim,, g (0) and ¢’(0) = lim,, g™’ (0) i.e.

_ T(+1)
9(0) = L(+3+1)

oy 1606 +1)
90 =552

The unique solution of (3.12) is

reo+1 - -

(§+0+1)
concluding the proof. O
Consequently, using this proposition and Theorem 3.6 the re-scaled correlation
function associated to the Hua-Pickrell measure can be written in a determinantal
form. Note that in the following theorem, if fRe(d) < 0, the convergence is uniform

only on compact subsets of R? because of the pole of A(®) () at § = 0. If Re(s) > 0,
no such problem appears and the convergence is uniform on compacts of R2.

Theorem 3.8. Let § € C, Re(8) > —%. Uniformly on any compact set of R,

1 o s N
SRR, — KO (0.8)
n n—00
with
K((;(S)) (OC,B) _ 6(5) |a6|9’ie6 efg(ﬁmé)(sgnoﬁrsgnﬁ)

e*27 QW (—ia)Q® (iB) — e71*27 QD (10)Q®) (—iB)
a—p
Here e(d) = #% and Q) (x) = 1F1(6,0 + 0 + 1;x). If Re() > 0, this
convergence is uniform on compact subsets of R?.
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Remark. As expected, the kernel f{éﬁ? coincides with the sine kernel for § =0 :

~ o sin ((12;[3)
KO (el f) = —
T2

For Me(§) > —1/2, 1F1(6,6 + 0 + 1,2) (and then f{é‘?) can be expressed in terms of
Whittaker functions, and for § € R as Bessel functions (see [3]).
Remark. In [16] the determinantal kernel on the real line associated to Hua-Pickrell
measures on the Hermitian matrices H(n) is given. Its asymptotics, after the scaling
x — nx on the eigenvalues, is noted f(g’H)(x,y). With no surprise, the expression
given by Borodin and Olshanski coincides with ours after a suitable change of va-
riables :

. . 2 2

R (o) = FOREY (2.2) (3.13)

Ty

for a constant f(§). This was observed by Borodin and Olshanski thanks to the follo-
wing argument, linking the unitary and Hermitian ensembles via the Cayley transform

{ H(n) — U(n)
i—X

Indeed, this function transforms the Hua-Pickrell measure on H(n) into the Hua-

Pickrell measure on U(n). Therefore, a scaling z — nz of the eigenvalues on H(n)

corresponds to a scaling o +— £ for the eigenangles on U(n) :

1 — 2i 1
Y e 40 (—) ) (3.14)

i+nx

leading to the correspondence a = =. Theorem 3.8 gives an alternative proof of
(3.13), by direct calculation. Note that for fixed n we do not have an identity like
(3.13), because of the error term in (3.14).

2
x

3. Universality of the hypergeometric kernel

Theorem 3.2 is a direct application of Lubinsky’s localization method, that we
recall here for completeness.

Lubinsky’s inequality (see [90], [91], [92], [93] or the review [126] by Barry Simon)
states that if u < p* on dD, then for any o and

. . * . . . . 1/2 * . . 1/2
|K£7H) (el()n, elﬂ) _ Kglﬂ )(el()n, elﬂ)| . Kg{"‘)(elﬁ’ elﬁ) / - K%M )(el()n, ela) /
KW (ele, i) Kglu)(eia7 ei) Kgl/‘)(eia7 eie)

Therefore, with the diagonal control of the Christoffel-Darboux kernel and some lo-
calization work, the off-diagonal limits of a general kernel can be obtained from a

special one, here KEE). Lubinsky evaluates the diagonal kernel using the variational
formulation )
L AT PE)Pduls)
Ko (60, 610)  deg(P)n—1 P (cif)]2

To state his result, we need to introduce the concept of mutual regularity.

Definition 3.9. Let p and v be measures on OD. We say that they are mutually
reqular if as n — oo

1/n 2 1/n
L1zt gy
su e —1 and su —_— — 1.
degPpén <f |P|2dV degPpén f |P|2dﬂ
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Moreover, mutual regularity is linked to the concept of regularity in the sense of
Stahl and Totik, defined for a measure p on the unit circle by the condition

(a‘giu))l/n — 17

n—oo

where aﬁ{‘ ) is the coefficient of X" in pﬁ{‘ ), the n'" orthonormal polynomial for the
measure u. If p, is almost everywhere positive then it is regular, and it is mutually
regular with the weight v/ = 1 with the same support as p (see [127]). In particular,
an almost everywhere positive measure is mutually regular with A(®).

As indicated by the title of his paper [91], Lubinsky has shown that mutually
reqular measures have similar universality limits in the context of measures on the
real line. His Theorem 4 in [91] has the following strict analogue on the unit circle,
the proof being the same as Lubinsky’s, replacing everywhere the scalar product by
the Hermitian one.

Theorem 3.10. Let p and v be mutually regular measures on 0D. Let J be a compact
subset of the support supp(u) of p. Assume that 1 is an open set containing J, such
that in INsupp(p), p and v are mutually absolutely continuous. Assume moreover that
at each point of J, the Radon-Nikodym derivative du/dv is positive and continuous.
Assume that () is a sequence of positive numbers with limit 0, such that for any

A>0
K'ELV) (ei(z9+o¢6n)7 ei(0+a6n))

lim lim sup
n—0t n—oo K(”) (ei(9+a6n) ei(9+a5n))
n—[nn] ’

uniformly for 0 € J and |a| < A. Then for any A > 0, uniformly in «, B in [—A, A]
and 0 € J, with 6 + ae,,, 0 + Be, restricted to supp(u),

=1 (3.15)

d_M(H)K’ELH) (ei(e—i—aen)’ ei(0+ﬂen)) _ K’ELV) (ei(e—i—aen)’ ei(0+ﬂen))

v

lim e -
n—00 Kn“ (61(9+a57,,)’€1(0+aen))

0.  (3.16)

Remark. If J consists of a single point in the interior of the support, this Theorem
shows easily the universality of the sine kernel by taking for v the uniform measure
on OD. We will use the above result when J = {1} is a point at the edge of the
spectrum, and v = A\(®)(9)df. Note that the continuity of du/dv in J is in the sense
of approaching points in J from all points of the support of u.

Moreover, in Theorem 4 in [91], there is a technical condition on the diagonal

kernel (condition (4) in [91]) which aims at replacing K (ei(0+aen) ¢i(6+asn)y by
Kg‘)(ei(e), e @) in (3.16). We do not need this replacement here, hence we omit the
analogue of Lubinsky’s technical condition (4).

Proof of Theorem 3.2. We choose v = A9 (0)df, €, = 1/n and p as in Theorem 3.2
to apply Theorem 3.10, . The measure pu is almost everywhere strictly positive, so as
previously mentioned it is mutually regular with v.

Moreover, for our choice of v, the technical condition (3.15) follows directly from
the calculations of the previous section, in particular Theorem 3.8.

The conclusion of Theorem 3.10 holds, so the kernels h(O)Kg{L) and K have
the same asymptotics uniformly on R?. This implies that the normalized reproducing

kernels f{ﬁ{‘ ) and IN(%E) have the same asymptotics uniformly on R2. The asymptotics of

KS{S) are given in Theorem 3.8, and yield the expected result, with distinct uniformity
domains whether JRe(d) > 0 or not. O
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Figure 3.3. The sine kernel : § = 0. Figure 3.4. The Bessel kernel : § = 1.
Depends only on the difference o — . Symmetric with respect to (0, 0).

2> -
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Figure 3.5. The pure discontinuity for
the hypergeometric kernel : § = i. No Figure 3.6. The hypergeometric ker-
symmetry except (o, 8) — (8, a), dis- nel : 6 = 14i. Continuous if Re(d) > 0,

continuous at « =0 or § = 0. discontinuous otherwise.



Chapter 4

Random orthogonal polynomials on the

unit circle

This chapter corresponds to Clircular Jacobi ensembles and defor-
med Verblunsky coefficients, International Mathematics Research
Notices, 4357-4394 (2009), and The characteristic polynomial on
compact groups with Haar measure : some equalities in law [22],
C. R. Acad. Sci. Paris, Ser. I 345, 229-232, (2007), joint works
with A. Nikeghbali and A. Rouault.

This chapter combines the decomposition of the characteristic polynomial as pro-
duct of independent random variables, obtained in the first two chapters, with the
theory of orthogonal polynomials on the unit circle (OPUC).

In particular, writing in a generic manner det(Id — u) = []}_, (1 — &) with inde-
pendent 7;’s, we give a geometric meaning to the v4’s in terms of deformed Verblunsky
coefficients, which are closely related to the Verblunsky coefficients appearing in the
OPUC theory.

This point of view allows us to propose a simple matrix model for the following
circular analogue of the Jacobi ensemble :

n
engs I 167 =P TJ( = em®)(1 - e
Jj=1

1<k<I<n

with Red > —1/2. In the case 6 = 0, the construction is due to Killip and Nenciu
and is based on the classical Verblunsky coefficients.

The introduction of these deformed Verblunsky coefficients also allows to give limit
theorems for the empirical spectral distribution

1 n
- k; 8 ion

in the regime 6 = d(n) with d(n)/n — d as n — oo : we prove its weak convergence
in probability towards a measure supported on an arc of the unit circle, and a large
deviations principle with explicit rate function.

1. Introduction

1.1. The Jacobi circular ensemble.

The theory of random unitary matrices was developed using the existence of a na-
tural uniform probability measure on compact Lie groups, namely the Haar measure.
The statistical properties of the eigenvalues as well as the characteristic polynomial
of these random matrices have played a crucial role both in physics (see [96] for an
historical account) and in analytic number theory to model L-functions (see [80] and
[81] where Keating and Snaith predict moments of L-functions on the critical line
using knowledge on the moments of the characteristic polynomial of random unitary
matrices).

61
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The circular unitary ensemble (CUE) is U(n), the unitary group over C", equipped
with its Haar measure (). The Weyl integration formula allows one to average any
(bounded measurable) function on U(n) which is conjugation-invariant

1 i ooy d0 do,
[ oy = [ 18 g ) TR TR

where A(ei1, ... elfn) = [Ticicren (el% — €i%) denotes the Vandermonde determi-
nant (see Theorem 1.18 in Chapter 1 for a probabilistic proof of (4.1)).

The circular orthogonal ensemble (COE) is the subset of U(n) consisting of sym-
metric matrices, i.e. U(n)/O(n) = {v'v | v € U(n)} equipped with the measure
obtained by pushing forward py(,) by the mapping v — v tp. The integration formula
is similar to (4.1) but with |A(el?1, ... €l%)|? replaced by |A(e!:, ... e)| and with
the normalizing constant changed accordingly.

For the circular symplectic ensemble (CSE), which will not be recalled here, the
integration formula uses |A(el1, ... ei%)|4.

Dyson observed that the induced eigenvalues distributions correspond to the Gibbs
distribution for the classical Coulomb gas on the circle at three different temperatures.
More generally, n identically charged particles confined to move on the unit circle,
each interacting with the others through the usual Coulomb potential —log|z; — 2|,
give rise to the Gibbs measure with parameters n, the number of particles, and 3, the
inverse temperature (see the discussion and references in [84] and in [48] chap. 2) :

—C(()nﬂ)/f 01 )AL €9))Pdh, ... db,,

where céng is a normalizing constant chosen so that

h(()r,lﬂ)(ela AR on) = CE)’CLIB)|A(€i91, ceey ew“)|ﬁ (42)

is a probability density on (—m, 7)™ and where f is any symmetric function. The
unitary, orthogonal and symplectic circular ensembles correspond to matrix models
for the Coulomb gas at three different temperatures, but are there matrix models for
general inverse temperature S > 0 for Dyson’s circular eigenvalue statistics ?

Killip and Nenciu [84] provided matrix models for Dyson’s circular ensemble, using
the theory of orthogonal polynomials on the unit circle. In particular, they obtained
a sparse matrix model which is pentadiagonal, called CMV (after the names of the
authors Cantero, Moral, Veldsquez [26]). In this framework, there is not a natural
underlying measure such as the Haar measure ; the matrix ensemble is characterized
by the laws of its elements.

There is an analogue of Dyson’s circular ensembles on the real line : the proba-
bility density function of the eigenvalues (x1,...,x,) for such ensembles with inverse
temperature parameter § is proportional to

[A(z1,. .., 2n |BHe 2324z, ... dz, (4.3)

For g = 1,2 or 4, this corresponds to the classical Gaussian ensembles. Dumitriu and
Edelman [44] gave a simple tridiagonal matrix model for (4.3). Killip and Nenciu [84],
gave an analogue matrix model for the Jacobi measure on the segment (—2,2), which
is up to a normalizing constant,

IA(21,. .. @ |ﬂH2_xj (24 x;)bdxy ... da,, (4.4)
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where a,b > 0, relying on the theory of orthogonal polynomials on the unit circle
and its links with orthogonal polynomials on the segment. When a and b are
strictly positive integers, the Jacobi measure (4.4) can be interpreted as the poten-
tial |[A(21,. .., Tnrass)|? on (—2,2)"F2FP conditioned to have a elements on 2 and b
elements on —2. Consequently, the Jacobi measure on the unit circle should be a two
parameters extension of (4.2), corresponding to conditioning to have specific given
eigenvalues. Such an analogue was defined as the Jacobi circular ensemble in [48] and
[52].

Definition 4.1. Throughout this chapter, we note h((;ﬁ) the probability density function
on (—m,m)" given by :

W01, ..., 0,) = SIAE )P T[( - ey (1 —e®)  (4.5)
j=1
with 6§ € C, Re(5) > —1.

Ifo e gN, this measure coincides with (4.2) conditioned to have 2§/8 eigenvalues
at 1. For 8 = 2, such spectral measures were first considered by Hua [70] and Pickrell
[111], [112]. This case was also widely studied in [103] and [16] for its connections
with the theory of representations, and in Chapter 2 for its analogies with the Ewens
measure on permutations group.

One of our goals in this chapter is to provide a matrix model for the Jacobi circular
ensemble, i.e. a distribution on U(n) such that the arguments of the eigenvalues
(el,...,e%) are distributed as in (4.5). One can guess that additional problems may
appear because the distribution of the eigenvalues is not rotation invariant anymore.
Nevertheless, some statistical information for the Jacobi circular ensemble can be
obtained from Dyson’s circular ensemble by a sampling (or a change of probability

measure) with the help of the determinant.

If we consider a matrix model for h((f_l%, we can define' a matrix model for h((s"ﬁ)

by the means of a sampling (in the sense of Definition 1.16), noticing that when the
charges are actually the eigenvalues of a matrix u, then (4.2) differs from (4.5) by a
factor which is a function of det(Id — u). Actually dets is defined as in the previous
chapters :

dets(u) = det(Id — u)°det(Id — @)°

and we will use this dets sampling.

Actually we look for an effective construction of a random matrix, for instance
starting from a reduced number of independent random variables with known dis-
tributions. Notice that in the particular case f = 2, the density hg 2 corresponds to
eigenvalues of a matrix under the Haar measure on U(n) and the dets sampling of
this measure is the Hua-Pickrell measure studied in Chapter 2.

1.2. Orthogonal polynomials on the unit circle.

We now wish to outline the main ingredients which are needed from the theory of
orthogonal polynomials on the unit circle to construct matrix models for the general
Dyson’s circular ensemble. The reader can refer to [122] and [123] for more results
and references ; in particular, all the results about orthogonal polynomials on the unit
circle (named OPUC) can be found in these volumes.

Let us explain why OPUC play a prominent role in these constructions. Throu-
ghout this chapter, D denotes the open unit disk {z € C: |z| < 1} and D the unit

1. for Re(d) > —1/2, due to an integrability constraint
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circle {z € C : |z| = 1}. Let (H,u,e) be a triple where H is a Hilbert space, u a
unitary operator and e a cyclic unit vector, i.e. {uje}]‘?';_oo is total in H. We say that
two triples (H, u, e) and (K, v,e’) are equivalent if and only if there exists an isometry
k:H — K such that v = kuk~"! and e’ = ke. The spectral theorem says that for each

equivalence class, there exists a unique probability measure g on 9D such that

(e,ube)y = / 2du(z) , k=0,£1,...
oD

Conversely, such a probability measure y gives rise to a triple consisting of the Hilbert
space L2(u1), the operator of multiplication by z, i.e. h + (2 — zh(z)) and the vector
1, i.e. the constant function 1. When the space H is fixed, the probability measure u
associated with the triple (H,u,e) is called the spectral measure of the pair (u,e).

Let us consider the finite n-dimensional case. Assume that v is unitary and e is
cyclic. It is classical that u has n different eigenvalues (¢!%,j = 1,...,n). In any
orthonormal basis whose first vector is e say (e; = e,...,e,), u is represented by a
matrix v and there is a unitary matrix II diagonalizing u. It is then straightforward
that

on = Z Uy (Seié’j (4.6)
j=1

where the weights are defined as 7; = |{e1, Ile;)|?. Note that m; > 0 because a cyclic
vector cannot be orthogonal to any eigenvector (and we also have 2?21 m; = 1 because

IT is unitary). The eigenvalues (e, j = 1,...n) and the vector (7y,...,7,) can then
be used as coordinates for the probability measure p.

Keeping in mind our purpose, we see that the construction of a matrix model
from a vector (¢'%,j = 1,...,n) may be achieved in two steps : first give a vector of
weights (71, ...,7,), then find a matricial representative of the equivalence class with
a rather simple form. The key tool for the second task is the sequence of orthogonal
polynomials associated with the measure p. In L2(0D, du) equipped with the natural
basis {1,z,2%,...,2" 1}, the Gram-Schmidt procedure provides the family of monic
orthogonal polynomials ®g,...,®,_1. We can still define ®,, as the unique monic
polynomial of degree n with || ®,, ||12¢,)= 0 :

B, (2) = H(z — %), (4.7)

The ®4’s (k=0,...,n) obey the Szegd recursion relation :

Dy11(2) = 2, (2) — 3,93 (=) (4.8)
where

Bt (z) =2 B,z ).

The coefficients a;’s (0 < j < n—1) are called Verblunsky coefficients and satisfy the
condition ag,...,a,_2 € D and a,_1 € OD.

When the measure p has infinite support, one can define the family of orthogonal
polynomials (®,),>0 associated with p for all n. Then there are infinitely many
Verblunsky coefficients (a;,) which all lie in D.

Verblunsky’s Theorem (see e.g. Theorem 1.7.11 in [122]) states that there is a
bijection between probability measures on the unit circle and sequences of Verblunsky
coefficients.

The matrix of the multiplication by z in L?(0D, i), in the basis of orthonormal
polynomials, has received much attention. This unitary matrix is called GGT by B.
Simon [122] (for Geronimus [58], Gragg [62], and Teplyaev [134])
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It is noted G(ao, . . ., tp—2, p—1) and is in the Hessenberg form : all entries below
the subdiagonal are zero, whereas the entries above the subdiagonal are nonzero and
the subdiagonal is nonnegative. Formulae (4.1.5) and (4.1.6) in [122] give an explicit
expression for the entries in terms of the Verblunsky coefficients.

Moreover, there is an explicit useful decomposition of these matrices into product
of block matrices, called the AGR decomposition by Simon [125], after the paper [2].
For0<k<n—2 let

oW (a) =1dy @ < ‘;‘: _P;k ) ®Id, ko (4.9)

and set @("_1)(ozn_1) =Id,—1 ® (@p—1), with |ay,—1| = 1. Then the AGR decompo-
sition states that ([125] Theorem 10.1)

Glag, .. om_1) = 0D (ag)0W (ay)...0 V(ay,_1). (4.10)

Now we state a crucial result of Killip and Nenciu which enabled them to obtain a
matrix model in the Hessenberg form for Dyson’s circular ensemble.

Theorem 4.2 (Killip-Nenciu [84]). The following formulae express the same measure
on the manifold of probability distributions on 0D supported on n points :

21—n
n!

A, )P T  a0 . dfndry .. Ay
j=1

in the (0, m) coordinates and

n—2
d
H (1 B |ak|2)(ﬁ/2)("’k’1)’1d2ao o d204n722—90
s
k=0

in terms of Verblunsky coefficients.

This result is highly non-trivial because there is no simple change of variables
between the Verblunsky coefficients and the eigenvalues/weights. To comment on the
above theorem, we need to introduce a notation and definition.

Definition 4.3. For s > 1 let v be the probability measure on D with density

s—1

1— 2 (3—3)/2.
L1

It is the law of re'V where r and v are independent, ¥ is uniformly distributed on

law

(—m,7) and r = B1_%7 the square root of a beta variable with the indicated para-
meters. We adopt the convention that vy is the uniform distribution on the unit circle.
We denote by n(()flﬂ) the distribution on D"~ x D given by

Th(fg = @R VB (n—k—1)+1 -

The Dirichlet distribution of order n > 2 with parameter a > 0, denoted by Dir,(a),
is the probability distribution on the simplex {(z1,...,x,) € (0,1)" : Y0 | x; = 1}

with density
F(na‘) - a—1
@) 5"

Theorem 4.2 may be restated as follows : to pick at random a measure p such
(n

that (ao,...,a,—1) is 1, ) distributed is equivalent to pick the support (61,...,6,)
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according to hgjg (see (4.2)) and independently pick the weights (71, ..., T, ) according
to Dir,(5/2).

As a consequence, if one takes independent coefficients (ag, ..., @p—2, @,—1) such
that ay is vg(n—g—1)41 distributed for 0 < k < n — 1, then the GGT matrix
G(ag, ..., Qn_2,a,—1) will be a matrix model for Dyson’s circular ensemble with
inverse temperature 3 (see also Proposition 2.11 in [48]). Actually in [84], Killip and
Nenciu provide a matrix model which is much sparser (pentadiagonal) as shall be
explained in Section 4.

Let us now define the laws on U(n) which we will consider in the sequel.

Definition 4.4. We denote by C’Jétlﬁ) the probability distribution on U(n) supported
by the set of matrices of the GGT form (4.10) whenever the parameters o, ..., 0p—1
are defined as above. We denote by CJf;'ﬁ) the probability distribution on U(n) which

is the dets sampling of CJf)nﬁ)

The above approach is not sufficient to produce matrix ensembles for the Jacobi
circular ensemble because, as we shall see in Section 3, under the measure CJ ((;2, the
Verblunsky coefficients are not independent anymore. To overcome this difﬁcuity, we
associate to a measure on the unit circle, or equivalently to its Verblunsky coefficients,
a new sequence of coefficients (vx)ogkgn—1, which we shall call deformed Verblunsky
coefficients. There is a simple bijection between the original sequence (ax)ogk<n—1
and the new one (vx)ogk<n—1. These coefficients satisfy among several properties

that |ag| = |v&|, and they are independent under CJ(ET%. Moreover, for § = 0 the ay’s
and the ~;’s have the same distribution. These deformed Verblunsky coefficients have
a geometric interpretation in terms of reflections : this leads to a decomposition of
the GGT matrix G(ao,...a,—1) as a product of independent elementary reflections
constructed from the 4’s. The explicit expression of the densities allows an asymptotic
study, as n — oo, of the ~;’s, and consequently it also gives the asymptotic behavior
of the (empirical) spectral measure.

1.3. Organization of the chapter.

In Section 2, after recalling basic facts about the reflections introduced in Chapters
1 and 2, we define the deformed Verblunsky coefficients (yx)ogk<n—1 and give some
of its basic properties. In particular we prove that the GGT matrix G(«o, ... an—1)
can be decomposed into a product of elementary complex reflections (Theorem 4.12).

In Section 3, we derive the law of the v;’s under CJ((;% (Thorem 4.14) ; in particular
we show that they are independent and that the actual Verblunsky coefficients are
dependent if § # 0. We then prove an analogue of the above Theorem 4.2 on the (8, 7)
coordinates of y (Theorem 4.15).

In Section 4, we propose our matrix model (Theorem 4.16). It is a modification of
the AGR factorization, where we transform the ©’s so that they become reflections :

_ i
=) (a) = 1dy, @ ( ‘; cr ) S 1d, ko,

Y

with el¥ = %:—g Of course the CMV model, which is five diagonal, is also available,
but this time the a’s are not independent. Using the following elementary fact proven

in Section 2,
n—1

®p,(1) = det(Id —u) = [ (1 =),
k=0
we are able to generalize our previous results in Chapters 1 and 2 about the decom-
position of the characteristic polynomial evaluated at 1 as a product of independent
complex variables (Corollary 4.18).
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In Section 5, we study asymptotic properties of our model as n — oo, when
0 = pnd/2, with Red > 0. We first prove that the Verblunsky coefficients have deter-
ministic limits in probability. This entails that the spectral measure converges weakly
in probability to the same deterministic measure (denoted by uS%,;) which is suppor-
ted by an arc of the unit circle (Theorem 4.19). Besides, we consider the empirical
spectral distribution (ESD), where the Dirac masses have same weight 1/n. Bounding
the distances between both random measures, we proved that the ESD has the same
limit (Theorem 4.21). Moreover starting from the explicit joint distribution (4.5), we
prove also that the ESD satisfies a large deviation principle at scale (3/2)n? whose
rate function reaches its minimum at p39; (Theorem 4.22).

2. Deformed Verblunsky coefficients and reflections

In this section, we introduce the deformed Verblunsky coefficients and we establish
some of their relevant properties, in particular a geometric interpretation in terms of
reflections. One remarkable property of the Verblunsky coefficients, as it appears in

Theorem 4.2, is that they are independent under CJ(()TLB). As we shall see in Section 3,

this does not hold anymore under CJ gnﬁ) . This motivated us to introduce a new set of
coefficients, (7o, ..., Vn—2,¥n—1), called deformed Verblunsky coefficients, which are
uniquely associated with a set of Verblunsky coefficients. In particular, v, € D for
0<k<n—2 9,1 € 0D and the map (Yo, - .-, Yn-2,Yn-1) > (@0, -, Qpn_2,Qn_1)
is a bijection. Moreover, the characteristic polynomial at 1 can be expressed simply
in terms of (Yo, ..., VYn—2,Yn—1)-

2.1. Analytical properties

Let p be a probability measure on the unit circle supported at n points. Keeping
the notations of the introduction, we let (®x(2))ogkgn denote the monic orthogonal
polynomials associated with p and (ax)ogrgn—1 its corresponding set of Verblunsky
coefficients through Szegd’s recursion formula (4.8). The functions

bi(z) = — ,k<n-1 (4.11)

are known as the inverse Schur iterates ([123] p.476, after Khrushchev [83] p.273).
They are analytic in a neighborhood of D and meromorphic in C. Each by, is a finite

Blashke product
1T (2
br(z) = H (1 — ZZ)
j=1 J

where z1, ..., zi are the zeros of ®. Let us now explain the term inverse Schur iterate.

The Schur function is a fundamental object in the study of the orthogonal poly-
nomials on the unit circle. Let us briefly recall its definition (see [122] or [124] for
more details and proofs) : if u is a probability measure on the unit circle (whether it
is supported on finitely many points or not), its Schur function f : D — D is defined
as :

flz)= %% where F(z) = / o du(el?).

It is a bijection between the set of probability measures on the unit circle and analytic
functions mapping D to D. The Schur algorithm (which is described in [122] or [124]
p-438) allows to parametrize the Schur function f by a sequence of so-called Schur pa-
rameters, which are actually the Verblunsky coefficients associated to u (Geronimus
theorem). In particular, there are finitely many Verblunsky coefficients (or equiva-
lently the measure p is supported at n points) if and only if f is a finite Blaschke
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product. The name inverse Schur iterate [82] for by, comes from the result (1.12) of the
latter paper where by, is identified as the Schur function corresponding to the reversed
sequence (—ag—1,...,—ap, 1) (see also [123] Prop. 9.2.3).

Let us define our sequence of functions, which shall lead us the deformed coeffi-
cients.

Definition 4.5. If p is supported at n points and with the notation above, define
Yi(z) for0O<k<n-—1, as:

T(z) =2 — %ES), (4.12)

From the Szegi’s recursion formula (4.8) and notation (4.11), this is equivalent to

T (2) = be(s) (4.13)

s0 that ~y, is meromorphic, with poles in D and zeros lying outside D.

The next proposition shows how the functions ~x(z) can be defined recursively
with the help of the coefficients ay. As a consequence, we shall see that the ~x(z)
are closely related to a fundamental object in the theory of random matrices : the
characteristic polynomial.

Proposition 4.6. For any z € C, v(z) = ag and the following decomposition for

Di(z) holds :
k-1

Op(z) = [[(z=(2) , k=1,...,n.

j=0
The vi(2)’s may be also defined by means of the «’s through the recursion :

k

w) = a [,

io 2 ilz

Y(z) = wm(z7h).

Proof. The first claim is an immediate consequence of (4.12). Now, using ®(z) =

Hf;é(z —v;(2)), we obtain

and hence (we use (4.13))
k-1 ~
_ 1—2%;(2)
w(z) = a | | ——2=.
@=a ]l =75

O

Note that when |z| = 1, |y (z)| = |ag|. Combined with the above proposition, this
leads us to introduce the following set of coeflicients.

Definition 4.7. Define the coefficients (v)o<k<n—1 by
e =), k=0,....,n—1.

We shall refer to the i ’s as the deformed Verblunsky coefficients.
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Proposition 4.8. The following properties hold for the deformed Verblunsky coeffi-
cients :

a) For all0 < k <n—1, |v| = |akl|, and in particular v,—1 € 0D ;

b) vo = cap and

Y = agpefE-r | elPre1 = , (k=1,...,n—1). (4.14)

The last term is particular. Since |an—1] =1, we set ap—1 = e¥n-1 5o that

Y1 = ei(*il)nfﬁrtpnfz) — glfn—1 (4.15)
¢) Let p be the spectral measure associated to (u,e1), uw € U(n). Then ®,(2) is its
characteristic polynomial,

n—1

©,(1) = det(Id —u) = [] (1 —w). (4.16)

k=0

Proof. All the results are direct consequences of the definition 4.7 and the formulae
in Proposition 4.6 evaluated at 1. O

Remark. In [85], Killip and Stoiciu have already considered variables which are the
complex conjugate of our deformed Verblunsky coefficients as auxiliary variables in
the study of the Priifer phase (Lemma 2.1 in [85]). Nevertheless, the way we define
them as well as the use we make of them are different.

Remark. The formula (4.14) shows that the ~;’s can be obtained from the ay’s re-
cursively. Hence starting from a spectral measure associated to a unitary matrix, one
can associate with it the Verblunsky coefficients and then the deformed Verblunsky
coefficients. Conversely, one can translate any property of the deformed ones into pro-
perties for the spectral measure associated with it by inverting the transformations
(4.14).

Remark. The distribution of the characteristic polynomial of random unitary matrices
evaluated at 1, through its Mellin-Fourier transform, plays a key role in the theory of
random matrices, especially through its links with analytic number theory (see [98] for
an account). In Chapter 1 it is proven that it can be decomposed in law into a product
of independent random variables when working on the unitary and orthogonal groups
endowed with the Haar measure; since we will prove in Section 3 that the ~4’s are

independent under CJ ((;lﬂ), then we can conclude that this latter result holds for any
Jacobi circular ensemble.

2.2. Geometric interpretation

We give a connection between the coefficients (vx)o<r<n—1 and reflections defined
just below. This allows us to obtain a new decomposition of the GGT matrix asso-
ciated with a measure p supported at n points on the unit circle as a product of n
elementary reflections.

Many distinct definitions of reflections on the unitary group exist, the most well-
known may be the Householder reflections. The transformations which will be relevant
to us are the following ones.

Definition 4.9. An element r in U(n) will be referred to as a reflection if r —1d has
rank 0 or 1.
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If v € C", we denote by (v| the linear form w +— (v, w). The reflections can also
be described in the following way. If e and m # e are unit vectors of C”, there is a

unique reflection r such that r(e) = m, and
0= ——(m — ) {(m — o) (117)

r=Id———(m—e){(m—e¢)| . .
1—(m,e)

Let F = span{e, m} be the 2-dimensional vector space which is spanned by the vectors
e and m. It is clear that the reflection given by formula (4.17) leaves F* invariant.

Now set .
A 12 i -7
y=(m,e), p= 1_|7|2a6w:1_,7a

and let ¢ € F be the unit vector orthogonal to e obtained by the Gram-Schmidt
procedure. Then in the basis (e, g) of F, the matrix of the restriction of r is

Z(y) = < v pe? ) . (4.18)

p —ye

Conversely, for v € D, such a matrix represents the unique reflection in C? provided
with its canonical basis, mapping e; onto vye; + /1 — |7|?e2. The eigenvalues of r are
1 and —e'®.

Let u be a unitary operator in C™ and e a cyclic vector for u. We define n reflections
T1,...,Ty recursively as follows. Let (e1,...,&,) be the orthonormal basis obtained
from the Gram-Schmidt procedure applied to (e, ue, ..., u""te).

Let r1 be the reflection, mapping e = €1 onto ue = wuey. More generally, for
k > 2 let r; be the reflection mapping e onto r,;_llr;_lz e rfluek. We will identify
these reflections and establish the decomposition of u. Following the basics recal-
led about GGT matrices in the introduction, we note that the matrix of u in the
basis (1,...,€,) is the GGT matrix associated to the measure p, i.e. the matrix
G(ag, -+ ,Qn—9,0n_1), where (g, - ,an_2,a,-1) are the Verblunsky coefficients
associated with the measure u. We will use formula (4.1.6) of [122] for the identifica-
tion of scalar products.

Proposition 4.10. a. For every 1 < k <n—1, the reflection 1y leaves invariant
the n — 2-dimensional space Span{e,...,€x-1,Ek+2,---,En}. The reflection r,
leaves invariant Span{ey,...,en—1}.

b. The following decomposition holds :
U=T1-Tp.

Proof. (1) In view of Section 2.1, it is enough to prove that for j ¢ {k,k + 1}, the
vectors €; and rrey, are orthogonal.
For k=1, (gj,me1) = (¢j,ue1) = 0 as soon as j > 3 from (4.10).

Assume that for every £ < k—1, ¢ leaves invariant span{ey,...,€¢-1,€042,---,&n}-
For every j =1,...,n, we have
-1, -1 -1
(€5, TheER) = (€5, Th 1T g ---T1 UEE) = (T1 - TK_1Ej, UEL) - (4.19)
For j > k + 2, by assumption, the reflections r1,...,r,—1 leave invariant ¢;, so

that the above expression reduces to (e;, uey) which is 0 again by (4.10).

For j = k—1, we have ry - - - rp_165—1 = uep_1 by definition of r,_1, so that (4.19)
gives (ex_1,TkEk) = (uek_1, uek), which is 0 since u is unitary.

For j < k — 1, by assumption, the reflections r;1,...,rx—1 leave invariant €;, so
that the right hand side of (4.19) reduces to (rq - --r;¢;, ueg). By definition of r;, it
is (uej, ueg) which is 0.

(2) For k fixed, it is clear from (1) that r1---rpep = 71 - rrep which is uey by
definition of ry. O
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Proposition 4.11. For k = 1,...,n — 1, the matriz of the restriction of ri in the
basis (e, ex+1) 8 E(yk—1). In particular
(eks ThER) = V-1 (4.20)

The restriction of r, to Ce, is the multiplication by ~vn,—1.

Proof. Note that for every k <n — 1
(Ekt1,TkER) = (r1 -+ Th—1Ek41, UEL) = (Ekt1, UER) = Pk—1 - (4.21)

Since ry, is a reflection acting on the subspace {ej, er+1}, identities (4.21) and (4.20)
entail that the matrix representing ry in the basis (e1,...,&,) is precisely Z(yx—1)
(see (4.18)). It is then enough to prove (4.20).

For k =1 it is immediate that :

(e1,7m¢E1) = (€1, u€1) = Qo = Y0 -

Let us proceed by induction. For j > 1 set ¢; = (¢j,rje;). Assume that ¢; = 7,1
for j < k. We have qxy1 = (€41, Tktr1€k+1) = (1 - .. TkEk+1, UEk+1). Equation (4.17)
implies

1
ThEk+1 = Ektl — — (rep — k) (ThEks E41)s
1 — k-1
and since rje, = €, for £ > j 4 2, we get :
1
1. . Tk€k+1 = Ek+1 — 7_(7“1 e TEERE —T1 .. Tk_1€k)<u€k, 5k+1>-
1= k-1
Now, it is known that (uek,ert+1) = (Ep+1, uer) = pi. If we set v1 = &1,
_ e g Pt e g
Uj S TLeTio1E) 5 G5 = T Wikl = €541~ UE;
— 71

we get the recursion
Vj+1 = QU5 + Wjt1 (4 < k),

which we solve in :

k+1 Kk
Vg1 = (H aj)sl + Z (Haj)
=2 j=¢
Taking the scalar product with uegq1 yields
k+1
Q1 = (H aj) E1,UER+1) + Z (Haj) (wp, UEK+1)-
(=2 =0

But (wg, ueg41) = (€¢, ueky1) — aGr—1{uce_1,uek+1), and since £ < k + 1, we have

(we, uekt1) = (€0, uehn) = —akae—a [ pm,
m={(—1

which yields (with a—; = —1)

. k+1 K k—1
k+1 _
S (e 11
=1 j=¢ m=f—1
E+1 k—1 -3 5
_ -2
= > I Al -0 =)
(=1 m=6-1  j=0 [Ts=o (1 =)
1 k+1 [ k-1 -3 k—1 (-2
= = ST ATIa-3- I1 2 II0-%)
[Li=o( =) i3 \nZie j=0 m=(-1  j=0
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and eventually qx4+1 = V- [l
Now, we can summarize the above results in the following theorem.

Theorem 4.12. Let u € U(n) and e a cyclic vector for u. Let p be the spectral
measure of the pair (u,e), and (ap,...an—2,an_1) its Verblunsky coefficients. Let

(€1,...,€n) be the orthonormal basis obtained from the Gram-Schmidt procedure ap-
plied to (e,ue,...,u" " te). Then, u can be decomposed as a product of n reflections
(i) igkgn ©

U="m7T1...Tn
where 11 is the reflection mapping €1 onto uey and by induction for each 2 < k < n,
TR, maps € onto 7",;_117“,;_12 .. .rl_luek,
This decomposition can also be restated in terms of the GGT matrix :

G(ag, -+ san-2,an-1) = 2V (30)ZV (1) ... E" 7V (),
where for 0 < k < n — 2, the matriz ) is given by
2R (y_1) = 1dp ® E(yp—1) ® Id,y_p_o, (4.22)
with Z(v) defined in (4.18). For k=n—1,
EC Y (1) =Tdn1 & (yn-1)- (4.23)

Remark. The above geometric interpretation of the deformed Verblunsky coefficients
and Theorem 1.2 in Chapter 1 proves the Killip-Nenciu Theorem 4.2 for the unitary

group (£ = 2).

3. Deformed Verblunsky coefficients and independence

We now use the point of view of sampling (or change of probability measure)

to compute the distribution of the deformed Verblunsky coefficients under CJ((;;;.
Let us first remark that, if the ay’s are independent and with rotational invariant
distribution, then from (4.14)

law
(OZ(), e aanfl) a: (’Y()v cee a’)/nfl) .

This is the case under CJE)%).

We first prove that when § # 0 the Verblunsky coefficients are not independent
anymore studying the simple case n = 2, 8 = 2, and then we compute the distribu-
tion of (yo,...,Yn—1) under CJ(%). We then show that under this distribution, the
weights of the measure associated to the Verblunsky coefficients («p,...,@,—1) are
independent from the points at which the measure is supported and follow a Dirichlet
distribution.

In the sequel, we shall need the following notation, identical to (3.3) :

A0 (0)d0 = c(6)(1 - 619)5(1 B €_i9)‘5d9
= ¢(6)(2 —2cosh)*ebmsent=0)qg
with )
DO+ 8r(1+3)
O TA40+9)

When 8 = 2 and 6 # 0, the Verblunsky coefficients are dependent. Indeed, let
u € U(2) with Verblunsky coefficients ap and ;. Then

d=a+ib , ¢(9)

det(Id — u) = (1 — ap — a1 (1 — o)),
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with |ap| < 1 and |az| = 1. To simplify the notations, let us simply write ap = «
and oy = e'¥. Under CJ&Q, the variables o and e'¥ are independent, with density
# with respect to the measure d?a ® dp on D x dD (see Theorem 4.2 above with
B = 2 and n = 2). Hence, under CJ((;?Q), with § = a + ib, a,b € R, which is a dets
sampling of CJ(()?Q) (see the introduction for the definition and notation for the dets

sampling), the joint density of (a, ) with respect to the measure d?a ® dy is (we
omit the normalization constant)

flayp) =1 —a—e 1 -a)’(1—a—e?(1—a)’ L,
that is to say
flayp) = (1—a)P’ (1 —a)’(1 —7e )0 (1 - 3e#)° 00 <1,
where

1l -«
1—a

’y =
Since |y| = 1, we can set v = '#°(®) for some ¢g(a) € (—7,7) which is a continuous
function of a. With this notation,

1 —
—(01-a)°
i 5)( )
Consequently, the marginal probability distribution of « is proportional to

1
()

f(av 90) = (1 - a)&)\(é) (900(0‘) - 50)11|oz\<1~

(1-a)’(1—a)’Lig<1,
whereas the conditional probability density function of ¢ given « is proportional to

A (go(a) — ).

It is clear that this last quantity depends on « (unless § = 0) and consequently the
original Verblunsky coefficients ag and «; are dependent.

The next Theorem 4.14 illustrates our interest in the deformed Verblunsky coef-
ficients : under CJ(({LB), they are independent. For the proof of this theorem, we shall
need the following lemma which will also be useful when we study limit theorems :

Lemma 4.13. Let s,t,¢ be complex numbers such that : Re(s + £+ 1) > 0,Re(t +
£+ 1) > 0. Then, the following identity holds :

2\6—1 s g2, mOP(C+1+s+1)
/D(l_|z| )T =2) (1_Z)dZ_P(€+1+s)1“(€+1+t)'

(4.24)

Proof. A Taylor development yields

)

—2)n —t m i(m—
(1 _ Z)S(]. _ Z)t _ Z pern( S) '( ' ) ez(m n)6
o nlm!

and by integration

2] — )51 — )% = on (=$)n(=t)n ! _2v0—1 2n+41
/Du 2211 - 21— 2)'d 22{)7/()(1 )L

nln!

(=$)n(=t)n (£ —1)!
DD (n+0)

= - 2F1(_57_t7€+171)5
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where oF; is the classical hypergeometric function and an application of the Gauss
formula (see [3]) shows that the last expression is exactly the right hand side of
(4.24). O

Theorem 4.14. Let § € C with Red > —1/2 and 8 > 0. Set 5/ = /2. Under C. ;ﬂ),

the distribution of (Yo, ..,Yn—1), denoted hereafter 77(%)7 is the following :

a. the variables Yo, ..., Yn—2,Yn-1 = €971 are independent ;

b. fork=0,...,n — 2 the density of v with respect to the Lebesque measure dz
on C is

erm(®) (1= 1227 T A = 23— 2)1p(2),
where
L(Bn—k—1)+14+6T(Bn—-—k—1)+1+35)

chn(0) = A (Bn—k—I)D(B(n—k—1)+1+5+0) (4.25)

c. the density of 0,—1 on (—m,m) with respect to the Lebesque measure is given by
1y (6
LA0)(9).
27

Proof. The distribution of the a’s in the B-circular unitary ensemble is n(()flﬁ). More

precisely, as seen in Definition 4.3 they are independent and if o = rel¥*, for
0 < k < n— 2, then ry and vy, are independent, 9 is uniformly distributed and
12 has the Beta(1, 8'(n — k — 1) distribution. Moreover a,,—1 = e'¥»~1 where 9,1 is
uniformly distributed on (—m, 7).

From (4.16), the sampling factor is

n—2

det(Id — u)’det(Id — @)° = (1 = —1)°(1 = Fu-1)® [T (1 = 1)°(1 = 7)° .
k=0

so that, under CJ((S"ﬁ), the density of (rg,...,rn—2,%0,...,Yn_2,1¥,_1) is proportional
to

n—2

A (o p = ) [T - r2)8 (IR (1 )P (1= ) Lo, (1)
k=0

with v, = 11€!%. Thanks to the relations (4.14) and (4.15), the Jacobian matrix of
the mapping

(I‘(), vy Ip—2, 1;[}07 ceey ¢n727wn71) — (rOa ey In—2, 90a e ;0n72a enfl)

is lower triangular with diagonal elements 41, so that, under CJ((;TLB)7 the density of
(ro,...,rn—2,60,...,0,_1), is proportional to
n—2 B
A (O—1) TT@ =) 7797 (1= ) (1= ) B0,y (k)
k=0

which proves the required independence and the expression of the distributions, up to
the determination of ¢y ,,(9). This quantity is obtained by taking ¢ = ' (n—k—1),s =
0,t =6 in (4.24), which gives (4.25) and completes the proof of the Theorem. O

Starting with a set of deformed Verblunsky coefficients, with distribution 75 3, we
obtain the coefficients (ag, ..., @n—2, a,_1) by inverting formula (4.16). These are the
coordinates of some probability measure p supported at n points on the unit circle :

n
o= E Wk(seiek,
k=1
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with 7, > 0 and ZZ:1 7, = 1. The next theorem gives the distribution induced on
the vector (m1,..., 7, 01,...,0,) by (Yo, -y Yn—2,Yn—1)-

Theorem 4.15. The following formulae express the same measure on the manifold
of probability distribution on D supported at n points :

n

KA. el H e 0k)3 (1 — elf)° H 27140, .40, dm ... A,y

in the (0,m) coordinates and

n—2 n—1
KD T = ) =07 TT (= )P (1= 30)°d% 0 - . d2ym—adip
=0 i=0

in terms of the deformed Verblunsky coefficients, with v,_1 = €'¥. Here, K((Snﬁ) s a

constant :
n—2

1+0)(1+6)
RO o
06 7 n=17T (146 +0) H -

with cin(0) given in Theorem 4.14. Consequently, if (Yo, ..., Yn—1) IS 77§ " distributed,
then (71, ...,7n) and (01,...,0,) are independent ; the vector of wezghts (71, )
follows the Dir, (8') distribution and the vector (01,...,0,) has the density h((;ﬁ).

Proof. In the course of this proof, we shall adopt the following point of view. Star-
ting with a measure supported at n points on the unit circle, we associate with it its
Verblunsky coefficients («p, . .., @—2, @,—1) and then the corresponding GGT matrix
which we note g for simplicity. Then e; is a cyclic vector for g and u is the spectral
measure of (g, e;). Conversely, starting with the set of deformed Verblunsky coeffi-
cients with 75 g distribution, we construct the coefficients (ay, ..., an—2, ap—1) with
the transformations (4.14), then the GGT matrix associated with it and finally u the
spectral measure associated with this matrix and e;.
We use the following well known identity (see [122] or [84] Lemma 4.1) :

n—2
A, .. e |2H7rk | J C D R
k=0

Since |vx| = |ak|, we can also write
n—2
|AEY, ... )2 H me= [ = wl?)" (4.26)
k=0
Moreover, from (4.16),
n n—1
det(Id — g) = H 1—e%) =] - (4.27)
k=1 k=0

In our setting, 7w is modulus squared of the first component of the i-th eigenvector
of the matrix g. If IT diagonalizes g, define q; = |{e1,Ilex)| = /7 for k =1,...,n
It is known (see for example Forrester [48], Chapter 2 and [51] Theorem 2) that the

Jacobian of the map («o,...,an—2,an—1) = (01,...0n,q1,...,qn—1) is given by
—2
[Tezo (1 — |awl?)
dn HZ:I qk
Moreover, the map (vo, ..., Yn—2,Vn-1) — (Q0,...,Qn_2,a,_1) is invertible and its

Jacobian is 1, as already seen. The result now follows from simple integral manipula-
tions combined with the identities (4.26) and (4.27). O
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4. A matrix model for the Jacobi circular ensemble

The results of the previous sections now can be used to propose a simple matrix
model for the Jacobi circular ensemble. There are mainly two ways to generate matrix
models for a given spectral measure encoded by its Verblunsky coefficients.

The AGR decomposition : if u = 0 (a)0M (ay)...0" Y (a,_1) with the nota-
tion (4.9), the Verblunsky coefficients for the spectral measure associated to (u, e1) are
precisely (ao,...,an—1) (see [2] or [125] Section 10). Therefore, taking independent

ag’s with law 77(()%), the density of the eigenvalues of

u=09(a)0W (ay)...0" V(a,_4)

is proportional to |A(e'%1, ..., e!%)|#. The matrix u obtained above is the GGT matrix
associated with the ay’s. It is in Hessenberg form.
The CMYV form : Set

L = 090 (ay)...
{./\/l = 0M()0®(az)...

Cantero, Moral, and Velazquez [26] proved that the Verblunsky coefficients associated
to (LM, ey) are precisely (ag, . .., an—1). Therefore, taking as previously independent
ag’s with distribution r]((fﬂ), the density of the eigenvalues of the spectral law of LM
is proportional to |A(ei, ... ei)|? [84]. This matrix model is sparse : it is penta-
diagonal.

We now propose a matrix model for the Jacobi circular ensemble : it is reminiscent
of the AGR factorization with the noticeable difference that it is based on the deformed
Verblunsky coefficients and actual reflections as defined in Section 2.

Theorem 4.16. If (7o,...,Yn—1) i nglﬁ) distributed, then with the notation of (4.22)
and (4.23),
EO (1) (m)... 2"V (-1)

is a matriz model for the Jacobi circular ensemble, i.e. the density of the eigenvalues
is hs.g (see (4.5)).

Proof. We know from Theorem 4.12 that

Glao, -+ om_a,an_1) = EO(3)2D (1) ... E® D (y,_1).

We also proved in Theorem 4.15 that the set of deformed Verblunsky coefficients with
probability distribution n((;%) induces a distribution on the eigenvalues of the GGT

matrix G(ao, - - , n—2, an—1) which has exactly the density hs g. This completes the
proof of the Theorem. O

Remark. We now say a few extra words on the CMV form obtained by Killip and
Nenciu in [84]. Cantero, Moral and Velazquez [26] introduced the basis xo, . .., Xn-1
obtained by orthogonalizing the sequence 1,z,271,.... They prove that in this basis
the matrix is pentadiagonal. We name this matrix C(ag, - , @n—2, p—1). It turns
out that there exists a unitary P such that :

PG(ao, -+ ,an—2,0n_1)P* =C(ag, -+ ,0n—2,n-1) , Ppo = xo.

The two pairs (G(ag, "+ ,Qn—2,@n—1),p0) and (C(ag, " ,an—2,an-1),Xo) are equi-
valent, they admit the «y’s as Verblunsky coefficients, and have the same spectral
measure. We conclude that if we start with the v4’s distributed as nglﬁ), and build
the ay’s by inverting the transformation (4.14), then C(«g, -+ , ap—2,ap—1) will be a
matrix model for the Jacobi circular ensemble. But we do not know how to construct
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the CMV matrix from the 7;’s directly. We saw at the beginning of this section that
Cantero et al. introduced the matrices £ and M, as direct product of small blocks
O (ay,) and obtained C as C = LM. It would be interesting to have an analogue
construction based on the independent ;’s.

Theorem 4.12 which is a deterministic result, has also the following consequence :

Proposition 4.17. Let (ag,...,an_2,0,_1) € D" 1 x D be independent random
variables with rotationally invariant distribution. Then

0 (ag)0M(ay)... 0" V(a,_1) "2 2O (ae)=V (a1) ... 2™ D (ap_1).

Proof. We give two proofs of this result. The first one is a consequence of Theorem
4.12 from which we know that

0 (a0)0™M (@1)... 00 V(e 1) = O (1020 (). .. "D (3,11),

and the remark at the beginning of Section 3.
For the second proof, we proceed by induction on n. For n = 1 the result is obvious.
Suppose the result holds at rank n — 1 : thanks to the recurrence hypothesis,

20 (a0)2V(a1) ... 2 D (an_1) 2 2O (a0)0D (a1) ... 0" D(ay,_1).

Let e'¥0 = t—gg An elementary calculation gives

2O (a)0M () ... 0" (a,_2)0" VD (a,_1)
=0 (ap)0W (e7%0n,) ... 02 (" ¥0q, )0V (e~ ¥0q, ;).

As the ay’s are independent with law invariant by rotation,

—i i i law

1 1 1

(Oé(),e Woal’...’e @Oan72ae@0an71) = (Oé(),Oél,...,Oln,Q,Olnfl),

which completes the proof. [l

Now that we have a matrix model for the Jacobi circular ensemble, we can study
the characteristic polynomial for such matrices : the following corollary is an easy
consequence of (4.16) and Theorem 4.14.

Corollary 4.18. Let u, a unitary matriz of size n and let Z,, = det(Id — u) be its
characteristic polynomial evaluated at 1. Then, in the Jacobi circular ensemble, Z,
can be written as a product of n independent complex random variables :

n—1

k=0
where the laws of the vy ’s are given in Theorem 4.14.

Remark. The above result associated to Lemma 4.13 immediately implies the following
closed form for the Mellin-Fourier transform of Z,, :

n—1

P(BE+1+OIBEk+1+HT(BEk+1+6+6+1)
I 7

E Znt isargZn) _ — < :
(1Zn["e ) (Bk+ 146+ 0)0(B'k+ 1+ + 508k +1+6 + 52)

k=0

5. Limiting spectral measure and large deviations

In (4.6) we defined the spectral measure which is a central tool for the study of our

circular ensembles. We are concerned with its asymptotics under CJ ((Snﬁ) when n — oo
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with § = §(n) = B'nd, where as usual 8’ = (/2. Actually we prefer to write the
measure on [0,27) as

p) = >y,
k=1

where the variables Gl(cn) and 77,(:) are distributed as in Theorem 4.15, and where we
put a superscript (™) to stress on the dependency on n. Besides, in classical Random

Matrix Theory, many authors are in the first place interested in the empirical spectral
distribution (ESD) defined by

(n) _ 1 n
Hesa = n ; 59}2") :

In this section we prove that both sequences converge weakly in probability and we
establish a large deviation Principle for the ESD.

5.1. Spectral measure

The following theorem provides the explicit limit of the sequence.

Theorem 4.19. As n — oo, the sequence of random probability measures (ugg))n
converges weakly in probability towards the measure on the unit circle

dpigp (0) = Va(0)L (g, 164,27 —04+£4)(0) O, (4.28)
where 04 = 2arcsin‘1+id‘ , eifd = ii—g , and

V/sin? (0 — £4)/2) — sin®(0a/2)

Va(0) = 11+ aq| sin(6/2)

Figure 4.1. Examples of densities g, respectively for real, complex and
purely imaginary d.

To prove this convergence we use the parametrization of measures by their modified
Verblunsky coefficients and the following lemma, whose proof is postponed until the
end of the section.

Lemma 4.20. For every fized k > 0, as n — oo,

(n) P d
y 4.29
T 1+d (4.29)
and consequently
n . d . 1+4+d
04,(C ) By qqe e g = T it = e (4.30)
1+d 14d
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(n)

Proof of Theorem 4.19. The measure pusp’ is characterized by its sequence of Ver-

blunsky coefficients (a,in'))ogkgn or by the sequence of its deformed Verblunsky co-

efficients (’Y;(Cn))ogkgw The moments my(v) = [ e*?dy(0) for k > 1 of a probability
measure v on the unit circle are related to the Verblunsky coefficients (o (v))r>0 in
a continuous way : m;(v) is a continuous function of (o, ..., a;—1). The convergence

of the Verblunsky coefficients in Lemma 4.20 ensures the convergence of moments

of the sequence (,ugg))n, hence its weak convergence. It remains to identify the limit

distribution.

Let o € D and v be the measure on 9D with all Verblunsky coefficients equal to .
It is known from [122] p.87 (or [123] formula (11.3.20)) that if § = 2arcsin || and £
is defined by €l¢ = ii—g, then v has an absolutely continuous part w(p)dy supported

by (0,27 — 0) with

V/sin(¢/2) — sin’(6/2)
1+ al sin((¢ +£)/2)

and that it has no additional Dirac mass if |« + %| < % Here, taking o = aq we see
that

w(p) =

o +l—i
T2 T onray’

so that the above condition is fulfilled if and only if $3ed > 0, which is the case. When
a = qaq, we set 0 =604, =& and v = g, w = wq. The orthogonal polynomials are
known as Geronimus polynomials.

It is known (see [123] p.960) that if (ax)k>o is the sequence of Verblunsky coeffi-
cients of some measure p, then the coefficients (e*i(’““)fd ak)k>0 are associated with
1 rotated by £4. Consequently,

dpgy (0) = dva(0 — &),
which is precisely (4.28). O
Proof of Lemma 4.20. For 'y,g") we use the Mellin transform

E(1 _,Y(n))s _ P(ﬁl(n—k— 1)+5+§+8)F(6/(n_k_ 12_’_5),
k DB (n—k—1)+6+8)T(B(n—k—1)+3+s)

(this follows immediately from (4.24)). Since for fixed z € C

lim 7F(n—|—z) =
n—oo I'(n)n?

we get, for fixed s (and k)

- () 1+H+d)5
lim E(1 — =),
i B(L =) ( T4

which implies that

1_%(:) laxg 1+H4_—d
1+d

and this is equivalent to (4.29). The statement (4.30) is a direct consequence of (4.29)

and (4.14). O

)

Remark. The convergences in probability in the above lemma actually imply conver-
gence in LP, for all p > 0 because all variables are bounded by 1.

Moreover, as expected, the equilibrium measure for d = 0 is the uniform one, and

if §(n) is real and n = o(d(n)), ugg') weakly converges in probability to the Dirac

measure at point —1.
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5.2. ESD : convergence and Large Deviations

In a first part, we state the convergence of the ESD. To prove this convergence,

instead of the classical way (parametrization of measures by the set of their moments)

we use Theorem 4.19 and prove that the two sequences (,ugg)) and (,uesg) are conti-

guous. In a second part, we use the explicit form of the density of the eigenvalues, as
in the classical models, to prove a Large Deviation Principle.

Theorem 4.21. The sequence of empirical spectral distributions (uizc)i)n converges

weakly in probability towards pgy given in (4.28).
Proof. Let us prove the contiguity of the two sequences of measures (,ugg)) and (ue:‘i)
We have

St;pmg?)(( m,60)) — pias((—,0) I—matXIE:7r

We showed in Theorem 4.15 that the vector (71'5”), . (n)) follows the Dir, (8") dis-

tribution. It entails that the variable 2?21 7r,(€") is beta distributed with parameters
B’k and B'(n — k). Its mean is k/n and its fourth central moment is proportional to

k% /n*. By the Markov inequality and the union bound, we conclude that

k k 1
P(m}gﬂjz_;m(ﬂn) _E| >5) =0 (ﬁ) ;

so that the sequence (ugzg)n converges weakly in probability to the same limit as

() O

Our large deviations result follows the way initiated by the pioneer paper of Ben
Arous and Guionnet [8] and continued by Hiai and Petz ([68] and [69]).

Recall the definition of a large deviation principle [39]. We say that a sequence
(P,,) of probability measures on a measurable Hausdorfl space (X,B(X)) satisfies
the LDP at scale s,, (with s,, — 00), if there exists a lower semicontinous function
I: X — [0,00] such that

1
liminf — log P,,(G) > —inf{I(z);z € G}
Sn
1
limsup — logP,,(F) < —inf{I(x);z € F}
Sn
for every open set G C X and every closed set F C X. The rate function I is called
good if its level sets are compact. More generally, a sequence of X-valued random

variables is said to satisfy the LDP if their distributions satisfy the LDP.
We work with the set M1 ([0, 27)) of probability measures on the torus

() = / / log [ — ¢ |dju(8)dyu(8')

We define also the potential

Q(!%) = Q(0) = —(%Red) log (2sing) — (3md)0 ; T (0 (0,2m).
Theorem 4.22. For n € N, consider the distribution
H e (1 — = 00)300) T | — |7 dd; ... 6, (4.31)

j<k

where df is the normalized Lebesque measure on the 0D and §(n)/n — ['d with
Red > 0. Then
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a. We have .
PR log Z(n) — B(d)
where .
B z(x + Red)
B(d) —/0 x log PR dz.

b. When (61,...6,) is distributed as (4.31), the sequence of empirical measures

(n) _ 9o, + -+,

d
es n

satisfies the LDP at scale B'n? with good rate function defined for yu € M1(0D)
by

1) = ~£() + 2 [ QO)U() + B,

c. The rate function vanishes only at p = pgy.

Proof. We assume for simplicity that d(n) = 'nd.
(1) An exact expression of Z(n) is obtained using the following lemma, whose
proof is postponed at the end of this subsection.

Lemma 4.23. The integral

(n):/ T1(1 = %) — eyt H|e’0 ¢ (%dp; ...do,
@D)" 13

s equal to

n—l

_ T(Bn+1) Bi+1)IBj+1+s+t)
stt(n) ( ﬁ/_|_1 nl;[ rj+1+s)r (B'j-l—l-l—t).

(4.32)

We have Z(n) = Z5ty.6(n) (n) and then

n—1
logZ(n) = logl(B'n+1)—nlogl'(8 +1)+ Z logT'(8'5 +1)
=0
n—1
+ (logT(B'j + 1+ 2Redn) — 2Re logT'('j + 1 +dn)) .

<
I
o

From the Binet formula (Abramowitz and Stegun [1] or Erdélyi et al. [45] p.21), we
have for Rex > 0

logT'(z) = (a: - %) loge —z + %1og(2ﬂ') + /00 f(s)e " ds. (4.33)
0

where the function f is defined by

and satisfies for every s > 0

0< f(s)<f(0)=1/12, 0< (sf(s)%—l) <1.
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Using (4.33), a straightforward study of Riemann sums gives

z(x + Red)

— “dax.
e+d?

1
5/n2
(2) The proof is based on the explicit form of the joint eigenvalue density. Denote
P(™) the distribution of u( ") We follow the lines of Hiai-Petz [68] (since we work

esd
on 9D) and [69] (since the potential is not continuous in § = 0). Let us summarize
the main steps. The LDP is equivalent to the following two inequalities for every

pn e M(OD) :

1
1ogZ(n)—>/ xlog
0

iréf <limsupi2log]P’(”)(G)) < —//F(@,@’)du(@)du(&') —B(d) (4.34)
inf <hm1nf—10g]P ) / / F(0,0)du(0)du(@) — B(d)  (4.35)

where G runs over a neighborhood base of .
Let for 0,6 € [0, 27)

F(0,0') =~ Togle” — | + 2(Q(O) + Q).

and for R > 0, Fg = min(F,R). As in [69] (Proof of (2.5)) we have easily

1
limsupmlogﬂl’(” ) < — inf //FR (0,0")du(0)du(0') — B(d).

n'eG
Now the function Fg is continuous, bounded above by R and below by —(1 +
Red)log2 — [IJmd|r/2), which implies the continuity of v — [ [ Fr(6,0")dv(0)dv(6’)

hence the inequality

reG

i%f <limsupi210g]P’(”) ) < — inf // Fr(0,0)dv(0)dv(0) — B(d),
n n

Taking the infimum in R yields (4.34).

For (4.35), we follow Hiai-Petz [69] again. The main change is that the only
singularity is in 1. We can exclude the case where p has an atom at 0, for then
JJE(6,0)du(0)dp(’) would be infinite. Otherwise, it is easy to see that we may as-
sume that u is supported in [fp, 27 — 0] for some 6y € [0, 7), by conditioning. Then to
make a regularization, we take for £ € (0,6) a C* probability density . supported
n [—e,e] and we set

2010 = [ 0.0~ 9100 ) a0 = [ (6l (010
where [ f(8)dus(0) = [ f(6 — s)du(f). The measure g.(#)df is then a mixture of

the family of measures (us, s € [0, 27)), with the mixing measure ¢.(s)ds. So by the
concavity of 3 we have

S(g.(6)d0) > [ S )p5)ds
but
S = [ [logle” - du.O)du. (@)
[ [1oslei9 e duo)duce
[ [1osle = e latopante) ==
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and then
2(g:(0)d0) = E(p) .

1@/@@%@w=/Q@w@

since Q is continous in a neighborhood of the support of u. So if G is an open set
containing u, for ¢ small enough, it contains an open set G. containing g.(6)d6.
Assuming for a moment that we have proved (4.35) for p., we get for e fixed

Moreover

inf lim mf — log ]P’(”)(G) > inf lim mf — log ]P’(”)(G)
Gop n GBM n

- [ [F6.00am0)an.0)
+/Q@@M@

and taking the limit in e does the job. Moreover, as in [69] we may assume that the
density is bounded below and above. Eventually the proof of (4.35) for u = pu. is
exactly the same as in [69] (proof of 2.6) and [68] (proof of 3.4). The uniqueness of
the minimizer is a direct consequence of the strict convexity of I which comes from
the strict concavity of X.

We are not able to give a self contained proof of the explicit value of the minimi-
zer. But on the one hand in Theorem 4.21 we proved that u,(s:g converges weakly in
probability to x5, and on the other hand the LDP and the uniqueness of the minimi-

zer imply that ugg converges weakly in probability to this minimizer. This ends the

proof. O

WV

WV

Proof of Lemma 4.23. . We have

ZS’t(n)

Zo.0(n) = E(det(Id — u)*det(Id — @)")

where the mean is taken with respect to the CJ (()nﬂ) distribution. We know also that un-
der this distribution det(Id —w) is distributed as the product of independent variables
1 — ay, where ay, is vg(,—r—1)+1 distributed. Hence

n—1
E(det(Id — u)*det(Id — w)") = [ E (1 — a,)*(1 — a;)")
j=0

From (4.24) we get

(n) ”lif B+ DB +1+s+1)
Zo,on L DB+ 1+ 8B +1+1)

Besides, Lemma 4.4 in [84] gives Zy(n) = ggg:’_ﬁ;ﬁ, which concludes the proof. [







Chapter 5

Derivatives, traces and independence

The first section of this chapter is extracted from Conditional
Haar measures on classical compact groups [17], Annals of Proba-

bility vol 37, Number 4, 1566-1586, (2009). The next sections only
appear in this thesis.

This chapter gathers together distinct results about random matrices, whose proofs
make use of distinct techniques. Their common point is that independence appears
where it was not a priori expected, with respect to the Haar measure.

The first section explains why the first non-zero derivative of the characteristic
polynomial can be decomposed as a product of independent random variables, with
respect to the Haar measure conditioned to the existence of a stable subspace. This
is linked to number theoretical problems thanks to works by Nina Snaith, and gives
easy proofs for asymptotic densities of such characteristic polynomials.

The second section concentrates on limit theorems for the trace. Let u have eigen-
values distributed from the circular Jacobi ensemble

cops [[ 169 — P T — e )P — %), (5.1)
j=1

1<k<I<n

Thanks to a result by Widom [139], we show that Tr(u), ..., Tr(u*) converge to inde-
pendent normal variables for 5 = 2, Re(d) > —1/2, and it directly follows from works
by Johansson [74] that the same is true if § = 0 for any 3 > 0. These convergences in
law are actually linked to the almost sure convergence of a remarkable martingale to
a Gaussian limit.

In the third section we consider the joint convergence of the characteristic poly-
nomial and the trace for the circular ensembles : the couple converges to a Gaussian
vector with independent entries. The proof relies on the deformed Verblunsky coeffi-
cients

The fourth section explores limit theorems for functionals on the special unitary
group SU(n) : the Mellin transform of the characteristic polynomial, weak convergence
of the trace and central limit theorems are considered.

Finally, the fifth section extends a result by E. Rains : he proved that if u ~ py(p),
then the eigenvalues of u"™, for m > n, are independent and uniform. We give similar
results for densities (5.1) with £/2 and J integers.

1. Scission in law for the derivatives

Let ZéQOp) be the (2p)" derivative of the characteristic polynomial at point 1, for
the Haar measure on SO(n + 2p) conditioned to have 2p eigenvalues equal to 1. In her
study of moments of L-functions associated to elliptic curves, N. Snaith ([128], [129])
explains that the moments of Zé%?) are relevant : she conjectures that Z(SQC])D) is related
to averages on L-functions moments and therefore, via the Birch and Swinnerton-
Dyer conjecture, on the rank of elliptic curves. For the number theoretic applications

of these derivatives, see [99], [128] and [129].
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Relying on the Selberg integral, she computed the asymptotics of the density of
73 as e — 0, finding

P(ZSE) <€) 1y, enpe™ (52)

for an explicit constant ¢, ,. Similar results (and also central limit theorems) are given
in this section for any Jacobi and Jacobi circular ensemble.

As explained in the previous chapters, det(Id — u) is equal in law to a product of
n independent random variables, for the Haar measure on U(n) or USp(2n), and 2n
independent random variables, for the Haar measure on SO(2n). We can generalize
these results to the Haar measures conditioned to the existence of a stable subspace
with given dimension. We first focus on the unitary group. Consider the conditional

measure on U(n + p) such that 6,41 =--- = 60,4, =0,
IT 1% =P H 11— ¢'%12Pd6, ... d6,,.
1<k<l<n

Then the p!* derivative of the characteristic polynomial at 1 is

AR H (1—é%)

Hence, the following theorem is an easy consequence of Corollary 4.18.

Theorem 5.1. With the previous notations,

Zgj) law -
o [T —x),
=1

where the X;’s are independent random variables. The distribution of Xy is the |1 —
X|?P-sampling (in the sense of Definition 1.16) of a random variable X = €' \/By ¢_1,
where 6 is uniform on (—mn,m) and independent from By ¢—1, a beta variable with the
indicated parameters.

The analogue on SO(2n) and USp(2n) relies on the following results by Killip and
Nenciu [84]. Lemma 5.2 and Proposition 5.3 in [84] immediately imply that under the
probability measure

est|A(xy, ..., x,)]P H(2 — )2+ x;)0dwy ... da,
j=1

on (—2,2)", the following identity in law holds (the xj’s being the eigenvalues of a
matrix u) :

2n—2 2n—2
(det(21d — ), det(21d + u)) 2 (2 [Ta-a2 ]+ (-1)%@) . (5.3)
k=0 k=0
with the ay’s independent with density fsx (k) (fs,¢ is defined below) on (—1,1)
with

S(k):WB‘FCH‘L t(k) = 2= k n-k=23 1 h4 1 ifkis even
s(k) = 22=k=83 L arb+2, t(k) =22 ’f n—k=1p if k is odd

Definition 5.2. The density fs+ on (—1,1) is

217570 (s + 1)
[(s)I'(#)

Moreover, for X with density fs, E(X) = Z—z, E(X?) = %

fsi(@) = (1-2) 11 +2)
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The 2n eigenvalues of u € SO(2n) or USp(2n) are pairwise conjugated, and noted
(eiiel, ceey eii‘)"). The Weyl integration formula states that the eigenvalues statistics
are

cst H (cos O — cos 0p)%dh; .. .db,

1<k<d<n
on SO(2n). On the symplectic group USp(2n), these statistics are
cst H (cos @) — cosfy)? H(l —co0s6;)(1+ cosb;)db; ...do,.
1<k<t<n i=1
Hence, the change of variables
xj = 2cosb;
implies the following links between SO(2n), USp(2n) and the Jacobi ensemble.

e On SO(2n + 2p* + 2p~), endowed with its Haar measure conditioned to have
2pT eigenvalues at 1 and 2p~ at —1, the distribution of (21, ..., x,) is the Jacobi
ensemble (4.4) with parameters 8 =2, a = 2p* — %, b=2p~ — %

e On USp(2n+2pH) 4+ 2p~), endowed with its Haar measure conditioned to have
2pT eigenvalues at 1 and 2p~ at —1, the distribution of (21, ..., x,) is the Jacobi
ensemble (4.4) with parameters 8 = 2, a = 2p* + %, b=2p~ + %

Moreover, for the above groups G = SO(2n + 2p* + 2p~) or USp(2n + 2p™ +
2p~) with 2pT eigenvalues at 1 and 2p~ at —1, Z(ng*) denotes the 2p+th derivative

of the characteristic polynomial at point 1 and Z(ng ) the 2p’th derivative of the
characteristic polynomial at point —1 :

Z(2p+) n i —i n
oo = =) = L2 -n)
7(2p7) n ; i n
asmr = a(1-d™)(-1—e®) = T @2 +m)

Combining this with formula (5.3) leads to the following analogue of Theorem 5.1.

Theorem 5.3. With the above notations and definition of conditional spectral Haar
measures on SO(2n + 2p* + 2p™),

Z(2p+) Z(2p—) - 2n—2 2n—2
((2pi())!2p’(2p§(§!2p+> - (2 [I a-x0.2 [] (1+(‘1)kxk)>

k=0 k=0

where the Xy'’s are independent and Xy, with density fyu) ) on (—1,1) given by
Definition 5.2 with parameters

s(k) = 22=kE=l 4 opt t(k) = 2”72& +2p~  if k is even
s(k) = 2=l 4 2pT 4 2p—, #(k) = 2L if k is odd

The same result holds for the joint law of Z(U2§;) and Zgg;), but with the parameters

s(k) = 2”%“ +2p™, t(k) = 2”%’““ +2p~  if k is even
s(k) = W +2pt +2p~, t(k)= 2”_2& if k is odd

1.1. Central limit theorems.

From (5.3), logdet(2Id — u) and logdet(2Id + u) (respectively abbreviated as
log det™ and log det(f)) can be jointly decomposed as sums of independent ran-
dom variables. Consequently, the classical central limit theorems in probability theory
imply the following result. Note that, despite the dependence appearing from (5.3),

log det™ and log det(™) are independent in the limit.
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Theorem 5.4. Let u have spectral measure the Jacobi ensemble (4.4), with 5 > 0,
a,b>0. Then

logdet(+) + (% — 2“3'1) logn 1ogdet(_) + (% — %) logn

: = (N1 AR)
1/%logn 1/%logn

as n — 0o, with N1 and N3 independent standard normal variables.
Proof. We keep the notations from (5.3) :

logdet™ = log2+3 ,, log(l—ax) + 3., log(1 — ay)

logdet™) = log2+ Doaarlog(l —ag)+ > . plog(1+ ax)
with 0 < k < 2n — 2. Let us first consider X,, = >, ,log(l — ag). From (5.3),
X, law k i 1og(1 — x) with independent x’s, x having density f(k 18 fatbr2,el-
In particular, E(zy) = %}?ﬁ/? + O (%) and E(2?) = m + O (7%). From the

Taylor expansion of log(1 — z)

k=1 k=1 £>3
—_———
x® x®
Let X = > 00 1Ze>3 . A calculation implies E(X) < oo, so X < oo a.s. and

consequently, |X$l |/\/logn < X/+logn — 0 a.s. as n — oo. Moreover,

2 +b+3/2—5/2 1 2 1 1
(o) o) (B ro )

so the classical central limit theorem (see e.g. [108]) implies that

logn ..

Xgll) _ a+b+3/2-8/2
B — Nl

/1
Elogn

as n — oo, with A7 a standard normal random variable. Gathering the convergences
for XS) and ng) gives

logn ..

— N1 (5.4)

b+3/2—3/2
Xn_a++g B8/

/1
Blogn

We now concentrate on Y5~ = Y even 1 log(1 —ay) and Y& = D even 1 log(1+ o).

From (5.3) (YS™,v{7)) "2 (37 log(1 — yk), >-7 log(1 + yx)) with independent yy’s,
Y. having density f(k—1)§+a+1,(k—1)§+b+1' We now have

E(:l:yk y2k>ZW-FO(%),VE)JI'(:EZM—%%):ﬁ—f—O(l).

Consequently, as previously the two first terms in the Taylor expansions of log(1+yx)

can be isolated to get the following central limit theorem for any real numbers A(+)
and \(7) :

2 A AN, (5.5)
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with A5 a standard normal variable, independent of N7, because the odd and even
ay’s are independent. Gathering convergences (5.4) and (5.5) shows that

log det™) + (% — 2“‘%1) logn logdet™) + (% — 2b+1) logn
\/ 5 logn 7 \/ 7 logn

converges in law to —= (./\/1 + No, N1 — Na) o (N1, N2). 0

Remark. The absence of drift for a = b = 0 in the above central limit theorem requires
8 =2 : it always has specific properties amongst the S-ensembles.

An immediate corollary of the previous theorem concerns the derivatives of cha-
racteristic polynomials on SO(2n) and USp(2n).

Corollary 5.5. With the notations of Theorem 5.3,

logZ(zp) (2p™ —%)logn logZ(p) (2p’—%)logn
Viogn Viogn

as n — oo, with N1 and Na independent standard normal variables. The same result
holds on the symplectic group conditioned to have 2p™ eigenvalues at 1 and 2p~ at
—1, but with the parameters 2p™t) and 2p=) replaced by 2p'T) + 1 and 2p(=) + 1 in
the above formula.

) % (N, NG)

These central limit theorems about the Jacobi ensemble on the segment have ana-
logues for Jacobi ensembles on the unit circle. We only state it, the proof being similar
to the previous one and relying on the decomposition as a product of independent
random variables, Corollary 4.18. In the following the complex logarithm is defined
continuously on (0,1) as the value of logdet(Id — zu) from =0 to = = 1.

Theorem 5.6. Let 5 > 0 and § € C, Re(d) > —1/2. If the eigenvalues of u,, are
distributed as (4.5), then

log det(Id — u,) — 1ogn o,

\/ 3 logn \/_

as n — oo, with N1 and N> independent standard normal variables. In particular, if
Z(P)
U

(Nl + 1./\/2)

is the pt" derivative of the characteristic polynomial at 1, for the Haar measure
on U(n) conditioned to have p eigenvalues equal to 1, as n — 0o
log Z(”) —plogn Jag

Viogn \/_

Remark. The above technique does not provide the existence of a limit in law for
(logZ(1),logZ'(1)) under the Haar measure py(,) as n — oo. This point remains
open, for more on this topic, see [36].

(Nl + 1./\/2)

1.2. Limit densities.

Let (x1,...,2n) have the Jacobi distribution (4.4) on (—2,2)". The asymptotics
of the density of

n

det™) .= H(2 — ;)

k=1
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near 0 can be easily evaluated from (5.3). Indeed, let f be a continuous function and
h,, denote the density of det™ on (0, 00). With the notations of (5.3), as aa,_ has
law fa41,6+1,

1 2n—3
E (f(det(+))) - 011(1 —2)*(1+2)E <f (2(1 — ) k];[o (1- ak)>> da.

with ¢ = 271797 (a + b+ 2)/(T'(a + 1)I'(b + 1)). The change of variable ¢ = 2(1 —

) iigg(l — ay,) therefore yields

a+1 b
1 c .
e (2 L —am) <2 2050 - ak>> N

implying immediately the following corollary of Killip and Nenciu’s formula (5.3).

Corollary 5.7. For the Jacobi distribution (4.4) on (—2,2)", the density of the cha-
racteristic polynomial det™ near 0 is, for some constant c(n),

hn(g) ~ c(n)e®

e—0

Note that this constant is effective :

B I'(a+b+2) i 1\
(") = BT (@ DTG 1 1) [[E <(1 - ozk> ) '

k=0

As an application of Corollary 5.7, the correspondence a = 2p — % shows that
for the Haar measure on SO(2n + 2p), conditioned to have 2p eigenvalues equal to 1,
this density has order 621”%, which agrees with (5.2). Of course, Corollary 5.7 gives
in the same manner the asymptotic density of the characteristic polynomial for the
symplectic (a = 2p + 1/2) groups or the orthogonal groups with odd dimensions.

Moreover, the same method, based on Theorem 5.1, gives an analogous result for
the unitary group.

Corollary 5.8. Let h;U) be the density of |Z87)|, with the notations of Theorem 5.1.
Then, for some constant d(n),

W (e) ~ d(n) &%,

e—0

Remark. With a similar method (decomposition of det™ asa product of independent
random variables), such asymptotics were already obtained by Yor [142] for the density
of the characteristic polynomial on the group SO(n).

2. The trace and a remarkable martingale.

Using arguments from the theory of representations and the method of moments,
Diaconis and Shahshahani [42] have shown that for u ~ py(,), as n — oo,

(Tru,Truz,...,Truk) law, (le\/iXQ,...,\/EXk) (5.6)
with the A%’s independent complex standard normal variables : X}, law % (N1 +iN3),

with A7 and N> independent real standard normal variables. Johansson [74] has
given a generalization of the Szeg6 theorem for Toeplitz determinants which allows to
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generalize the above central limit theorem in the following way. Take the eigenvalues
of u distributed as the circular measure

A9, ..., ) Pd0, ... d6,. (5.7)

Then
(Tru, Tru?, ... ,Truk) Lol \/g (Xl, V2Xy, ..., \/EX;C) . (5.8)

Moreover (5.6) can be generalized to the Haar measure on U(n) conditioned to have
specified eigenvalues. The proof relies on the Fisher-Hartwig asymptotics for the Toe-
plitz determinants with singularities [139]. We will then give an interpretation of
(5.8) from the point of view of the Killip and Nenciu matrix model for the circular
ensembles : (5.8) can be interpreted as the almost sure convergence of a remarkable
martingale, the limit being normally distributed, without any normalization.

2.1. Limit theorems for the traces

In a seminal paper [42], Diaconis and Shahshahani proved central limit theorems
for the traces on the classical compact Lie groups endowed with their Haar measure,
in particular (5.6) for the unitary group.

They proved it showing that the moments of the traces converge to those of the
independent normal variables. Actually, for sufficiently large n, they showed that these
moments even coincide, suggesting that the convergence to the normal law is very fast.
This was shown by Johansson [75] : the rate of convergence is O(n~%") for some & > 0.
He also gave an alternative proof of (5.6) relying on the Szeg6 asymptotics of Toeplitz
determinants.

More precisely, let T be the unit circle and, for ag,by € R (1 < £ < m),

[T - R
99 et Z;n:l (ag cos(€0) + by sin(£0))

The above central limit theorem is strictly equivalent to the convergence of the Laplace
transforms, that is to say

E (622':19(6“”")) — 7 T Uaitb) (5.9)

HU(n) n—o00

for any reals ay and by. From Heine’s identity (see e.g. [133]) the LHS is equal to
D, (e9) with D,, the Toeplitz determinant defined by

D, (f) = det(fi—j)o<i.j<n,

the (fk) being the Fourier coefficients of f. Szegd’s Theorem states that, for any
g € LY(T) with real values, if ¢ = Y77 k[gx|? < oo,

D, (e9) = endotcto(l)

as n — oo. Hence (5.9) is a consequence of both Heine’s identity and Szegd’s limit
theorem. The above method cannot be directly applied to get a central limit theorem
for the traces for any circular ensemble. Indeed, for the distribution (5.7) with 8 # 2,
the LHS in (5.9) cannot be interpreted as a Toeplitz determinant anymore. However,
the following theorem gives a direct answer.

Theorem 5.9. (Johansson [74]) Take (61,...,0,) with distribution (4.2) and g €
LY(T) with real values, and suppose ¢ =3 k|gx|* < oco. Then, as n — oo,

E <H eg(%)) — & (ngoteto(1))

k=1
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Johansson’s work immediately implies the following convergence of the traces for
any circular ensemble.

Corollary 5.10. Take (01,...,0,) with distribution (5.7). Then

aw 2
(Tru,TruQ,...,Trum) law E (Xl,ﬁXg,...,\/ﬁXm)

with the Xy’s independent complex standard normal variables.

We now generalize (5.6). Consider the Haar measure on U(n + p) conditioned to
have p eigenvalues equal to 1 : this is the Jacobi circular ensemble with § = 2 and
6 = p. Is there still a central limit theorem for the traces? If so, one may hesitate
between the two following statements, or an intermediate regime :

o Tru 2% p+ X, with X a standard complex normal variable, if conditioning
with p eigenvalues equal to 1 does not affect the sum of the other eigenvalues
in the limit ;

o Tru 2% x , the strict analogue of the Diaconis-Shahsahani Theorem, if the
additional repulsion due to the p eigenvalues is strong enough to affect the sum
of the other eigenvalues in the limit.

In fact, the answer is known and quite surprisingly it is the first one. We give
the proof in a more general context : consider the Haar measure conditioned to have
p1 eigenvalues equal to €%, ..., p; eigenvalues equal to e'?*, where the @,’s are
distinct. This induces the spectral density for the other eigenvalues (61,...,0,) on
U(n+p1 +--- +pk) (c is the normalization constant)

k n
o |A@E®, L MPT] [T e — e ). (5.10)

=1 j=1

Theorem 5.11. For the above spectral measure on U(n+p1 + -+ pr), as n — oo,

(Tru,TruQ,...,Trum) law, (Xl,\/ng,...,\/T_nXm)

k k k
. - .
+ E Pzewag pee’ W,...,§ pee' e
=1 = =1

with the Xy’s independent complex standard normal variables.
Proof. As in the previous proof, with the function g defined above, Heine’s identity
gives

EGzzﬂ@M):%%%?,

the expectation being with respect to (5.10) and the function f defined by

k
f (eie) _ H |ei9 _ ei¢£|2p£.
=1
The Fisher-Hartwig asymptotics (see Theorem 5.12 below) implies that

Dn(feg) D, (eg) _ 6”§0+C+0(1).

D, (f) noo

with ¢ = Y77 k|gx|?. Consequently, our choice of g implies the convergence of the
Laplace transform of the traces to those of independent normal variables. Adding the
contribution of the e'¥¢’s concludes the proof. O
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The indispensable tool for the above proof is the following theorem about the
asymptotics of Toeplitz determinants with singularities. For a status report on the
extensions of the result below, see [46].

Theorem 5.12. (Fisher-Hartwig asymptotics, Widom [139]) Suppose that h : T — C
s mon-zero, with a winding number 0, and with o derivative satisfying a Lipschitz
condition. Define f (') = HIZ:I el — el¥e|2Pe (Re(py) > —1/2). Then

n—oo
k 2
w e TG T ot ()
n—oo e G(1+ 2ps) L<sreh |eier — eies |prps

where the gi’s are the Fourier coefficients of logh and G is the Barnes function.

Remark. An analogue of the Fisher-Hartwig asymptotics has been conjectured by For-
rester and Frankel [49] for circular ensembles with 8 > 0. This allows us to conjecture
that for the spectral measure density

k n
¢ |A, ... ef))8 H H |ei¥e — el |2Pe

(=1j=1

on U(n +p1+ -+ pr),

w |2
(Tru, Tru?, ..., Tru™) Lo 5 (Xl, V22X, .., \/ﬁXm)
k . k ) k .
(S S Yo
(=1 =1 =1

2.2. Connections with the Killip-Nenciu Theorem.

Let
u=09()0V () ...0" V(a, 1),

with the notation (4.9). A calculation gives
Tru =09 — agry — 1Qa — *++ — Qp—2Cp—_1-

If the ay’s are independent with a rotationally invariant distribution, then an easy
induction gives

Tro 2 g + agap + g+ 90, 1. (5.11)

Let (Xg, k > 0) be independent random variables and Xy, law piw /B, 5 (k-1 with w
)2

uniform on (—, ) independent of the beta variable with the indicated parameters.
Let
M, = X1 X + XoX3 + -+ Xp_1Xp.

Then, from the Killip-Nenciu Theorem and (5.11), for any circular distribution (5.7)
with parameter g > 0,

law

Tru = M, + X,,

with X,, — 0 in probability. Moreover a little calculation shows that, if g > 0,
(M,,,n > 1) is a L2-bounded martingale, so it converges almost surely, and we call
1 the distribution of its limit. Hence Tru converges in law to p, with no normaliza-
tion, which follows from the repulsion of the eigenvalues (independent and uniform
eigenangles would require a normalization by 1/4/n for the convergence in law of the
trace). From Corollary 5.10 we know that p is the centered normal complex distribu-
tion with variance 2//3. The above discussion can be summarized as follows.
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Corollary 5.13. The discrete martingale (M,,,n > 1) converges a.s. to a random
variable, whose law is complex Gaussian with variance 2/5.

Moreover, if 8 = 2, the convergence of the law of Tr(u) to the normal distribu-
tion is extremely fast : it was shown by Johansson [75] that this is O(n=%") for some
6 > 0. For B # 2, there is no evidence for such a fast convergence. Note that for
classical central limit theorems this speed is generally only O(1/+/n) as predicted by
the Berry-Esseen inequality.

In conclusion, note that there are many examples of discrete martingales with
bounded increments, converging almost surely, with a Gaussian limit. For example,
consider (B,t > 0) a standard Brownian motion in C and consider the sequence of
stopping times

To=0
{ Tp41 = min (1,inf{¢t > T, | |B: — Br,| = 1}) (5.12)

Then A,, = Br, defines a martingale with bounded increments converging almost
surely to By. The increments of (A,,n > 0) are not independent : more generally,
a martingale with independent increments converging to a Gaussian limit only has
Gaussian increments as immediately shown by the Cramer lemma [35] : if the sum of
independent random variables X and Y is Gaussian, then X and Y are Gaussian.

It would be interesting to find a sequence of stopping times (T,), in the same

manner as (5.12), such that
law

Mn - BTnv

because it would give some new insight in the surprisingly fast convergence of the
trace shown by Johansson.

3. Joint convergence of characteristic polynomial and trace

The purpose of this section is to show the following joint convergence.

Theorem 5.14. Suppose the eigenvalues of u, € U(n) have the distribution (5.7).

Then as n — oo,
log det(Id — w.,) law /2
08CRVC " Un) Ty, 2, X
(B ) 5 G

with X1, X independent complex standard normal variables.

Proof. Take independent Xj’s with distribution Xy 12w i /B, 8 (h—1) Wk uniform
)

on (—m,m) and B, s (k—1) & beta random variable with the indicated parameters. From
)
Theorem 4.16, the eigenvalues of

Uy =20 (X, _1)2W (X, 2) ... 2D (Xg)
have distribution (5.7). For this matrix model, we know that

{det(Id—un) = (1-Xo)(1—=Xy1)...(1-X,_1)
Trun = f(Xo,...,anl)

with the notation

1—-X,—
F(Xoy- o Xpo1) = —XoXi——=— — = X2 Xy =

ST ol X,
1-X, 1-X,_, !
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Therefore, for any 0 < m < n — 1, the following equality in law holds :

Trug, Lo FXo, .., Xm)
log det(Id—wuy,) = D et log(1=Xy)
Viogn Viogn

N ( FXoy s X)) = F(Xoy -y Xim) )

ko log(1—Xy)

Viogn
Suppose m — oo and logm/logn — 0. From Lemma 5.15, % converges in
law, so % converges in law to 0. Moreover, as n — oo, f(Xo,...,X,—1) —
f(Xo,...,X;n) also converges in law to 0 : it actually converges to 0 in L? as shown

by Lemma 5.16. Hence, thanks to Slutsky’s lemma, we only need to show that
fXoy ..oy Xm)
ZZ=7VL+1 IOg(l_Xk’)
Vd1ogn

converges in law to a vector of independent complex Gaussians with the required va-
riance. This is straightforward because the coordinates are now independent and each
one converges to the required Gaussian : f(Xo, ..., Xm) Yy Uy, With U ~ phy(m), 50

S i 3 391 3 Z::vn«#l IOg(l_Xk)
as m — oo it converges to a Gaussian thanks to Corollary 5.10, and B o —

is the difference of a variable converging to the required Gaussian and a variable
converging to 0. |

Lemma 5.15. Suppose the eigenvalues of u, € U(n) have the distribution (5.7).

Then as n — oo,
logdet(Id — wp) 1aw /2
28T ) law 2y
Viogn gt

with X1 a complex standard normal variable.

Proof. This is straightforward from the decomposition as a product of independent
random variables

det(Id — un) = (1 — Xo)(1 — X1) ... (1 — Xp_1),

where the independent Xj’s have distribution Xy, law iy /B, 8 (h—1)r Wk uniform on
s (v

(—m,m) and B, B (k1) @ beta random variable with the indicated parameters : one
2
just needs to follow the proof of Theorem 1.8. |

Lemma 5.16. Take independent Xy '’s with distribution Xy law elwr B, 8 (k—1)r Wk
)

uniform on (—m,7) and B, B (k1) @ beta random variable with the indicated parame-
’3

ters. For 1 <m < n, let
1-X,,

_ 1-X,—
Y = X 1 Xyt — - = X, 90Xy et
1-— Xm 1- anl

+ Xn71~

Then

2 1 2 1
E(vi)=2—1 (1__) S
() 51—|—§(m—1) B 1—|—§(n—1)
Proof. As the X;’s are independent and have a distribution invariant by rotation,

law

Y = X1 X, + Xme+1 + o+ X o X1+ X1
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For every k, E(X)) = 0 hence only the diagonal terms survive in the second moment :

E(Y?) = 3 E (X1 Xkl?) +E (Xao1]?)

k=m + 2

n—1
2 ( 1 A 1
B \1+8(k-1) 1+5k) 1+8(n-1)
SE N R -
B1+5m—1) B)1+Lmn-1)

Remark. Lemma 5.16 implies in particular (8 = 2 and m = 1) that for u, ~ pue),
E(| Tr uy,|?) is constantly equal to 1, which is a sign that the convergence of Tru, to
a normal variable is very fast.

Suppose now that 8 # 2 and the eigenvalues of u,, have distribution (5.7). Lemma
5.16 shows that E(| Tru,|?) converges to 2/3 with speed 1/n : the convergence to a
normal variable is much slower for g # 2.

4. Moments for u ~ psy(n)

We have seen in the previous chapters that for u ~ py(n), so(2n) OF Husp(2n), the
characteristic polynomial Z,, = det(Id —u) is equal in law to a product of independent
random variables. An important example of limit monodromy group in the work by
Katz and Sarnak [78] is SU(n), and they study more generally the groups (m > 1)

Up(n) = {u € Un) | det(u)™ = 1}.

We do not know a decomposition in law of Z, for u ~ uy,, (n), however we present
in this section how an important lemma by Katz and Sarnak allows to calculate the
asymptotics of

E |Z|*Fe2fiare2e) k0 e N1 < k.

KU (n) (

Lemma 5.17 (Katz-Sarnak [78]). Let f be a € class function. Then the following
equality holds, where the series is absolutely convergent :

B (F0) = 3 By () (dot)™)
JEZ

An application of the above lemma yields

E (|1ZuP*eiere %) =N "By, (det(Id — u)**det(Id — )~ (detu)’™)

JEZ

KU, (n)

The sum is actually finite : all indexes j with jm + £ > k of jm + ¢ < —k give a zero
contribution. It is intuitive that, as m — oo, py,, ) approaches py(,). The above
lines show that, in this particular case, much more is true.

Corollary 5.18. Suppose m >k +1. Then

By (Zal e 0E%0) =By (20200057
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Moreover, for any fixed m, the asymptotics of E,, (|Zu|2ke2£i arg Zu

computed explicitly. As

) can be

i) = (-1 G

we can write

E |Zu|2k62€i arg Zu)

HUm (n) (

= > (1) Eu,,, (det(d — u) M det(Id — @)k
—k<jmHL<k

For each term of this sum, we know the asymptotics (for example thanks to the

Fisher-Hartwig asymptotics, see e.g. [46]), which leads to the following result, where
G is the Barnes function.

Corollary 5.19. Let m € N*, k,{ € N, £ < k. Let k' be the minimal value of
{ljm +£|,j € Z}, obtained at j*. Then

; % G(l +k5—|—]€/)G(1—|—k—k‘/) 2 02
Zu 2k 2liargZ,, ~ _1)iTm k*—k .
|2l e ), D) G(1 + 2k) "

E'U’U'm (n) (

In particular,
2k 2k
ENUm(m (|Zu| ) o Euu(m (|Zu| ) :

Remark. Thanks to the Katz-Sarnak lemma, many other results about U(n) can be
extended to Uy, (n). For example, if u,, ~ pu,, (n), then as n — oo

(Tru,TruQ, e ,Truk) law, (Xl, V2Xs, ..., \/EXk)

with the X%’s independent complex standard normal variables. This is the analogue
of the Diaconis-Shahshahani theorem (5.6), and its proof is a direct application of the
method of moments and the result concerning U(n) in [42].

5. On a theorem by Eric Rains

Let (01,...,60,) be distributed on T™, the torus with dimension n. For a large class
of distributions on the ;’s, one can expect that m#fy,...,m#, tend to independent
uniform random variables as m — oco. A surprising result by E. Rains states that, if
the 6;’s have distribution

1 : - dé, de
A, 02— =
AT e o
then for any m > n the angles m6y, ..., m#, are exactly uniform and independent.

Theorem 5.20 (E. Rains [114]). Let u ~ py(y). Then for any m > n, the eigenvalues
of u™ are independent and uniform on the unit circle.

This can be extended to any circular ensemble with Hua-Pickrell singularities,
with density on (—, 7)™ proportional to

¢ n
AE?, e T T 1€ — e P, (5.13)

j=1k=1
where v and the a;’s are elements in N.

Theorem 5.21. Let (01,...,0,) have the circular distribution (5.13). Then for any
integer m > y(n — 1) + ay + - -+ + ag, €™, ... ™ are independent and uniform
on the unit circle.
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Proof. We proceed as Rains, using the method of moments : we need to show that the
joint moments of e™?1 ... l(V(n=1D+k)n coincide with those of uniform independent
random variables. This is easily reduced to showing that for my, mo, ..., m, integers,
not all of which are zero,

L n
/ |A(e0 ... elf) 2 H H |l — eli |20 gimimby - pimambngg, 46, = 0.
j=1k=1
(5.14)
Suppose for example m, # 0 for some 1 < p < n. As 7 € N, an expansion of the
Vandermonde determinant shows that the above integrated expression has the form

Yy(n—1)+a1+-+a,

elmpm9p § ¢ eljep

j=—v(n—1)—a;——ay

for some complex coefficients c;, functions of v, the ax’s, the ¢.’s, the 6)’s distinct
from 6,. As m > ~y(n—1)+aj +- -+ ay, this is actually a polynomial in e%» with no
constant term, so the integral equals zero. O

Theorem (5.21) cannot be extended to non-integer values of v : we are not in
situation to apply Carlson’s theorem here. Indeed, for n = 2, all a;’s equal to 0, one
can see that €2 (148) and €?2(1+8) are generally not independent.



Chapter 6

Mesoscopic fluctuations of the zeta zeros

This chapter corresponds to Mesoscopic fluctuations of the zeta
zeros [18], to appear in Probability Theory and Related Fields.

This chapter gives a multidimensional extension of Selberg’s central limit theorem
for log ¢, in which a non-trivial dependence appears. In particular, this is related to
a question by Coram and Diaconis about the mesoscopic correlations of the zeros of
the Riemann zeta function.

Similar results are given in the context of random matrices from the unitary group.
This indicates that the validity of the correspondence log ¢ <+ n holds not only between
the dimension of the matrix (n) and the height on the critical line (logt), but it also
holds, at a local scale, for small deviations from the critical axis or the unit circle.

Remark. All results below hold for L-functions from the Selberg class, for concision
we state them for (.
In this chapter we talk about correlations between random variables to express
the idea of dependence, which is equivalent as all the involved variables are Gaussian.
The Vinogradov symbol, a, < b,, means a, = O(b,), and a,, > b, means
bn, < ay. In this chapter, we implicitly assume that, for all n and ¢, £, > 0, &, > 0.

1. Introduction

1.1. Main result

Selberg’s central limit theorem states that, if w is uniform on (0, 1), then

log ¢ (% +iwt) law

Vloglogt ’
as t — 00, Y being a standard complex normal variable (see paragraph 1.4 below
for precise definitions of log ¢ and complex normal variables). This result has been
extended in two distinct directions, both relying on Selberg’s original method.

First similar central limit theorems appear in Tsang’s thesis [136] far away from the
critical axis, and Joyner [77] generalized these results to a larger class of L-functions.
In particular, (6.1) holds also for log ¢ evaluated close to the critical axis (1/24¢¢+iwt)
provided that ¢; < 1/logt; for e, — 0 and €; > 1/logt, Tsang proved that a change
of normalization is necessary :

(6.1)

1 Ly +iwt) jaw
(o) b, v
v—logey
with w uniform on (0,1) and Y’ a standard complex normal variable.
Second, a multidimensional extension of (6.1) was given by Hughes, Nikeghbali

and Yor [72], in order to get a dynamic analogue of Selberg’s central limit theorem :
they showed that for any 0 < Ay < -+ < Ay

+ iwe(logt)xl> yoe ey logC <% + iwe(logt)w))

B Y, Ye), (6.3)

b (loge (2
Vloglogt & 2

99
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all the Y;’s being independent standard complex normal variables. The evaluation
points % + iwe8D™ in the above formula are very distant from each other and
a natural question is whether, for closer points, a non-trivial correlation structure
appears for the values of zeta. Actually, the average values of log ¢ become correlated
for small shifts, and the Gaussian kernel appearing in the limit coincides with the one

of Brownian motion off the diagonal. More precisely, our main result is the following.

Theorem 6.1. Let w be uniform on (0,1), &t — 0, & > 1/logt, and functions
0< t(l) < e < ft(e) < ¢ < 00. Suppose that for all i # j

log |ft(j) — ft(i)|
— =~ ¢ €]0,00]. 6.4
1Og€t C,J € [ ] ( )
Then the vector

1 1 1
e (logC (5 te +if? +iwt) ... log¢ (5 e +if? +iwt)> (6.5)

converges in law to a compler Gaussian vector (Y1,...,Y,) with mean 0 and cova-
riance function

COV(Yi,Yj):{ Mlcm i; ;;? : (6.6)

Moreover, the above result remains true if e, < 1/logt, replacing the normalization

—log ey with loglogt in (6.4) and (6.5).

The covariance structure (6.6) of the limit Gaussian vector actually depends only
on the —1 parameters c¢1 9, . .., c¢—1,¢ because formula (6.4) implies, for all i < k < j,
¢i,j = Cik N ck,;. We will explicitly construct Gaussian vectors with the correlation
structure (6.6) in section 4.

We now illustrate Theorem 6.1. Take £ = 2, ¢, — 0, &, > 1/logt. Then for any

0 < < 1 and w uniform on (0, 1), choosing ft(l) =0 and ft(Q) =,
1 1
_— (log ¢ (5 + &4 + iwt + ief) D
\/—3loge

converges in law to
(N1,5N1—|—\/1—(52 2), (67)

where N7 and N5 are independent standard real normal variables. A similar result
holds if e; < 1/ logt, in particular we have a central limit theorem on the critical axis

6,5:02
ooy (sl G oo ) e (5 + 0+ ) )
——— [ log|C | = + iwt (| = +iwt+ —=
3 loglogt 2 2 (log)?

also converges in law to (6.7). Note the change of normalization according to e, i.e.

1
C(§ +5t+iwt>’,log

,log

the distance to the critical axis. Finally, if all shifts ft(i) are constant and distinct,
ci,j = 0 for all 4 and j, so the distinct means of ¢ converge in law to independent
complex normal variables, after normalization.

Remark. In this chapter we are concerned with distinct shifts along the ordinates,
in particular because it implies the following Corollary 6.3 about counting the zeros
of the zeta function. The same method equally applies to distinct shifts along the
abscissa, not enounced here for simplicity. For example, the Gaussian variables Y and
Y’ in (6.1) and (6.2) have correlation 1 A V3 if &; = 1/(logt)® with § > 0.

Theorem 6.1 can be understood in terms of Gaussian processes : it has the following
immediate consequence, enounced for €, = 0 for simplicity.
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Corollary 6.2. Let w be uniform on (0,1). Consider the random function

1 1 i
— 1 “tiwt+ —— )|, 0<8<1
(vloglogt Og‘C (2 i (logt)“)‘ )
Then its finite dimensional distribution converge, as t — oo, to those of a centered
Gaussian process with kernel I'y s =y N if v # 6, 1 if y =6.

There is an effective construction of a centered Gaussian process (X5,0 < § < 1)
with covariance function I'y s : let (Bs,0 < 6 < 1) be a standard Brownian motion
and independently let (Ds,0 < 0 < 1) be a totally disordered process, meaning that
all its coordinates are independent centered Gaussians with variance E(D?) = 4. Then

Xs=Bs+Di_;

defines a Gaussian process with the desired covariance function. Note that there is
no measurable version of this process : if there were, then (Ds,0 < 6 < 1) would
have a measurable version which is absurd because, by Fubini’s Theorem, for all

2
0<a<b<1E <(f: D5d5) ) =0, so f: Dsdd = 0 a.s. and Ds = 0 a.s. giving the

contradiction.

1.2. Counting the zeros

Theorem 6.1 also has a strange consequence for the counting of zeros of ( on
intervals in the critical strip. Write N(¢) for the number of non-trivial zeros z of ¢
with 0 < Jmz < ¢, counted with their multiplicity. Then (see e.g. Theorem 9.3 in
Titchmarsh [135])

1 1
N(t) = L log—— + Lomlogc(1/2+it) + £ +0 (-) (6.8)
27 2me  w 8 t

with Jmlog ¢ (1/2 +it) = O(logt). For t; < ty we will write

2 la 3! 31
A(ty,t2) = (N(t2) = N(t1)) — | == log =— — — log —
(f1,2) = (N{t2) (1)) <27r ®ore 27 ® 271'6)7
which represents the fluctuations of the number of zeros z (t; < Jmz < t2) minus its
expectation. A direct consequence of Theorem 6.1, choosing ¢ = 2, f(M(t) = 0 and
fA@) = m (0 < 6 < 1), is the following central limit theorem obtained by Fujii
[55] :

1
A (wt, wt + W)

%\/log logt

as t — 0o, where w is uniform on (0,1) and A is a standard real normal variable.
A more general result actually holds, being a direct consequence of Theorem 6.1 and
(6.8). This confirms numerical experiments by Coram and Diaconis [33], who after
making extensive tests (based on data by Odlyzko) suggested that the correlation
structure (6.9) below should appear when counting the zeros of ¢. Following [33] the
phenomenon presented below can be seen as the mesoscopic repulsion of the zeta zeros,
different from the Montgomery-Odlyzko law, describing the repulsion at a microscopic
scale.

L TN

Corollary 6.3. Let (K;) be such that, for some ¢ > 0 and all t, Ky > €. Suppose
logK;/loglogt — & € [0,1) as t — oo. Then the finite dimensional distributions of
the process

A (wt+ a/Ki,wt + B/Ky)

1/(1=4)loglogt

, 0 a< <
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converge to those of a centered Gaussian process (A(a,ﬁ), 0 < a<f <o) with the
covariance structure

1 ifa=a and =4
~ ~ 1/2 ifa=da and B# 5
E (A(a,ﬁ)A(o/, 5/)) - 11//22 % Aol and f =5 . (6.9)
- if B=«
0 elsewhere

This correlation structure is surprising : for example A(a, 8) and A(a/, 3’) are
independent if the segment [, §] is strictly included in [o/, 8], and positively corre-
lated if this inclusion is not strict. Note that there is again an effective construction
of A : if (f)(;, 0 > 0) is a real valued process with all coordinates independent centered
Gaussians with variance E(D2) = 1/2, then

Afa. ) = Da— D,

has the required correlation structure. Concerning the discovery of this exotic Gaus-
sian correlation function in the context of unitary matrices, see the remark after
Theorem 6.4.

1.3. Analogous result on random matrices
We note Z(un, X) the characteristic polynomial of a matrix u, € U(n), and often

abbreviate it as Z. Theorem 6.1 was inspired by the following analogue (Theorem 6.4)
in random matrix theory. This confirms the validity of the correspondence

n < logt

between the dimension of random matrices and the length of integration on the critical
axis, but it also supports this analogy at a local scale, for the evaluation points of
log Z and log ¢ : the necessary shifts are strictly analogue both for the abscissa\radius
(en \ &¢) and the ordinate\angle (f@ \ ¢®).

Theorem 6.4. Let u, ~ pu(n), €n — 0, €, > 1/n, and functions 0 < @53) <<
@57,@ < 2w — 9§ for some § > 0. Suppose that for all i # j
log ¢t — o]

i,d , 00]. 1
Toge, — ¢ ; €10, 00] (6.10)

Then the vector

1 o™ io®
——— (log Z(uy, e Tn7), .. log Z(uy,, e Ti¥n ) 6.11
T (o8 2 ) log Z(u ) (6.11)
converges in law to a compler Gaussian vector with mean 0 and covariance function

(6.6). Moreover, the above result remains true if €, < 1/n, replacing the normaliza-
tion —loge,, with logn in (6.10) and (6.11).

Remark. Let N, («, 8) be the number of eigenvalues e? of u, with a < 8 < 8, and
dnla, B) = Np(a, B) = Euy,,, (Nn(a, 8)). Then, a little calculation (see [71]) yields

1 . .
6n(a, B) = = (Imlog Z(un, ) — Imlog Z(un, ')

3

This and the above theorem imply that, as n — oo, the vector

1
Viogn

(577,(@53), @), 0n(P, 0P, (Y, <p$f>)) .
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converges in law to a Gaussian limit. Central limit theorems for the counting-number
of eigenvalues in intervals were discovered by Wieand [140] in the special case when
all the intervals have a fixed length independent of n (included in the case ¢; ; = 0 for
all 4, j). Her result was extended by Diaconis and Evans to the case ga( D = = o) /K, for
some K,, = 00, K,,/n — 0 (i. e. ¢;; is a constant independent of ¢ and j) : Corollary
6.3 is a number-theoretic analogue of their Theorem 6.1 in [40].

Note that, in the general case of distinct ¢;;11’s, a similar result holds but the
correlation function of the limit vector is not as simple as the one in Corollary 6.3 :
it strongly depends on the relative orders of these coefficients ¢; ;11’s.

1.4. Definitions, organization of the chapter

In this chapter, for more concision we will make use of the following standard
definition of complex Gaussian random variables.

Definition 6.5. A complex standard normal random variable Y is defined as —= (N1—|—

iN2), N1 and N3 being independent real standard normal variables. For any )\ ,ueC,
we will say that A+ pY is a complex normal variable with mean A and variance |u|2,
The covariance of two complex Gaussian variables Y and Y’ is defined as cov(Y,Y') =
E(YY'") —E(Y)E(Y’), and Var(Y) = cov(Y,Y).

A wvector (Y1,...,Ye) is a complex Gaussian vector if any linear combination of
its coordinates is a complex normal variable. For such a complex Gaussian vector and
any pp = (p, ..., pme) € Ch, Zi:l pr Y has variance iCtu, where C is said to be the
covariance matriz of (Y1,...,Ye) : C;; = cov(Y;,Y;).

As in the real case, the mean and the covariance matrix characterize a complex
Gaussian vector.

Moreover, precise definitions of log ¢ and log Z(X) are necessary : for o > 1/2, we
use the standard definition

log (o +it) = / C (s +it)d

if ¢ has no zero with ordinate t. Otherwise, log ((o + it) = lim._,¢ log {(o +i(t + €)).
Similarly, let u ~ py(,) have eigenvalues el ... el For |X| > 1, the principal
branch of the logarithm of Z(X) = det(Id — X~ !u) is chosen as

" 10 =1 Tr(uw!
logZ(X):Zbg( X):—Z; }((j )
k=1 j=1

Following Diaconis and Evans [40], if X,, — X with [X,| > 1 and [X] = 1, then
log Z(X,) converges in L? to —Z;’il %Tg(gjj); therefore this is our definition of
log Z(X) when |X]| = 1.

We will successively prove Theorems 6.4 and 6.1 in the next two sections. They are
independent, but we feel that the joint central limit theorem for ¢ and its analogue
for the random matrices are better understood by comparing both proofs, which are
similar. In particular Proposition 6.9, which is a major step towards Theorem 6.1 is
a strict number-theoretic analogue of the Diaconis-Evans theorem used in the next
section to prove Theorem 6.4.

Finally, in Section 4, we show that the same correlation structure as (6.6) appears
in the theory of spatial branching processes.
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2. The central limit theorem for random matrices.

2.1. The Diaconis-Evans method.
Diaconis and Shahshahani [42] looked at the joint moments of Tru, Tru?, ..., Tru®
for u ~ py(n), and showed that any of these moments coincides with the ones of

Y1,v2Yo, ..., \/_Yg for sufficient large n, the Yi’s being independent standard com-
plex normal variables. This suggests that under general assumptions, a central limit
theorem can be stated for linear combinations of these traces.

Indeed, the main tool we will use for the proof of Theorem 6.4 is the following
result.

Theorem 6.6 (Diaconis, Evans [40]). Consider an array of complex constants {an; |
n € N,j € N}. Suppose there exists 0 such that
oo

. 20 _ 2
hn;oz lan;|“(7 An) = o= (6.12)

n—
Jj=1

Suppose also that there exists a sequence of positive integers {m,, | n € N} such that
lim,, 0o My /n =0 and
o0
lim Y an;[*(j An) =0. (6.13)

n—oo
Jj=mp+1

Then Z;’il an; Trud, converges in distribution to oY, where Y is a complex standard
normal random variable and u, ~ py(n)-

Thanks to the above result, to prove central limit theorems for class functions, we
only need to decompose them on the basis of the traces of successive powers. This
is the method employed in the next subsections, where we treat separately the cases
en > 1/n and €, < 1/n.

2.2. Proof of Theorem 6.4 for £,, > 1/n.

From the Cramér-Wald device' a sufficient condition to prove Theorem 6.4 is that,
for any (p1,...,ume) € C,

¢ ¢
1 i ok
—_— log Z(es»Hien” —_ ul
v—loge, ;M gZ( Z \/—1og£w (; ]eJ(enern >)> r(un)
converges in law to a complex normal variable with mean 0 and variance

Z il® + ) Tapue(cse A1), (6.14)

s#t
We need to check conditions (6.12) and (6.13) from Theorem 6.6, with

¢
—1 Mk
anj = § . ) .
v —loge, i jed(ention”)

First, to calculate the limit of

o n o
S aniPGAn) = dlanil* +n Y lansl?,
j=1 j=1 j=n+1

1. A Borel probability measure on R¢ is uniquely determined by the family of its one-dimensional
projections, that is the images of p by (z1,...,2¢) — Z§:1 Ajzj, for any vector (Aj)1gjce € RC.
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note that this second term tends to 0 : if a = (Zi:l |1k])?, then

oS [e's) 14 1 2 00 1
k
(—logen)n § |anj|2:n E E (7+ <an E —2\
En+ipy,
j=nt1 je=ntl k=1 JEI T j=nt

son Z;’;H_H lan;|?> — 0. The first term can be written

>

J(€ +ipl

n n 1( QERNON J
(—logen) D jlani* = j ZM it Z <WT>
j=1 j=1

Hence the expected limit is a consequence of the following lemma.

Lemma 6.7. Lete, > 1/n, e, — 0, (A,) be a strictly positive sequence, bounded by
21 — § for some § > 0, and log A, /loge,, — ¢ € [0,00]. Then

1 | eliBn
Z — — cA 1.
—loge, e JEn n—yoo

Proof. The Taylor expansion of log(1l — X) for |X]| < 1 gives

n oA, © ijAn
e _ : (&
E _— = — IOg (]_ — € 26"+1An) — E -
je2ien . je2ien
j=1 j=n+
(1) N —

(2)

As e, > d/n for some constant d > 0,

1(2)] < E —— < E - — / S —
j=n+1 ]62]61,, P j@dTl n—oo Jq (1 + x)ed(l-l—m)

o (2), divided by loge,, tends to 0.

We now look at the main contribution, coming from (1). If ¢ > 1, then A,, = o(e,,),
so (1) is equivalent to loge, as n — oo. If 0 < ¢ < 1, then &, = 0o(A,) so (1) is
equivalent to log A, hence to cloge,. If ¢ =1, (1) is equivalent to (loge,)1c, >, +
(log Ap)1A, >e,, that is to say loge,. Finally, if ¢ = 0, as (¢,)* < A, < 271 — ¢ for
all a > 0, (1) = o(logep,). O

Condition (6.13) in Theorem 6.6 remains to be shown. Since n Z;’;nﬂ lan;|> — 0,
we just need to find a sequence (m,) with m,/n — 0 and Z?:mnﬂj|anj|2 — 0.
Writing as previously a = (Zi:l |pr|)?, then

n

n
Z j|anj|2 10g€ ; mz

J=mnt1

u|>—t

Hence any sequence (m,, ) with m,, = o(n), (log n—log(my))/loge, — 0 is convenient,
for example m,, = [n/(—loge,)].

2.3. Proof of Theorem 6.4 for &,, < 1/n.
We now need to check conditions (6.12) and (6.13) with

¢
—1 [k
QApi = —_——(0
7 logn <kz_1 jej(sn+is05f))>
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and o2 as in (6.14). In the same way as the previous paragraph, n Z;’;H_H lan;|? — 0,
and (6.13) holds with m,, = |n/logn|. So the last thing to prove is

" np [ e\
. ) 2
S it = S 34 ()

that is to say, writing z,, = e~2en+iler) i),

First note that with no restriction we can suppose ¢, = 0. Indeed, if we write
yp = @01 and e, < b/n for some b > 0 (since &, < 1/n),

because e~ — 1| < z for # > 0. The asymptotics of E y" are given in the next
lemma, which concludes the proof.

Lemma 6.8. Let (A,) be a strictly positive sequence, bounded by 2w — § for some
0 >0, such that —log A, /logn — ¢ € [0,00]. Then

1 eldAn

(&
— 1.
logn 2; J n—00 e
j:

Proof. We successively treat the cases ¢ > 0 and ¢ = 0. Suppose first that ¢ > 0. By
comparison between the Riemann sum and the corresponding integral,

n eijAn (n+1)A, eit n (G+1H)A, |€ijAn _ eit‘ elf elf
— — —dt| < - + | = — —| | dt
; J /An ¢ JX_;/jA ( JAn JAn
n A n
- + -
; J Z <J J+ 1)

eliln

has the same limit as — f(nH)A" %dt as

n
AbC>0 A — 0 so mz logn JA,

J=1
n — oo. If ¢ > 1, nA,, — 0 so we easily get

t logn  n—oo

1 (n+1)An it 1 (n+1)An dt 1 1

—dt ~
logn t  n—oo logn

If 0 <ec<1,nA, —oco. As sup,-, ‘ff %dt‘ < 00,

1 DA it 1 [t 1 [t dt
—dt ~ —dt ~ — —
logn Ja, t  n—oologn Ja, t  n—oologn Ja, t n—oo

If ¢ = 1, a distinction between the cases nA,, < 1, nA, > 1 and the above reasoning
gives 1 in the limit.
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If ¢ = 0, A,, does not necessarily converge to 0 anymore so another method is
required. An elementary summation gives

We will choose a sequence (a,,) (1 < a, < n) and bound ZJ 1 el by kif k < ay,
by [(eFA» —1)/(eiAn —1)| < 2/|e?r — 1| if a,, < k < n. This yields

n 1]A anp—1

2
< 1<logan+——x——+1.
Z k+1 elAn_]_' Z ( k—|—1)+ Oga'+an|61An_1|+

As A, < 27— 6, there is a constant A > 0 with |e!2» — 1| > AA,,. So the result follows
if we can find a sequence (a,) such that 1?%;: — 0 and a,A,logn — oo, which is
true for a, = |27/A,]. O

3. The central limit theorem for ¢

3.1. Selberg’s method.

Suppose the Euler product of ¢ holds for 1/2 < Re(s) < 1 (this is a conjecture) :
then log((s) = —>_ cplog(l — p~*) can be approximated by >  »p~°. Let s =
1/2+4 &+ iwt with w uniform on (0, 1). As the logp’s are linearly independent over Q,
the terms {p~'“! | p € P} can be viewed as independent uniform random variables on
the unit circle as ¢ — oo, hence it was a natural thought that a central limit theorem
might hold for log (s), which was indeed shown by Selberg [119].

The crucial point to get such arithmetical central limit theorems is the approxima-
tion by sufficiently short Dirichlet series. Selberg’s ideas to approximate log ¢ appear
in Goldston [59], Joyner [77], Tsang [136] or Selberg’s original paper [119]. More pre-
cisely, the explicit formula for ¢’/{, by Landau, gives such an approximation (z > 1,
s distinct from 1, the zeros p and —2n, n € N) :

Co=-T oy

n<x

P—s —2n—s

Z n+s’

from which we get an approximate formula for log ((s) by integration. However, the
sum over the zeros is not absolutely convergent, hence this formula is not sufficient.
Selberg found a slight change in the above formula, that makes a great difference
because all infinite sums are now absolutely convergent : under the above hypotheses,

if
A(n) forl <n<u,
Az(n) = log =2 ,
A@)EE forz<n<a?,
then
CI o A, (n) x2(1=s) _ gl=s 1 pP—s _ p2(p—s)
D S e e D Dy

Assuming the Riemann hypothesis, the above formulas give a simple expression for
(¢"/¢)(s) for Re(s) = 1/2 : for z — oo, all terms in the infinite sums converge to
0 because RRe(p — s) < 0. By subtle arguments, Selberg showed that, although RH
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is necessary for the almost sure coincidence between (’/¢ and its Dirichlet series, it
is not required in order to get a good L* approrimation. In particular, Selberg [119]
(see also Joyner [77] for similar results for more general L-functions) proved that for
any k € N*, 0 < a < 1, there is a constant cg, such that for any 1/2 < o < 1,

t(l,/k < T < tl/k,
2k
—is

ds < cpq-

t
%/1 logC(J—i-is)—Zp

a
PLT p

In the following, we only need the case k = 1 in the above formula : with the notations
of Theorem 6.1 (w uniform on (0, 1)),

logC( +€t+1f(J) —l—iwt) —Z p

— p%+st+if§”
~

—iwt

is bounded in L2, and after normalization by #gst or m, it converges in probabi-
lity to 0. Hence, Slutsky’s lemma and the Cramér-Wald device allow us to reformulate
Theorem 6.1 in the following way.

Equivalent of Theorem 6.1. Let w be uniform on (0,1), e, — 0, & > 1/logt, and

functions 0 < (1) f(e) < ¢ < 00. Suppose (6.4). Then for any finite set of
complex numbers Plyeeoy bt

—1<.uf

<fp

(6.15)

converges in law to a complex Gaussian variable with mean 0 and variance

o —Zlug + > (LA ).

J#k

Ifer < 1/logt, then the same result holds with normalization 1/+/loglogt instead of
1/v/—logey in (6.15) and (6.4).

To prove this convergence in law, we need a number-theoretic analogue of Theorem
6.6, stated in the next paragraph.

3.2. An analogue of the Diaconis-Evans theorem.

Heuristically, the following proposition stems from the linear independence of the
logp’s over Q, and the main tool to prove it is the Montgomery-Vaughan theorem.

Note that, generally, convergence to normal variables in a number-theoretic
context is proved thanks to the convergence of all moments (see e.g. [72]). The result
below is a tool showing that testing the L2-convergence is sufficient.

Proposition 6.9. Let ay (p € P,t € RT) be complex numbers with sup,, |ap:| — 0
and lapt|? — 02 ast — oo. Suppose also the existence of (my) with logmy/logt —
0 and

S lag? (1 + %’) — 0. (6.16)

p>my

Then, if w is a uniform random variable on (0,1),

Z apfp_“"t oY
pEP

ast — 00, Y being a standard complex normal variable.
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Remark. The condition m,, = o(n) in Theorem 6.6 is replaced here by logm; =
o(logt). A systematic substitution n < logt¢ would give the stronger condition
my/logm; = o(logt) : the above proposition gives a better result than the one expec-
ted from the analogy between random matrices and number theory.

Proof. Condition (6.16) first allows to restrict the infinite sum over the set of primes P
to the finite sum over P N [2, m;]. More precisely, following [102], let (a,) be complex
numbers, (A,) distinct real numbers and

0 = min [\, — Agl.
s#T
The Montgomery-Vaughan theorem states that
1t ’ 30
iAns _ 2 4
), (o] ar=Eler (1455)
for some 6 with |8] < 1. We substitute above a, by ap and A, by logp, and restrict

the sum to the p’s greater than m; : there is a constant ¢ > 0 independent of p with
ming, ., |logp —logp’| > £, 50
2

1/t . 9 p
P | et e et (1)

p>my
with ¢ bounded by 3mc. Hence the hypothesis (6.16) implies that > . app @t
converges to 0 in L2, so by Slutsky’s lemma it is sufficient to show that

Z app ! 2% 5y (6.17)

pPSmy

As 3 e, lapt|* = 0® and sup ¢, [apt| — 0, Theorem 4.1 in Petrov [108] gives the
following central limit theorem :

Z apie” 2% 5y, (6.18)

pPSmy

where the w,’s are independent uniform random variables on (0, 27). The log p’s being
linearly independent over Q, it is well known that as t — oo any given finite number
of the p'“¥’s are asymptotically independent and uniform on the unit circle. The
problem here is that the number of these random variables increases as they become
independent. If this number increases sufficiently slowly (logm;/logt — 0), one can
expect that (6.18) implies (6.17).

The method of moments tells us that , in order to prove the central limit theorem
(6.17), it is sufficient to show for all positive integers a and b that

E | fap Z aptpith tjoE(fa,b(UY)),

PSMy

with f,p(z) = 2°Z°. From (6.18) we know that

B fan | D ape™ 2 E(fap(aY)).
PIMmy )

Hence it is sufficient for us to show that, for every a and b,
E\ fan | D app™ | | =B | fan | D ape — 0. (6.19)

n— oo
Pt Pt
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Let ny = [P N [2,my]] and, for 2 = (21,...,%n,) € R™, write f{gf}))(z) =
fap (Zpém,, apteizp), which is €°° and (27Z)™ -periodic. Let its Fourier decomposi-
tion be fétg(z) = pezne ugi)b(k)eik'z. If we write T® for the translation on R™ with
vector s p*) = s(logpi, . ..,10g Py, ), inspired by the proof of Theorem 2.1 we can write

the LHS of the above equation as (u(*) is the uniform distribution on the Torus with
dimension n;)

eitk.p(t) 1

1 (t)
= g Z ua,b(k) L - p(f)

kEZmt k40

]. ¢ t t
\; | assfmo - [

Our theorem will be proven if the above difference between a mean in time and a
mean in space converges to 0, which can be seen as an ergodic result. The above RHS
is clearly bounded by

2 (t) !
E u, 3 (k - ’
t < 0.1 )|> mfkeﬂi]'),, [k p0)]

keZnt

where H% is the set of the non-zero k’s in Z™ for which uffl(k) # 0 : such a k
can be written k1) — k), with k(1) € [La]™, k@ € [Lo]", ki + - + ki) = a,
69 1t kD =
i N _\b
First note that, as ), _n, ufz)b(k)elkw - (Zpgmt apteIZp) (Zpémt a—pteﬂzp) ’

+b
a+b o

¢ atb
STEI< Y Japel | <mem [ YD Jal?
keZnt pP<me pP<me

hence for sufficiently large ¢

a+b

2(20) %% m

t infkeﬂﬂ |k-p®]

~

1 [t t
’Z /0 dsf{)(T°0) — / pB(d2) f)(z)] <

Lemma 6.10 below and the condition logm;/logt — 0 show that the above term
tends to 0, concluding the proof. [l

Lemma 6.10. Forn > 1 and all k € H;b,

1
. p®) -
|k p | Z ntQ max(a,b)

Proof. For k € Z™, k # 0, let £, (resp &) be the set of indexes i € [1,n:] with k;
strictly positive (resp strictly negative.) Write u1 = [];c¢, piki‘ and uz = [[ieg, piki‘
Suppose 11 > ug. Thanks to the uniqueness of decomposition as product of primes,
u1 = us + 1. Hence,

I —1
beu1 T osuz (log’ u1)(uy — uz)

> i —e” Yice, kilogpi > eflogpnt Yice, ki.

U1

k-p®| = —
k- p| = (u1 — u2) UL — Uy

For all ny > 0, log pn, < 2logn;. Moreover, from the decomposition k = D — k(2 in
the previous section, we know that Zie& k; < a, so
|kp(t)| > 672alognt.

The case u1 < ug leads to |k -p(t)| > e 2010 wwhich completes the proof. [l
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In the above proof, we showed that the remainder terms (p > m;) converge to 0 in
the L2-norm to simplify a problem of convergence of a sum over primes : this method
seems to appear for the first time in Soundararajan [132].

3.3. Proof of Theorem 6.1 for e, > 1/ logt.

To prove our equivalent of Theorem 6.1, we apply the above Proposition 6.9 to
the random variable (6.15), that is to say
¢
1 1
Qpt = v
PET [~ log e ; p%+5t+iff”

if p <t,0if p > t. Then clearly sup,, |a,:| — 0 ast — oo. For any sequence 0 < m; < t,
o ¢
writing @ = (3,_; |1x])?,

9 D a 1 a
1 —) < - .
Z [yt ( +t —logey Z p+ —logey

my<p<t me<p<t

As >« 1—17 ~ loglogt, condition (6.16) is satisfied if we can find m; = exp(logt/b;)

with b; — 0o and 282

—log et
We now only need to show that >_ , lapt|? — Z§:1 i) + Dst Bstit (LA s t),
which is a consequence of the following lemma.

— 0 : by = —loge, for example.

Lemma 6.11. Let (A¢) be bounded and positive. If ¢, — 0, e¢ > 1/logt and
log A;/logey — ¢ € [0,00], then

1 piAt
—logg p1+2€t tjo C/\l
t p<t
iA
Proof. The first step consists in showing that — lolg = Zpgt p’fH; has the same limit

iA
as the infinite sum #ggt ZpE'P p’f+—;€t. In fact, a stronger result holds : as g is
iA
sufficiently large (e; > d/logt for some d > 0), >_ _, pﬁ—;gt is uniformly bounded :

1 w(n) —7m(n—1)
Z pl+ze — Z nit2e

p>t n>t

1 1
_ Zﬂ,(n) <n1+2€‘ - (n ¥ 1)1+25t> + 0(1)

n>t

= (1+ 2¢) /00 de +o(1),

x2+2€t

and this last term is bounded, for sufficiently large ¢ (remember that 7(z) ~ z/logx
from the prime number theorem), by

—d

o d © d
2/ = —2/ Y < oo,
t  atteet logx o logy

as shown by the change of variables y = 2~%/1°8* Therefore the lemma is equivalent
to A
1 pret
— 10g6t p1+2€t tjo cN\ 1.
pEP

The above term has the same limit as
1 pia 1
IOggt;p og( p1+2et> “loge, o0g ((1+ 24 —1Ay)
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because log(1 — z) = —z + O(|z|?) as z — 0, and > 1/p? < oco. The equivalent
¢(1+x) ~1/x (x — 0) and the condition logA;/loge; — ¢ yield the conclusion,
exactly as in the end of the proof of Lemma 6.7. O

3.4. Proof of Theorem 6.1 for e; < 1/ logt.

The equivalent of Theorem 6.1 now needs to be proven with

¢
1 1
a
Pt~ loglogt Z parectif?

if p <t 0if p >t Reasoning as in the previous paragraph, a suitable choice for
(my) is my = exp(logt/loglogt). Therefore, the only remaining condition to check
is that, for (A;) bounded and strictly positive such that —logA;/loglogt — ¢ and
et < 1/logt,

1 piAt

1 1 ; 1te t—)—> cN1.

oglogt £ p o0

First note that we can suppose €, = 0, because (using &; < d/logt for some d > 0
and once again |1 — e~ 7| < z for z > 0)

p etlogp d logp
< —d
1+6t Z D 10gt Z; P

p<t p<t p<t
where the last limit makes use of the prime number theorem. The result therefore
follows from the lemma below, a strict analogue of Lemma 6.8 used in the context of
random matrices.

Lemma 6.12. Let (A;) be bounded and positive, such that —log A;/loglogt — ¢ €
[0,00]. Then
1A

p — c N1
log 1ogt t—o00

Proof. As calculated in the proof of Lemma 6.11,

niA b ()t
P> => —(n(n) —m(n—1) =(1 —mt)/ %dx—ko(l).

p<t n<t

The prime number theorem (7(z) ~ x/logx) thus implies

iA t A ¢
P r'Srde . dz

(1—-iA 1—-iA 1

' )/e xrlogx - t)o(/e a:loga:) +o(l)

Atlogt 1ydy
=(1- iAt)/ " + (1 —iA¢) o(loglogt) + o(1).
Ay

p<t

At logt

If ¢ > 1, Atlogt — 0, so the above term is equivalent to dy/y = loglogt. If

ST %dy

limit as fAlf dy/y = log A;/loglogt — c. Finally, if ¢ = 1, the distinction between the
cases Ay logt > 1 and A logt < 1 and the above reasoning give 1 in the limit. O

iA
¢ <1,A;logt — 0080, as sup,~ < 00, m Zpgt % tends to the same
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4. Connection with spatial branching processes.

There is no easy a priori reason why the matrix (6.6) is a covariance matrix. More
precisely, given positive numbers ¢y, ...,co—1, is there a reason why the symmetric
matrix

- 1 if i=j

i =E(Y;Y;) = . P

Cij (YiY5) { LAInfp jqper if i<
is positive semi-definite? This is a by-product of Theorem 6.1, and a possible
construction for the Gaussian vector (Y1,...,Ye) is as follows. Define the angles

o 1<k <l by o) =0 and

A = gl 4

,2< k<UL (6.20)

nCk—1.k

Let (X;)r>1 be independent standard complex Gaussian variables. For 1 < k < ¢, let

1 LI ) X,
vy — irg,” T
k Viogn ; ¢ NG
Then (an), e ,Yén)) is a complex Gaussian vector, and Lemma 6.8 implies that its

covariance matrix converges to (6.20).

Instead of finding a Gaussian vector with covariance structure (6.20), we consider

this problem : given ¢, ..., ¢, positive real numbers, can we find a centered (real or
complex) Gaussian vector (X, ..., Xy) with

E(X;X;) = inf 21

(XiXj) = Inf cy (6.21)

for all i < 77 A matrix C of type (6.20) can always be obtained as a A\C’ + D with
A >0, C' of type (6.21) and D diagonal with positive entries, so the above problem
is more general than the original one.

Equation (6.21) is the discrete analogue of the following problem, considered in
the context of spatial branching processes by Le Gall (see e.g. [89]). Strictly following
his work, we note e : [0,0] — RT a continuous function such that e(0) = e(c) = 0. Le
Gall associates to such a function e a continuous tree by the following construction :
each s € [0, 0] corresponds to a vertex of the tree after identification of s and ¢ (s ~ t)
if

e(s) = e(t) = inf e(r).
[st]
This set [0, 0]/ ~ of vertices is endowed with the partial order s < ¢ (s is an ancestor
of t) if
e(s) = inf e(r).
[st]

Independent Brownian motions can diffuse on the distinct branches of the tree : this
defines a Gaussian process B, with u € [0, 0]/ ~ (see [89] for the construction of this
diffusion). For s € [0, o] writing X = By (where 3 is the equivalence class of s for ~),
we get a continuous centered Gaussian process on [0, o] with correlation structure

E(X:X;) = inf e(u), (6.22)
s,t
which is the continuous analogue of (6.21). This construction by Le Gall yields a
solution of our discrete problem (6.21). More precisely, suppose for simplicity that all
the ¢;’s are distinct (this is not a restrictive hypothesis by a continuity argument),
and consider the graph i — ¢;. We say that ¢ is an ancestor of j if

C;, = inf Cl.
keli,jl
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The father of 7 is its nearest ances- Ck

tor, for the distance d(i,7) = |¢; — ¢jl.
It is noted p(i). We can write co() <
-++ < Cg(gy for some permutation o, and Ny
(M, ..., Ng) a vector of independent

centered complex Gaussian variables, Ny No I_ e
with variance cx — ¢,y (by convention
Cp(o(1)) = 0). Then the Gaussian vector N; -
(X4,...,Xy) iteratively defined by

N [ T A
{ Xoy = No o ——
Xo(i+1) = Xpo(i+1) T No(i+1) /\/5-1

Ne

satisfies (6.21), by construction.



Appendix

1. Beta random variables

We recall here some well known facts about the beta variables which are often
used in this thesis. A beta random variable B, ; with strictly positive coefficients a
and b has density on (0, 1) given by

I (Cl + b) ta—l

b—1

P (B, € dt) =

Its Mellin transform is (s > 0)

I'la+s) T (a+b)
I'(a) T(a+b+s)

E(Bs) = (7.1)

For the uniform measure on the real sphere
S =1, ) €R™ Corf e = 1),

the sum of the squares of the first k coordinates is equal in law to B K nok. Conse-

quently, under the uniform measure on the complex sphere ./ = {(c1,...,¢n) €
C" ¢ e+ + fenl? = 13,

law
a1 = e€“v/Bin-1,

with w uniform on (—n,7) and independent from By ,_1.

2. A remarkable identity in law.

Using Mellin-Fourier transforms, we will prove the following equality in law.
Theorem 7.1. Let Re(d) > —1/2, A > 1. Take independently :

o w uniform on (—m,m) and By a beta variable with the indicated parameters ;
Y distributed as the (1 —z)°(1 — T)°-sampling of x = € /By x ;

e Bi x_1 a beta variable with the indicated parameters.

e 7 distributed as the (1 — )%+t (1 — )%+ -sampling of * = /By a1 ;

Then )
v oY) Bt e,
1-Y

Proof. Actually, we will show that

X=1- (Y— (1 - |Y|2)Bl,,\1> law |
1-Y

First note that, by Lemma 7.4,

law i
1-Y = 2cosp €¥B, 551
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where ¢ has probability density ¢ (1 + %) (1 + e*Qi‘/’))‘JFS]l(_W/QJ/Q) (c is the
normalization constant). Consequently, by a straightforward calculation,

law i
X = 2cosp e'¥ (BAJFHSH’A—I-(l — BAMJFSJFLA) Bl)\,l) )

We first suppose that 2(2A+3d+8+1)—1 € N. Consider the uniform distribution on
y§(2A+6+6+1)—1. Then the sum of the squares of the first 2(A + & + & +2) coordinates
is equal in law to By, 5.5.5y . but also to By 5.5, 5 +(1- B>\+5+3+1’>\) By -1 by
counting the first 2(A + & + 0 + 1) coordinates first and then the next two. Hence

law . ip -
X = 2cospe¥B, 5150 1"

The result remains true if 2(2\ +J + 6 + 1) — 1 ¢ N by analytical continuation.

Consequently Lemma 7.3 implies the following Mellin Fourier transform formula

DA 46+ 1A +6 4 1) TA+6+06+2+1)
FA+6+6+2) TOA+0+2+DIA+0+52+1)

E (|X|t€is argX) _

Using the following Lemma 7.2, the Mellin Fourier transform of 1 — Z, coincides
with the above expression, completing the proof. O

Lemma 7.2. Let A > 0 and X = 1 + €“/By.x, where w, uniformly distributed on

(—m,m), is assumed independent from By x. Then, for allt and s with Re(t+s) > —1
FTA+1)TA+1+1)

TA+1+5)T(A+1+52)

E (|X]teis5X) =
Proof. First, note that
EOXFE“@X):E((1+€“V§:ga(1+e‘MV@§;Y>,
with a = (t 4+ 5)/2 and b = (¢t — s)/2. Recall that if |z| < 1 and v € R then

(0w
k! ’

NE

(+a)" =

~
Il

0

where (y)r = y(y +1)...(y + k — 1) is the Pochhammer symbol. As [ /B 5| < 1
a.s., we get

> —1)k —a 4 . > —1)¢(— £ .
E (|X|t6isargX) —F ((Z ( ]-)k(' )k B R elk)w) (Z ( 1)€|( b)@ Bi)\elﬁw)) i
k=0 ’ =0 ’

After expanding this double sum (it is absolutely convergent because Re(t+s) > —1),

B

=l

all terms with k # ¢ will give an expectation equal to 0. Hence, since E(B]f’)\) =

T(1+k)D(A+1) _ k!
T(T(A+1+k) — (A+D)g

, we obtain

t_isarg X\ __ S (_a)k(_b)k
B (IX['e )_kzzo KO+ 1)y

Note that this series is equal to the value at z = 1 of the hypergeometric function
oF1(—a,—b, A\ + 1; 2). Hence Gauss formula (3.7) yields :

. TA+ )I(A+1+a+b)
t isarg X\ _
E (X[ %) TO+1+alA+1+0)

This is the desired result. O
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Lemma 7.3. Take ¢ with probability density ¢ (1 + €2%)*(1 + 6’2“0)2]1(_7,/277,/2),
where c is the normalization constant, Re(z) > —1/2. Let X = 2cosg €. Then

Fz+1)T(EZ+1) T(z+Z+t+1)
F(z4+z+1) T+ +1)+5+1)

E (|X|teisargX) _

Proof. From the definition of X,

7T/2 - t+s t—s
E (|X|teisargX) _ c/ (1 + ezim)fr% (1 +e—2im)Z+T dz.

—m/2

Both terms on the RHS can be expanded as a series in e%# or e=2% for all x # 0.
Integrating over x between —m/2 and 7/2, only the diagonal terms remain, hence

o (3 #e), (—2-b50),

(K1)?

E (|X|teisargX) =c
k=0

The value of a 9F; hypergeometric function at z = 1 is given by the Gauss formula
(3.7), hence

T(z+Z+t+1)
T+ 3+ 1)z + 52 +1)

E (|X|teisargX) —c
As thisis 1 when s=t =0, c = %gfsl), which completes the proof. O

Lemma 7.4. Let A > 2, Re(d) > —1/2, w uniform on (—m,7) and By x_1 a beta
variable with the indicated parameters. Let Y be distributed as the (1 —%)°(1 — x)°-
sampling of x = ei“’«/BLA_l. Then

law i
1-Y = 2cosp €¥By 515, 15

with By 5.5 \_1 a beta variable with the indicated parameters and, independently,
¢ having probability density ¢ (1 + 2P FO—L(1 4 e~ 20011 0 o0 (¢ is the

normalization constant).

Proof. The Mellin Fourier transform of X = 1 —Y can be evaluated using Lemma
7.2, and equals

FA+8HT(A+6) T (A+t+6+0)
TA+524+6)T(A+52+0) L (A+0+6)

E (|X|teisargX) _

On the other hand, using Lemma 7.3 and (7.1), the Mellin Fourier transform of
2 cos g ei¥ B, 545 coincides with the above result. |
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