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Abstract

In this paper, we are interested in the similarity between the correlations of the zeroes of the
Riemann Zeta Function and the eigenvalues of a random, uniformly distributed unitary matrix
of order N, as N — oco. In the first section, we define the Riemann Zeta Function on C\ {1},
we state and prove some of its basic properties and state the Riemann Hypothesis. In the
second section, we talk about the Circular Unitary Ensemble (CUE). We explain the uniform
distribution on U(n), prove the Weyl’s integration formula and then we talk about determinantal
point processes and the sine kernel. In the third and last section, we prove Montgomery’s
Theorem, as well as state the Montgomery’s conjecture, which shows the similarity we talked
about.

1 Introduction

In 1860, Bernhard Riemann published the well-known paper entitled “On the Number of Primes
Less than a given Magnitude”. In this paper, he proved an improved version of the Prime Number
Theorem, under an assumption he made, known today as the Riemann Hypothesis; the fact that

1
all non-trivial roots of ¢ lie on Re(s) = 3 In 1900, Hilbert included the Riemann Hypothesis in

his famous list of the 23 problems with which he challenged 20th century mathematicians. Since
then, the Riemann Hypothesis has proved to be perhaps the most famous and important unsolved
Number Theory problem, as many theorems today depend on its truth. It is known today that the
Riemann Hypothesis is true up to the number 3 x 10'2. One possible approach to this problem, is

1
the Hilbert-Poélya conjecture, which states that if p, = 3 + it,, are the roots of (, then ¢, are the

eigenvalues of a self-adjoint operator (and, thus, are real).

In 1973, Montgomery conjectured that the pair correlation of the zeroes of the Riemann Zeta Func-
tion follows the determinant of the sine kernel, and proved, under the Riemann Hypothesis, that
this is indeed true for a special category of functions. From a conversation of H.L.Montgomery with
F.J.Dyson, both of them realized that eigenvalues of complex Hermitian or Unitary matrices have
exactly the same n-tuple correlation function, that of the determinant of the sine kernel. This is of
course a sign that the Hilbert-Poélya conjecture is true. That is when people started to understand
that the Riemann Zeta Function is very much related to Random Matrix Theory. Since then, the
link between them has developed very much, and it is a field which is researched even today.

Acknowledgements

I would mostly like to thank my mentor, Lucas Benigni for his guidance and patience over
the course of the writing of this paper. I very much appreciate the time and effort he dedicated,
in order to answer all kinds of questions I asked. Also, I would like to thank Professor Peter
May, both for his very helpful comments on the paper, and for being able to organize this REU
online, under very difficult circumstances. I am grateful for having the chance to participate.



2 The Riemann’s Zeta Function

2.1 Analytic Continuation of the Riemann Zeta Function

In this paragraph, our goal is to define the Riemann ¢ function in the half-plane Re(s) > 1 and
show it can be extended analytically in C\ {1}, and at 1 it will have a simple pole with residue 1.
We start by giving the following definition of the ¢ function.

Definition 2.1. We define the Riemann zeta function to be the function

for all s € C with Re(s) > 1.

The series on the right hand side is absolutely convergent in the half plane Re(s) > 1, thus it
defines an analytic function on this domain. Next, we break the process of extension into several
propositions.

Proposition 2.2. { can be extended to {s € C, Re(s) > 0} \ {1}.
Before starting the proof, we give the following technical Lemma.

Lemma 2.3. Let a,b € R with0 < a < b and ¢ : [a,b] — C be a function with continuous derivative.
Then, the following relation holds:

> o= [ owar s+ [ (o=t 3) d@ar+ (a- - }) ot - (o-11 - 5) o0

neN
a<n<b
For the proof of this Lemma, due to additivity, it is enough to consider the case in which
k <a <b<k+1 for some nonnegative integer k. This case can be proven with a straightforward
integration by parts.

Proof of Proposition 2.2. We apply Lemma 2.3 to the function ¢(z) = =%, and set a = 1,b € N.
Then,

n=2
and thus,
> ©[z]—x+1 11
C(S):an::zn szs/l e —— 5, Rels) > 1, (1)

1
Observe that the function f(z) = [z] —x + B is bounded, so the right hand side of (1) defines an

analytic function for all s such that Re(s) > 0 and s # 1. Thus, the function ¢ can be defined to
be equal to the function on the right hand side, for Re(s) > 0 and s # 1. O

Proposition 2.4. ¢ can be extended to {s € C, Re(s) > —1}\ {1}.



Proof. We are going to prove that the integral on the right hand side of (1) converges actually for

Re(s) > —1. Set
. "l -+

For every positive integer k we have that fi(k+ 1) = fi1(k), so fi(z) is bounded. Thus, integrating
by parts implies

dt - 0 as x1,x9 — 0.

T2 _ 1 z2 T2
bea) — o) = [ HEER < (B [ A0

xT1 1
So, the limit lim h(xz) exists for every s such that Re(s) > —1 and s # 1. Thus, we can define

T—00

] _ 1
((s)—s/l 2 x+2dx+ ! —i—%, Re(s) > —1,s # 1.

For all s such that Re(s) < 0, we have

Va]—z+3 e 1 [t s s 1 1 1
8/0 xSHdaﬁ——s/Ox dx+2/0 x5+1dx:3—1_§:s—1+§’

so if —1 < Re(s) < 0 then

C(s):s/ooo[];sfl—{_zdx

We finally can prove the analytic continuation of ¢ on C\ {1}.

Proposition 2.5. { can be extended to a meromorphic function on C with a simple pole at 1 with
residue 1. Moreover, we have the following functional equation,

€s) = E(1—s) with £(s) = %s(s ~1rr (3 ¢ls).

1
Proof. The function f(z) = [z] — x + 3 is 1—periodic, so expanding in Fourier series and using

Dini’s Theorem, we have

1 = sin(2n7z)

So, for —1 < Re(s) < 0, integrating term-by-term (see Lemma 2.6 for the proof) implies

i blH(QTLT(.ﬁU)

B * *sin(2nrx)
((s)=s , ozt Z Tt dz =

s (2mn)® siny s . s
:ﬂ; oL [ Sy =~ 2 en T (-s)sin T - 9. (2

In the last equality, we used the known identity

oo
F(S)sings:/ v tsinydy.
0
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The Right Hand Side of relation (2) is analytic for any s with Re(s) < 0, and thus we can define
C(s) = —E(QW)SF(— )sin ZF¢(1 — s), for Re(s) < 0.
T

We have successfully completed our goal, which was to extend ¢ analytically on C\ {1}. Using
the identities

STz

T(z)[(1-2)=—— and ()0 (z + ;) = 91722 /7T (22)

and the relation (2), we get that if we set

£(s) = 55(s = DT (5) ¢lo)

the function ¢ satisfies the relation (s) = £(1 — s) and takes real values on real numbers. Also, the
function Z(z) = (% +i2) is an even function of z and takes real values on real numbers. O

It remains, however to prove that term-by-term integration is possible. This is discussed in the
Lemma below:

Lemma 2.6. Term-by-Term integration is possible in the above proof.

x sin(2mnz) |z —z+3 N sin(2mnx)
Proof. Set = = Imost h d = _—
roof. Set g(x) P ] e (almost everywhere) and gy (z) n§:1 P

Of course, gn(x) o g(x) almost everywhere in (0,00). Let M € N and 0 = Res € (—1,0).
—00

Using Abel’s transformation, we can see that

N-1
_ Bn(@) Bn(x)

gN(.%') - 7TN.’L'S+1 ; 7rx3+1n(n + 1)7

n
where B, (z) = Y sin(27kz). By performing some easy calculations, we obtain that
k=1

sin? mnz
B, (z) = cosmnx + ———.
tanmx

1
Thus, for any 6 > 0, |B,(z)| <1+ 5 for § <z <1and |B,(z) <nfor0<z<d. So,

/01 |i’§(fi)|dfc _0 (n+)

by picking § = n" T and

k+1 T
[ B — o,

by periodicity and picking § = n_%, for any integer 1 < k < M — 1. By these two inequalities, we
get that gy N—> g in LY(0, M). Thus, it suffices to prove that
—00

sm 27rmv
Z : 0.
:I)S+ M —o0



This is true, as

/OO sin(2mna) | [_cos(27mx)]°° s+l /oo cos(2mna) ) < 1 > |

v mnxstl 2rnxstt |, 2m Sy xSt nMo+1

Thus, ability to integrate term-by-term follows. O

Next, we will state a few properties that will be useful.

Proposition 2.7. Let A(n) = logp if n = p® and 0 otherwise. Then, for all s with Res > 1, the
following tdentity holds:

o0

)
((s) — 2 M

Proof. For Res > 1, we see that

(o= T] 1= = o) =~ 3 los(1-57)

p prime p prime

Differentiating this equality implies

OT T g, S P
n=1 n=1

p prime p p prime

by the definition of A. The Proposition follows. O
The proof inequality stated below can be found in [10, Chapter 5.1]
Proposition 2.8. For any g € R, |C(o +it)| = O(t?) for some A depending on oy, for all o > oy.

Next, we state the Riemann Hypothesis, one of the most famous unsolved mathematical prob-
lems. Observe that on the half-plane Res > 1, the function £ is holomorphic everywhere and does
not vanish. Thus, by symmetry, and keeping in mind that —k,k € Z>( are the poles of I', we
conclude that the numbers —2k, k € Z~( are all roots of (. These are called the trivial roots of (.
The rest are called the non-trivial roots.

1
Conjecture 1. The non-trivial roots of the ¢ function lie on the critical line Res = ok

Often, in order to overcome many kinds of difficulties, mathematicians assume the Riemann
Hypothesis is true. This is what we are also going to do in the last section of this paper.

2.2 Distribution of the Zeroes of the Zeta Function
In this paragraph, our goal is to prove an asymptotic formula for the zeroes of ¢ in the critical strip,
0 <Re(s) < 1.

It is important to mention that all results of this paragraph are independent of the Riemann Hy-
pothesis. If we agsume it is true, then these results hold for the roots on the critical line.

For T' > 0, we denote by N(T') the number of zeroes of ((s) in the rectangle
0 <Re(s) <1,0<Ims <T.

First of all we prove an estimation for N(7T'+1)—N(T), i.e. the number of roots that have imaginary
part inside [T, T + 1].



Lemma 2.9. For anyt > 1, N(T'+ 1) — N(T — 1) = O(logT) uniformly for T > t. Thus, both
N(T'+1)— N(T) and N(T) — N(T — 1) are O(logT).

Proof. Let n(r) be the number of roots of ¢ inside the circle with center 2447 and radius r. Then,
N(T +1) — N(T — 1) < n(+/5). However, using Jensen’s Theorem, we get

3 3 2
n(\/5)<</¢g "(:)drg/o nir)dr:;r/o log |¢(2 + it + 3¢?)|d0 — log |¢(2 + T)]

LlogT + 1< logT,
and the Lemma follows. The last inequality is due to Proposition 2.8. O

Our next goal is to prove that as T'— oo,

1 T
= —Tlog — + O(logT)).

N(T
(T) 2T 2me

1+ log?2 1
_ #T+g and S(T) = =~ arg ¢ (2 + iT) ; obtained
™

by continuous variation along the straight lines 2 — 2 + T — % +T'. Then,

1
Lemma 2.10. Set L(T) = Q—TlogT
™

N(T):L(T)—FS(T)—FO(;), as T — oo.

Proof. Let T' > 0. Consider the rectangle R with vertices +7T + %z Inside R, the roots of = are
exactly the roots of ¢ inside the rectangle with vertices 2 + T, —1 + T'%. However, { does not have
roots on the domain Re(s) > 1, and due to symmetry of £ it does not have any roots on Re(s) < 0,
except for the —2k, k € Z~q. So, E has exactly 2N (T') roots inside R, which tells us that, due to Z
being even and taking real values on reals,

(TN = (C L= (O

2N(T) = 55 or Z(2) o </T 2(2) ‘ +/T+3i =(2) ‘ > ?
_g 2+iT 5,(8) ) %JriT é—/(s) ) _g . .
== (/2 g(s)d +/2HT 5(8)d>_WA g&(s), (4)

where A denotes the variation from 2 to 2 + i7" and then to % + 4T, through straight lines. Thus,

TN(T) = Aargé(s) = Aargs(s — 1) + Aargn— 2 + AargD (%) +7S(T)

1 s 1 1 1 1 1
= arg (—4 — T2> + Aarge 2187 4+ Im <<—4 + 2iT> log <2iT> - EiT +0 <T>>

1 1 T © T 1
T)=n—-Tl “Tlog = — =~ = T -
+7S(T) == 5 og7r+2 85~ g 2—1—775’( )+O(T>
1
=7n(L(T)+S(T))+ O (T) :

and we have proven the desired result. We used the identity
1 log 2 1
logI'(z) = <z— 2> logz —z — 0g2 10 <> ,
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and the fact that
1 1 1 1 1 1
a4 — iy = - = —_— < — .
Re {log (4 + 2ZT> log <2ZT>] Re {log (1 + 2iT>] 0] <log (1 + 4T2>> <0 <T2>

Next, we prove another Lemma that will inform us about the behavior of S(T').

Lemma 2.11. Let 0 < a < f < 2 and f(s) be an analytic function taking real values on reals.
Also, suppose that |Ref(2 +it)| > m >0 for all t € R and that |f(o' +it')| < My, for o' > o and
1 <t <t. Then, if T is not the imaginary part of a zero of f,

2

1 3
larg f(o +14iT)| < ] 7;_& <logMa7T+2+log > 4 £7 for o> p.
08 5-5 m

Proof. On the line Re(s) = 2, Ref(s) does not vanish, so the argument on that line is < 5. Let
g be the number of times Ref(s) vanishes on the segment 2 + i7" —  + ¢T". Then, in each of the
parts that this segment is divided, the argument is < 7. So, |arg f(o +iT)| < (¢ + %)77 Since q is
the number of zeroes of ¢g(z) = f(z +iT) — f(z —iT),z € [B,2], ¢ < n(2 — ), where n(r) denotes
the number of zeroes of g in the disk |z — 2| < 7. Thus, using Jensen’s Theorem, we get

2—«a 2—a = n(r) = n(r)
qlo <n(2-p)lo < drg/ dr
52-5 ( ) ®2-5 2-p T 0 r

1 2 . 1
= — / log|g(2+ (2 — a)ew)\dG —log|g(2)| < log My 142 + log —.
2 Jo m

The Lemma follows immediately. O

We apply this Lemma to the function f(s) = ((s) and for « = 0,8 = % This function indeed
satisfies the conditions, as for Re(s) > 2,

[o@)
ReE n_ % >
n=1

and also due to Proposition 2.8. So, the Lemma tells us that S(7') = O(logT) as T' — oc.

[ReC(s)| =

By the previous two Lemmas, it is immediate that what we wanted to prove is true.

3 The Circular Unitary Ensemble

3.1 The Haar measure on U(n)

In this paragraph, our goal is to describe what we mean exactly by the “uniform distribution” on
the group U(n) of n x n unitary matrices. First, we give a general Theorem by Haar:

Theorem 3.1. Let G be a locally compact group. Then, there exists a unique (up to a positive
multiplicative constant) Borel measure p on G which is left-translation invariant, regular and such
that w(K) < oo for all compact sets K.



Such a measure is called the Haar measure of a locally compact group G.

In particular, if G is compact, p can be chosen to be a probability measure. In this special case, the
Haar measure p s also right-translation invariant.

Consider the group U(n) of n X n unitary matrices, which is trivially a compact group. The
Haar measure on U(n) is a probability measure p such that for any matrix V' € U(n) and every
measurable set A C U(n), we have u(VA) = u(AV) = u(A).

Below, we describe an way to construct the Haar measure on U(n):

Remember that the columns of a unitary matrix form an orthonormal basis of C". So, in order to
construct a uniform random matrix on U(n), pick the first column randomly and uniformly from
the sphere of C™. Then, pick the second column randomly and uniformly from the subset of the
sphere of C™, which consists of the vectors perpendicular to the first column. Continue the process
in the same manner. It is important to say that due to V' being an isometry, for any V' € U(n), the
resulting measure is indeed the (translation invariant) Haar measure we would like to construct.

After this construction is clear, we can explain the uniform distribution on U(n) to be accord-
ing to the Haar measure, i.e. P(V € A) = p(A) for all Borel sets A.
3.2 The Weyl’s integration formula

In this section, our goal is to prove the Weyl integration formula, which states that:

Theorem 3.2. The unordered eigenvalues of an N X N random, uniformly distributed unitary
matriz have eigenvalue density

1 0, i |2
inerseail § BC
’ 1<j<k<N

with respect to dfy---dfn. This means that if g : UN) — C is a class function (i.e. g(U) =
g(V*UV),YU,V € U(N)), then

Eg(U) = N‘(;F)N /[OQM g1, ....0n) KjggN e — ek 12dpy - - di,
where g is the expression of g with respect to the eigenangles of the matriz.
We begin by characterizing the Lie Algebra of U(V).
Proposition 3.3. The Lie Algebra of UN) is u(N) ={X € My(C): X + X* =On}.

Proof. Let v : [—1,1] — U(N) be a curve with v(0) = Iy and 7/(0) = X. Then, differentiating
v(#)y(t)* = Iy implies 7/ (t)y(t)* + v(t)7' (t)* = On. Putting t = 0 tells us that X + X* = Op.

Conversely, if X is such that X + X* = Oy, then !X (etX)* = XX = X X = Iy for
t € [~1,1]. Thus, the curve y(t) = X is a curve in U(N) with v(0) = Iy and 7/(0) = X. The
Proposition follows. O

Next, we establish the central Lemma for the proof of the Weyl’s integration formula.



Lemma 3.4. Let T C U(N) be the set of diagonal unitary matrices and T' C T to be the set of
diagonal matrices with pairwise distinct diagonal entries. Also, let U(N)' to be the set of unitary
matrices with pairwise distinct eigenvalues. Then, the map 1 : UN)/T x T' — U(N)' defined as
Y(UT,0) =UOU" is well-defined, N!-to-1 onto U(N) and its differential has

|det dp(UT,0)] =[] €% — P,
1<j<k<N

for © = diag(e™, ..., e"N),
Proof. To prove that v is well-defined, observe that
UT=VT=30€cT: U=060V=UeU*=Ve0e'V'=ver*

(because ©, 0 are diagonal, thus commute).

The map v is onto. Consider V € U(N)" with pairwise distinct eigenvalues Aq,...,A\n. For ev-
ery permutation o € Sy there exists some U, € U(N) for which Usdiag(As(1), s Ae(n))Us = V.
Any two matrices U,,U; are not in the same coset of T, unless ¢ = 7. It is also simple that if
U,W are unitary matrices such that Udiag(As(1), s Ae(n))U" = V = Wdiag(Ax(1), s Ag(a)) W™
then UT = WT. Thus V has exactly N! pre-images.

It remains to compute the differential of ©). We start by observing that any curve v : [-1,1] — T has
the form y((t) = diag(e’®®, ..., 1) where 0; : [~1,1] — R are smooth functions of ¢. Thus, the
tangent vector space of T at Iy is exactly t = 17, (T) = {diag(ip1, ..., ipN) : p1, ..., pv € R}. Now,
the quotient map 7 : U(N) — U(N)/T induces a linear map dny, : T7, (U(N)) = T1,r(U(N)/T)
which is surjective with kernel t. Thus, we can identify the tangent space of U(N)/T on INT,

p =T, 7(U(N)/T) = {X € My(C): X + X* = Oy, Xj; =0V j}.

We need to compute 5 o y(t)|i=o for curves v : [-1,1] — (U(N)/T) x T’ with arbitrary initial
directions. Consider the curve 1 (t) = (Uet?T,0), where Z € p. This curve has v,(0) = (UT, ©)
and v1(0) = (UZ,0) . Thus,

d d
dy(UZ,0) = &w(%(t))\t:o = a(Uetzee*tZU*)\tzo

=UZOU* -UOZU* =UeU* (U020 — 2)U*).
Similarly, if we consider the curve yo(s) = (UT,©e*®"), this has 42(0) = (UT,©) and ~4(0) =
(0,00’). Thus,

(0, 0') = %myz(s))gzo _ d%(U@es@'U*)\szo — UOUUOTY).

We have, thus, fully defined the linear operator di T e), which acts as follows:
dYre)(UZ,00") = (UeU*)(U(© 20 — Z +"\U*).

Because every unitary matrix U has | det(U)| = 1, if we set Ag(Z) = ©~1Z0— Z for matrices Z € p,
| det diyre)| = |det Ag @ I| = |det Ag|. Observe that p is a real linear space, not a complex one.
Its dimension is N(IN — 1), and a basis of this vector space is {Eji — Ej;, i(Ej, + Erj) : 1 < j <

9



k < N} (where Ejj is the matrix with a 1 on the (j,k)—position and 0 elsewhere). Thus, the
complexification pc of p is the set of matrices with zeroes on the diagonal, which has (Ejj) 2 as a
basis. Also, one can check that, since © = diag(e', ..., e~), Ag(E;1) = (%% — 1)E;, for all

j # k. So,
|det A@| = H |62(9j*9k) _ 1| — H |€z€j B 6z0k|2’
J#k 1<j<k<N

and the proof is complete. O

Next, we state a technical Proposition which will allow us the change of variables we intend to
make in the proof of the main Theorem.

Proposition 3.5. Let G be a compact Lie group and H be a closed subgroup of G; ug and pg denote
the Haar measures on G, H respectively. Then, there exists some regular Borel probability measure

on G/H (denoted by pg/p) which is left-translation invariant, and such that for any continuous
¢:G — R,

[ owncto = [ [ otomaus e o)
We move on to the proof of the Weyl’s integration formula.

Proof of the Theorem 3.2. Observe that T\ T" and U(XN) \ U(N)’ have probability 0 (by comparing
dimensions). Since 1 is an N!—to—1 local diffeomorphism, using it to make a change of variables
implies

/ o (U)dpa (U) = / 9 (U)d g (U)
U(N)

lU(N)’

~3i L[ T8l det time) duugny (U T)dus()
T JU(N)/

=31 | VOV dettium A s (UT)pr(O),

Since g is a class function, and py(v) 7 18 a probability measure, the last equality becomes

1
| @) = 5 [ (@)l detvime)dun(e)
U(N) “JT
_ 1 ~ i0;, _ _ifk|240. .
_N!(QW)N/[O%)NQ(Q“”’HN) H e — €% 240, - - - dOy.
) 1<j<k<N

The proof is complete. O

3.3 Determinantal point processes

Definition 3.6. Let A be a Polish space. A bounded and Borel-measurable function K : Ax A — C

is called a kernel. For a kernel K, set |K|| = sup |K(z,y)| < co.
(z,y)EAXA

Definition 3.7. e Let A be a Polish space and X a point process on A. For any A C A, let Ny
be the number of points of X inside A. Also, let u be a Borel measure on A. Suppose that X
is such that for every k € N there exists a function py : A¥ — [0,00) for which

K (ﬁm) =/Al /A/A P (@1, ) (1) - du(a),
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for all pairwise disjoint subsets (Ai)le of A. Then, the functions pp are called the k—point
correlation functions of X with respect to L.

e The point process X is called determinantal if there is a kernel K : A x A — C such that
pr(z1, .y 2p) = det[K(xi,a:j)]f’j:l, for all k € N. In this case, K is called the kernel of X.

The goal of this section is to prove that for each N, the eigenvalues of a uniform unitary matrix
of size N is a determinantal point process, with respect to the uniform probability measure. From

n_l .. .
now on, consider A = [0,27), u = i)\ and Ky(z,y) = 3. e9@9) . Also, let f(0) = €, ¢ = 1
§=0

n—1 o
and ¢, = f",n € N. Observe that (¢,)52, is orthonormal and that Ky(z,y) = > #;(z)¢;(y)-
j=0
Finally, set Dy n (21, ..., 2n) = det[Kn(zj, zy)]} = We will show the following Proposition:

Proposition 3.8. The eigenvalue angles of a uniformly distributed random matriz in U(N) form
a determinantal point process, with kernel Ky, i.e. with n—point correlation functions D, n.

We begin by proving the following technical Lemma:

Lemma 3.9. 1. For all (z1,...,xy) € AN we have Dy n(71,...,2N) = |det[¢k,1(a:j)]§yk:1\2,
which implies that Dy n is real, non-negative and symmetric with respect to (z1,...,zN).

2. For1<n <N,
/ Dy n(x1, .y xn)du(zn) = (N + 1 —n)Dp_1 N(T1, ooy Tn—1)-
A

Thus, Dy N s, for 1 <n < N also real, non-negative and symmetric.
3. For m > N, we have D,, v = 0.

4. For any measurable function g : A" — R,

1
o S g@genwy) | Dunen e en)due) - dulan)
N! Jan
1<j1<<jn<N
1
= g(x1, ..., @n) Dy N(x1, oy ) dp(z1) - - - dp(xy,).
. An
Proof. 1. Using the fact that a matrix has the same determinant as its transpose, we get that
N N
Dy (21, ..., xn) = det [Z bo-1(x5)Pp—1 (1)
=1 k=1

= (detwkfl(xj)]é'\,[kzl)(det@j—l(xk)]é\,[k:l)
= (det[¢k71(xj)]é'\,[kzl)(det[gk—l(xj)]é\,[kzl) = ‘det[%fl(%)]%:ﬂ%

11



2. For n = 1 the statement is trivial. Suppose n > 1 and set A, v = [Kn(zj, 7x)]7—;, and Aﬁ’?v
to be A,y without the k-th row and the /-th column. We first expand det A,, y with respect
to the last column, and we get that

det Ay y =D (1) " Ky (g, zq) det Apy.
k=1

For k = n, the matrix A"\ = A,_1 v, s0
/ KN(xnv xn) det Anfl,Ndlﬁ(xn) = Nanl,N(xlv ey xn—l)-
A

For k < n, we expand det AQT}V with respect to the final row, to get

n—1
det AP = (=1 Ky (2, ) det[K n (w7, 25) iz
’ /=1 j#en
Orthonormality tells us that
N-1 B B
/A K (@) K () dps(an) = 3 6,(21)4(w0) /A G (@) ds(@n)dp(n)
r,s=0
N-1 B
= ¢p(@r) &, (20) = K (a, x0).

r=0

Using this result it is easy to derive that
/A(—l)k“'”KN(mk, xy,) det AZ:?Vdp(mn)
n—1
=Y (UM Ky (g, wp) det[Kn (i, 25) i = — det[K v (s, )2,

where the last equality is true again by expansion with respect to the k—th row. Since there
are exactly n — 1 terms like this one (for 1 < k < n), the proof is complete.
3. Let ® = [¢j—1(zi)]1<i<m. Then, ®@* is an m x m matrix with rank < N < m, thus has
155N
determinant 0. However, we know that Dy, y(x1, ..., Zy,) = det(®P*) and we are done.

4. This part of the Lemma follows immediately by symmetry of Dy n and part 2 of this Lemma.

O

Proof of Proposition 3.8. First of all, for k > N, what we want to prove is trivial by part 3 of the
previous Lemma.
Now, before we move on to the other two cases, we have to remind that

H i — 1|2 = \det[ewi(’“‘l)]%:ﬂz =Dy n(01,...,0N).
1<j<k<N

12



We use the Weyl’s integration formula.
Suppose that k = N. Then, if Aq,..., Ay C A are pairwise disjoint, then

N
[[Va,(X) =16 30 €Sy :0; € Ay, forall j,
otherwise it is equal to 0. Thus,

N
[IVa, | = NUP(1 € Ay, ... 05 € Ay)

_ 1 0, 02
_(%)N/Al /A €5 — ¢i®%[2d9, - - dfy

N 1<j<k<N

1
N (27r)N/ Dy n(bh,...,0n)db; -+ - dON.
Ay An

For the third case in which k < N, consider Ay, ..., Ax C A to be pairwise disjoint. Obhserve that
because of the fact that they are pairwise disjoint, for all 6, 14,(0)14,(0) = 0 for s # t. So,

k k /N k k
HNAj = H <Z 1AJ'(95)> = Z H 14;(0¢;) = Z Z H 1Aa(,-)(9£j),
j=1

J=1 \é=1 1<ty,.. <N j=1 o€S), 1<l <<l <N j=1

where in the last equality we used the previous observation. Thus,

k k k
HNAJ - Z B Z H La,i(0e,) | =K E Z H L4,(%%;)
j=1

o€Sy 1<l <<l <N j=1 <ty ety <N =1
k! k
- W/AN Z H]'Aj(efj) DN7N(91”0N)d01d0N

1<0 <<l <N j=1

k
1

= ok 14,(0;) | D
(2m)k /Ak 3131 AJ(GJ) e, N (01, ..., 0k)dO; - - - dby,

1
= Dy n(01,...,0;)d07 - - - dO.
In the next to last equality, we used part 4 of Lemma 3.9. This shows the Proposition. O
Remark 3.10. Notice that
N-1 N(z—
eli(z=y) — & -
eilz—y) — 1
7=0
ei%(x—y) ei%(z—y) _ e—i%(m—y) z‘N2_1 ey) sin (M)
= — . — — —e .
ezIQy elTy —e it Sln( 2y)

Thus, if we set

sin <7N(z2_y))
S ‘/1:7 = 77
N( y) sin (m2y)
Sy and Ky produce exactly the same point process in A = [0, 27).

13



3.4 The sine kernel

In this section, we want to prove that if the eigenvalues of a matrix drawn uniformly from U(N)
are correctly recentered and rescaled, for large N, they approximately follow the Sine Kernel Point
Process.

We begin with some definitions and basic Lemmas.

Lemma 3.11. Suppose that F,G are kernels on the polish space A. Then,
| det[F (s, 25)]—1 — det[G (i, 2)]7q] < n'P2 | F = G max(| F, |G])" .
We will not present the proof of this Lemma.

Definition 3.12. Let A be a Polish space and K a kernel on A. Then, if pu is a finite Borel measure
on A, for n >0, we denote by A, (K, p) to be

Ap(K,p) = /A : '/Adet[K(xi,a:j)]ﬁjzldu(m) e dp(xy).

This quantity is indeed well-defined for any n. Also, we can set Ao(K,p) = 1.
Having aoll of this in mind, we define the Fredholm determinant associated with the kernel K, to be

n

A =S EVA (1 ).
n=0 ’

This series converges absolutely (for example using Stirling’s approzimation formula).
Now, we establish a Lemma that will be very useful in what is to come.

Lemma 3.13. Let A be a Polish space and p a finite measure on A. Also, let K, L be two kernels
on A such that max(||K||,||L||) < M. Then, there exists some constant C (M) depending only on
M such that

|A(K) — A(L)| < C(M)| K — LI|.

Proof. Set ||p]| = p(A). We first bound the A,’s using Lemma 3.11. For any n, we get

DK, 1) = An(Lyp)] < / | det[K (s, )7y — det[L(wy )]y |dpa(ar) - - du(an)

n

< lpll™n'* 2 max(| K[|, | ZI)"HIE = LI < [lpl"n'*2 M"Y K ~ L.

Thus,
1 n
|A(K, 1) = A(L, p)| < (Z n,HuH”nl“M”_l> 1K — L],
n=0
and the result follows, using Stirling’s approximation formula. O

We turn our attention again to point processes. This next Lemma is a technical Lemma that
will allow us to prove the main result of this section.

14



Lemma 3.14. Suppose X is a determinantal point process in A whose kernel is K. Then,

L L
. (H Z?/m) _A <1D Sa- ZE)K].DZ> ,

/=1 /=1

for all the L—tuples (z¢)}_, of complex numbers and mutually disjoint Borel (Dg)E_, whose closures
are compact and D =D U---U Dyp.

Proof. We will only give a sketch of the proof of this Lemma. The detailed proof can be found in
[1]. In order to handle the Left Hand Side of the equality, one can expand the product inside the
expectation in Taylor series, around (1,1,...,1). As far as the Right Hand Side of the equality is
concerned, one has to use the definition of the Fredholm determinant. The identity that shows that
the two sides are equal is as follows:

11 (")

i=1 v

E

= /HD’” det[K (x4, z5)]7 = dp(z1) - - - dp(n),

T
where ) k; =n and (D;)]_, are pairwise disjoint Borel subsets of A whose closure is compact. O
i=1

Next, we move on to the main Lemma of this subsection.

Lemma 3.15. Let (Kn(x,9))nen be a uniformly bounded sequence of kernels of determinantal point
processes Xy and suppose that Kn(z,y) — K(z,y) uniformly on compact subsets of R, where K

is a kernel of the determinantal point process X. Also, let J\/’IE‘N) be the counting function of Xn
and N4 the counting function of X. Then, for any finite number of pairwise disjoint compact sets,
Dq,...,D, CR, the random vector (./\/’gy), --le()]Z)) converges in distribution to the random vector

(Npys s ND,).
Proof. Clearly, it is enough to show that
n (N) n N
E HziDi - E HziDi ,
j=1 J=1

for all n—tuples of z;’s. By Lemma 3.14, this is equivalent to proving that

n n
Al1p) (1-z)Eylp, | = A[1p) (1—2)K1p,
j=1 i=1

But this is immediate by Lemma 3.13 and the hypothesis. 0l

Having proved this result, we are ready to state and prove our result about the relation of
eigenangles of random unitary matrices and the Sine Kernel process.

Definition 3.16. Consider the sine kernel K : R x R — R,

sin(7(x — y))

Kloy) = m(z —y)

The kernel K is a kernel for a random point process in R, called the Sine Kernel process. We denote
by X this process.

15



Theorem 3.17. Let X = {x1,...,xn} be the eigenangles of a random uniformly distributed unitary

N N
matriz recentered and rescaled to lie in —3 2]. Then, for any collection of pairwise disjoint
compact subsets D1, ..., Dy, of R, the random vector (J\/gj), ...,./\/'gr)) converges in distribution to the

random vector (Np,,...,Np,), where NWN) N are the counting functions of Xn, X, respectively.
N;

Proof. Of course, x; = 5
unitary matrix. Thus, a simple change of variables shows that the kernel for Xy is

1 sin(m(z — y)

KN(xvy) = N Sin(ﬂ.(a}n\[,y)) .

The sequence K satisfies the conditions of Lemma 3.15 and converges uniformly on compact sets

to K(x,y) = sm(zr(:v—)y)) Thus, the theorem follows, using Lemma 3.15. O
m(r —vy

4 Montgomery’s Theorem and the link to Random Matrices

In the whole section, we assume the Riemann Hypothesis, Conjecture 1, is true. With v > 0, from
now on, we denote the imaginary part of a root of (.

4.1 Statement and Preliminary Results
The Montgomery’s Theorem is as follows:

Theorem 4.1. Let f : R — R be a function whose Fourier transform,

= / f(x)e 2™ dy
R
is supported in (—1,1). Set

T ! log T
()= (i) X (-,
0<y,y'<N(T)
v£Y'

w00 5 [0 (1= (22) ) e

First, we introduce the function that will be our subject of study.

Then,

Definition 4.2. ForT > 2 and a € R, let

-1
F(a, T) = <;;r log T> Z T’L‘(l(’}’f’y’)w(,}/ o f)//)7

0<y,y'<T
4
4422
Next, we prove the basic identity that will allow us to show why the function introduced above
is so crucial.

where w(x) =

16



Lemma 4.3. Foranyl <o <2,teRand x> 1,

(20—1)2 (0_%)2:: 0

Y

—7)?

where T = |t| + 2.

_ ZA ( )1 U+zt+z

()

n<x n>x

22 (log 7 + Oy (1)) + O (x277L),

Proof. We use the Landau’s identity, (this can be found in [4, Page 353|)

G
ZA(n)n = C(S

n<x

which holds for x > 1,2 # p"

x%—a+i7—it B CI(U—{-it)
;a—éﬂ'(t—y) T (o +it)

and
a—f—&-w it _ C/(l —O’—Fit)
;; —) =)

+ Z A(n)na_l_“

:I?2+W s & :L,—2n—s

5 +iy— — 2n+s’

,8#1,((s) #0. Set s=o0+itand s=1— 0 + it in (5) to get

l1—o—it e —2n—o—it

1—0c—it

+ Z A(n)n=7" — - Z s (6)

= — 2n+ o + it

o—it x—?n—1+a—it

oo
o —it ;2n—|—1—0—|—it

(7)

n<x

We use the identity of Proposition 2.7 to get that (6) is equivalent to

~

Also, (7) is equivalent to

¥

1
- :x_§
;é—aﬂ(t—v)

Subtracting (7) from (6) implies

(20 — 1)2 (o — %)2$+ 0

Y

)

(1 —o+it)
C(1—o+it)

2t 1 o+it x > x 2
— 3 (S A ( ) D D ——
Za—%—ki(t— (Z Cl-o—it ;2n+a+zt>

n>x

1 U+Zt+ZA ( )1 —o+it

n<x

—2n

o0
x x
_a—it_;2n+1—a+it>'

— [ am) (2 )1 S Am (2 )”“t

n<z n>x
(A -o+it) e x%(QU—l)
C(1—o+it) (0 —1+it)(o —it)
= (20 — 1)x—2"

1
v Z(U—l—it—2n)(a—|—z’t+2n)

n=1

17



The last two terms are O(JZ%T_2) and O(z~2771) respectively, and

(A =o+it)  ((o—it)

(I—otit)  Clo—db) +log T+ Os(1) =log T+ O4(1),

F/
by identity (2), Proposition 2.7 and P((s)) = log s+0O(|s| 1) (the last one can be found, for example,
s
in [11, chapter 12]). These last observations show the Lemma. O

3
Now, suppose that o = B and write the equality of Lemma 4.3 as L(x,t) = R(x,t). The key for

the proof is to evaluate the second moments of L, R, and this is done in Lemmas 4.6,4.7.

Lemma 4.4. Let (a,,)52; be a sequence of real numbers. Then, if f(z) = > ap,
n<zx

Znan =uzf(z) — /196 f(t)dt.

The proof of this Lemma is trivial and, thus, omitted.

Lemma 4.5. Let A be as in Proposition 2.7. Then,

Z A(n)? = zlogz — x + O(v/xlog® z).

n<zx

Using this and Lemma 4.4, we deduce that

x2
S nA@)? = - logz +0(?)

n<x

and
Z n?A(n)? < z®logz.

n<x
Furthermore,

Z A(n)? _ logx + O

n3 272

n>x

and from this we deduce that

< .
n? T

Z A(n)?2  logx
n>x

Proof. For z > 0, let ¢(z) = > logp. The Prime Number Theorem states that as x — oo,
p<x

Y(z) ~ . The Prime Number Theorem with error term states that ¢(z) = x+O(y/x log? ), under
the Conjecture 1. This is what we are going to use.

It is easy to see that
Tap(t
> (logp)® = ¢(z)logz — / wl(t)dt,
1

p<z

18



so p(z) = 3 (logp)? = xlogzx — x + O(y/xlog® ). However, for all z we also have

p<w
> (logp)* <> A(n)> = (logp)®+ Y (logp)*+ > (logp)® +---
p<z n<z p<z p<Vz p< ¥z
< Z(logp)2 + log, x Z (logp)? = zlogx — z + O(v/x log® ).
p<w p<\z

We have proven the first part of the Lemma. The next two are immediate consequences of this part.
For the next part, for each n we have that ¢(n) — ¢(n — 1) = ¢(¢,,) for some ¢, ~ n. Thus,

A 2 d), o OO(Z)/t 1 B
e D N e e ]

n>x n>x

because ¢'(x) ~ logx. The last part is direct by the one we have just proven. O

4.2 Implication of the Theorem

In this section, our goal is to describe how do these Lemmas combine to imply Theorem 4.1. We
begin by evaluating the second moments of L, R.

Lemma 4.6. For any T > 2 and a € [0,1], we have
T
/ \L(T*, t)|?dt = F(a,T)TlogT + O(~Tlog? T).
0

Proof. For any x, we get

T T
z,t))?dt = 2107 dt
) 1ot =430 [y

vy

We know that for any € > 0 and T" > ¢, there are at most O(log(7 + 1)) roots with imaginary part
inside [T, T + 1]. We use this fact for an appropriate € > 0 (such that it is less than the smallest
positive imaginary part of a root) to make the following estimates, for 0 < ¢ < T. In the first one,
we wish to estimate the sum where v ¢ [0,T7:

1 > 1 > log k > log k
D P VNP DN v ey D DY e AP I ey

~v:v¢[0,T] k=T k<y<k+1 k=T k=T
|T2-T]+T 1 oo logk
cloer S oy ek o)
e R I LR~ S (B )
<logTy — oS b 1TSS o)
2 2 el T R
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Integrating (10) we get

T
/0 logTZ 1+l<: logTZ/ 1+k:—t

T
—log T
8 Z A+k)1+k+1)

< flogTZ

———— < VTlogT.
—i—k)i

Also, for the sum that takes into account only ' € [0, T, we get
[T]

v'€l0,T]
For the integral in [T, 00) we get
2 2
[T]
o0 1 o0 log k
e R A DO R
)2 — )2
T \,&o7 L+ (t—7) T \fm 1+ (t—k)

A 2

>0 1
<<10g2T/ S————— |
r \&= T+ (E—h)

o
1
log? T —— _dt<log®T
< log /T (1+t—T)2 < log” 1,
because - -
RPN R
— = k(k—1) n-1
For the respective integral in (—oo,0) we similarly get
2
[ s :
—— | dtklog”T.
— 2
—oo \,&om 1T t—=")

First, multiply estimations (10) and (11) and integrate to get

T A n [T dt
2. O2dt = 28—
| 1ropa 12 e

v

4 Y 0 /T d +O(VTlog?T)
o (I+E=7)2)00+(-1%) '

0<v,y'<T

We use estimations (14) and (15) to derive that

/TyL( HAdt=4 ) MW’)/OO dt + O(VT1og?T)
o (ARPEEEE ! e T+ =)+ (E—7)?) &

0<y,y'<T

=27 Z 07 w(y — 4') + O(VTlog? T),

0<y,y/<T

by calculus of residues. The substitution = T implies the desired result.

20
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Now, our goal is to perform a similar calculation for R(x,t).

Lemma 4.7. For T — oo and a € [0, 1],
T
/ IR(T®, ) dt = (14 0(1)) T2 log T + a + o(1))T'log T.
0

Proof. We will use the following consequence of the Cauchy-Schwarz inequality:
If My, = [} |Ag(t)[]?dt for k =1,2,3,4 and M, My > M, My, then

T

/ | Ay (t) + As(t) + Az(t) + Ag(t)|2dt = My + My + O(v/ My M), (16)
0

We can write R(x,t) = Aj(x,t)+ A2(x,t) + As(z, )+ As(x, t), where Az and Ay are the error terms.
For A;, we use the Parseval’s identity for Dirichlet series (whose proof can be found in [8]):

T 00 o]
/ 1> ann  Pdt =" |an|*(T + O(n)).
0 n=1 n=1

So,

/OT | Ay (2, )2t = i/OT | Z;A(n) (Z)_Wf +3 " Am) (z);w 2dt (17)

=A@ (5 @ oy + Y aw? (2) @ romn| ()
:Tlog_fc+0(:rlogx+T), (19)

by Lemma 4.5. As far as Ay is concerned,

T . T+2 T+2
/ |z log 7|2dt = x_2/ log? tdt = x~2 <[t log? )32 — 2/ log tdt) (20)
0 2 2

=27 2(Tlog? T + O(TlogT)) = Tz~ 2(log> T + O(log T')). (21)

As far as the error terms are concerned,

T
/ |e T2t = T2 (22)
0
and
T, x
/0 |lz2r 2 dt < T (23)

We now combine these estimations, by considering the following cases:

1. For 1 <z < log% T, (21) gives My = (14 0(1))Tz~21og? T and all the other estimations are
o(T'logT).

2. For log% T<z< log% T, all estimations are o(T'logT)).
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3. Forlog2 T <z < Tlog ™' T, (19) gives M1 = (1 + 0o(1))T log x and all the other estimations
are o(T'logT).

Thus, (16) tells us that for all z,

g 2 2 log x
/ |R(x,t)|*dt = <(1 +o(1))z " logT + —— + 0(1)) TlogT.
0 logT
Substituting x = T'* proves the Lemma. O

By (4.2), (4.6) and (4.7), the following Theorem follows immediately:

Theorem 4.8. The function F(a,T) is real, even and eventually F(a,T) > —¢ for alle > 0. Also,
forae (0,1), T — oo
F(a,T) = (14 o(1))T"%*1log T + a + o(1).

Next, or goal is to describe how (4.8) implies the Montgomery’s Theorem. First, we perform
an inversion in a Fourier transform that appears to understand why suppf has to be a subset of

(—1,1).

Lemma 4.9. For any function f € L'(R) which satisfies the Fourier inversion formula,

(Zrer)” > s (0= ) = [ Fa @i

0<y,y'<T
Proof. We calculate the Right Hand Side of the above equality, by using the Fourier inversion
formula:

-1
— - ialog T(y—v") o £
/ F(a,T)f(a)da = /]R (277 log T) Z e w(y—7)| fla)da

0<y ' <T
T -1 R
= (%k’gT) > wly—7) / ialosT(-) f(q)da
0<v,y/<T R
T -1 logT
= <2W10gT) >oof (('y ~) ) w(y —7").
0<y ' <T

If suppf C (—=1,1), we can use 4.8 to get that as T' — oo,

(Zrer) " > s (0= Yt = [ o i@ae

0<y,y'<T

N/R<T2lal1og:r+\a|)f(a):/R 2la|f< >da+/|a!f —>f( )+ /11 lal f(a)da

We have to compute the last integral:

Let K(z) = (1 — |#|)1j—1 (7). Then, by performing some elementary calculations, one can ob-
tain that the Fourier transform of K is

ko) = (2

22




Also, by the Parseval identity and the Fourier inversion formula,

/ (1 e fla)de = / <S“;;f‘”>2 fa)da

1
= 11 alf(a)da = 5(0) - | (Si“ ”)2 f(@)da.

T

Using this last equality, it is obvious that

(2er) " > s (0= w50+ [ (1— (Sij§$)2> f(a)ie

0<y,y'<T
PN <T10 T>1 Z f<( B ,)logT> w(y — ) ——s 1 <Sin7rx>2 F()da
o OB T o0 T o R T ’

0<yY'<T
vy

4.3 Montgomery’s Conjecture

In the paper where Montgomery proved the Theorem we described above, he conjectured that 4.1
holds without the hypothesis that f is supported in (—1,1). Particularly, he conjectured it is true
for characteristic functions of intervals, i.e. functions of the form 1, ):

Conjecture 2. Let a,b € R with a <b and ro(f,T) as in {.1. If f = 143), then

. 2
ro(f,T) ——> ’ <1 _ <Sm<m)) ) dz + 1144 (0).

T—o0 ™

We are still far away from proving this conjecture. Within known techniques, even expanding
4.1 to functions whose Fourier transform is supported in (—(1 + ¢),1 + ¢) for some € > 0 seems
difficult. The reason for this is that if a > 1, the error term (23) is in fact greater than the main
term. However, the theorem we proved is evidence that this conjecture might be true.

Remember that the sine kernel also appears in the point process of the eigenvalues of an N x N
random unitary matrix, when N — oo, through Theorem 3.17. It is relatively easy, using Theorem
3.17, to prove that Conjecture 2 is in fact true for the random point process of the eigenvalues of a
random unitary matrix. For a detailed proof, one can look at [6, Chapter 7.1].

Theorem 4.10. Consider x; as in the proof of Theorem 3.17. Also, for some function f let

N
Pou(f) =Y flaj—p).

Jk=1

Jim E(Fao(tian) = [ b (1 - (“ﬁf”)) .

which exactly matches Montgomery’s Conjecture.

Then,

Montgomery’s theorem was generalized by Rudnick and Sarnak in [9] from pair correlations to
all N—tuple correlations, with some extra conditions. Its proof is very difficult and is not in the
goals of this paper. However, the statement itself is very interesting and connected to the whole
concept.
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Theorem 4.11. For anyt > 0 let & = {w; : i < N(t)} and f: R™ — R be a translation invariant
(flx+t(1,1,..,1)) = f(x), for all x,t) rapidly decreasing function on Y x; =0 (i.e. faster than

j=1
n
any |x|=*), whose Fourier lransform is supported in 231 €] < 2. Consider the analog of ro(f,T),
J:
n!
T) = S).
SCEr|S|=n

Then,

sin(ﬂ(aﬁj—xk))]n Oy, ATy - - - dT
14T -

m(z; — )

ralF,T) —— [ F(rs o) det [

Like in the previous case, there comes the natural question, whether this is true for all translation-
invariant integrable functions. However, again the analog is true for random unitary matrices, just
like in the previous case. This was proved by Freeman J. Dyson in [3].
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