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Abstract

In this thesis, we study various problems involving moments of characteristic polyno-
mials of random matrices and also of L-functions over function fields.

In Chapter 3, we give an analytic proof of the asymptotic behaviour of the
moments of moments of characteristic polynomials over Sp(2N) and SO(2N). We
also discuss the analogous moments of moments of L-functions with symplectic or
orthogonal symmetry and relate these to the shifted moment conjectures of Conrey
et al. [CFK™05].

In Chapter 4, we study the joint moments of the derivatives of characteristic
polynomials over Sp(2N), SO(2N) and O~ (2N). We obtain asymptotic formulae for
the integer moments over all three matrix ensembles, with two alternate expressions
for the leading order coefficients. Using our results, we are able to make conjectures
for the corresponding joint moments of derivatives for symplectic or orthogonal
families of L-functions.

Chapters 5 and 6 are on quadratic Dirichlet L-functions over function fields.
Specifically, in Chapter 5, we improve the error term in a theorem of Bui, Florea
and Keating [BFK23| which proves the Ratios Conjecture for these L-functions in
certain ranges of the parameters. Then, in Chapter 6, we compute the first and
second mollified moments of the quadratic L-functions. As an application, we obtain
non-vanishing results for the L-functions and their derivatives at the central point.

Finally, in Chapter 7 we compute an asymptotic formula for the mixed second
moment of derivatives of quadratic Dirichlet L-functions of prime conductor in the
function field setting. We also compare our result with that predicted by our random

matrix theory calculations in Chapter 4.
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Notation

Most of the notation used throughout will be introduced in Chapters 1 and 2 but we

list the most commonly used notation here.

Random matrix theory

X = (x;,) An N x N matrix.
XT = (z;,) The transpose of the matrix X = (z; ;)
X1 = (757) The conjugate transpose of the matrix X = (z; ;)
In The N x N identity matrix.
U(N) The group of N x N unitary matrices.
Sp(2N) The group of 2N x 2N unitary symplectic matrices.
O(N) The group of N x N orthogonal matrices.
SO(2N) The group of 2N x 2N orthogonal matrices with
determinant +1.
O~(2N) The set of 2N x 2N orthogonal matrices with

determinant —1.
Ax(s) = det(I — XTs) The characteristic polynomial of a unitary matrix X.
dX The Haar measure on the matrix ensemble U(N),
Sp(2N), SO(2N) or O~ (2N).

v



Analysis

O  f(z) = O(g(x)) if there exists a constant ¢ > 0 such
that | f(z)| < cg(x) for all z > x.

< @) <gl@) if fx) = Olg(x).

o f(x)=o(g(x)) if lim,_, % = 0.

~  f(x) ~ g(z) if lim, % =1

= f(x) < g(z) if both f(z) < g(z) and g(z) < f(x) holds.
¢ An integral over a closed contour.

Jiy An integral along the line Re(s) =

Number theory over function fields

A finite field with ¢ elements.
F;  The multiplicative group of [F,.
F,[t] The polynomial ring over F,.
F,(t) The rational function field over F,,.
d(f) The degree of a polynomial f € IF,[t].
Ifl 1f] = ¢, the norm of f € F,[t].
M The set of monic polynomials in F[¢].
H,  The set of monic, square-free polynomials of degree
n in F[t].
P, The set of monic irreducible polynomials of degree n in F,[t].
p(f) The Mobius function on FF,[t].
f) The Euler-Totient function on F[t].
f)  The number of ways of writing the polynomial f

as a product of k factors.
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Chapter 1
Introduction

The central theme of this thesis is the link between random matrix theory and
analytic number theory. The core idea underpinning the connection between the two
topics is the belief that the zeros of the Riemann zeta function and other L-functions
are distributed like the eigenvalues of random matrices from one of the classical
compact groups. There is a growing wealth of evidence to support this belief and
modelling L-functions by the characteristic polynomials of random matrices has
proven an invaluable technique for furthering our understanding on the number
theory side.

It is often the case that for a difficult problem involving L-functions, the analogous
problem for characteristic polynomials is more tractable. Thus, a common approach
for attacking these difficult problems is to first try to solve the corresponding random
matrix problem. This then gives us, even if at least only conjecturally, a better
understanding of the original problem and an idea of what we expect the answer to
be.

In this thesis we are primarily motivated to study problems in random matrix
theory due to the number theoretic applications. The results on the random matrix
side are of course interesting in their own right and the deep connection to number
theory only serves to increase the appeal of studying these problems. The particular
problems we focus on are all connected to, or variants of, the moments of characteristic

polynomials and families of L-functions.

1.1 The classical compact groups

We begin by introducing the three classical compact groups of random matrix theory,
so called by Weyl [Wey66], that we will study in Chapters 3 and 4. The characteristic

polynomials of matrices belonging to these groups will be used to model L-functions



from various families. For an N x N matrix X = (z;;), we denote by X7 = (x;;)

the transpose of X and by X' the conjugate transpose of X. That is, XT = (T5,)-
We also denote the N x N identity matrix by .

1.1.1 The unitary group U(N)

An N x N matrix X with complex entries is said to be unitary if XX = Iy. The
group of N x N unitary matrices is denoted by U(N). The eigenvalues of a matrix
X € U(N) all lie on the unit circle so we write them as

e itz N (1.1.1)

Y

with 6; € [0,27). The eigenvalues of X' are then e~ ... e~®~. The determinant
of X is given by det(X) = vazl e and so satisfies | det(X)| = 1. We define the

characteristic polynomial of the unitary matrix X as

Ax(s) = det(] — XTs) = JJ(1 — se™%). (1.1.2)

=1

The characteristic polynomial satisfies the functional equation

Ax(s) = (=s)¥ He—i"j H(1 — eWig™h)
= (=DM det(XT) Axi(s7). (1.1.3)

We also define the Z-function associated to the unitary matrix X by

Zx(s) 1= e N2 Eili 0312 N/2 7 (g), (1.1.4)

which satisfies the symmetric functional equation

Zx(s) = (~1)¥ Zxr(s7Y), (1.1.5)
or, equivalently,

Zy(s) = Zx(3 V). (1.1.6)

Consequently, we have that |Zx(e?)] = |Ax(e7?)| and that Zx () is real for € R.



1.1.2 The symplectic group Sp(2N)

A 2N x 2N unitary matrix X is symplectic if it satisfies

XQxT =Q, (1.1.7)

where () is the block matrix given by

0 Iy
Q= (—IN 0) . (1.1.8)

The symplectic group Sp(2N) is the subgroup of U(2N) consisting of 2N x 2N
symplectic matrices. A matrix X € Sp(2N) has N pairs of complex conjugate
eigenvalues e ... e* lying on the unit circle. Hence, det(X) = 1 and the

characteristic polynomial of X is of the form

N N
H )(1 — se'i H (1+ s* —2scosb;). (1.1.9)
J=1

Jj=1

In this case, Ax(s) is a real polynomial and satisfies the functional equation
Ax(s) = s*MAx(s7h). (1.1.10)

1.1.3 The orthogonal group O(N)

A unitary matrix X is orthogonal if XXT = XTX = I. We denote the group
of orthogonal N x N matrices by O(N). Note that O(N) consists of the unitary
matrices with real entries. An orthogonal matrix has determinant equal to +1 so we
further distinguish between these two cases.

The special orthogonal group SO(2N) is the subgroup of O(2N) consisting of
those orthogonal matrices with determinant +1. Similarly to the symplectic case,
the eigenvalues of a matrix X € SO(2N) come in N complex conjugate pairs

et . et and the characteristic polynomial is of the form

’,:]2

N
H 1—56

Jj=1 J:1

+ 5% — 2scos 0);). (1.1.11)
The functional equation for the characteristic polynomial is again
Ax(s) = sV Ax(s7h). (1.1.12)

The subset of matrices in O(2N) with determinant —1 is denoted by O~ (2N).



A matrix X € O7(2N) has N — 1 pairs of complex conjugate eigenvalues and two

eigenvalues at +1. Thus, for X € O~ (2N), the characteristic polynomial is given by

N-1 N-1
Ax(s) = )(1+5s) )(1—se¥) = J(1+5) H (1+s*—2scosb;),
j:l 7j=1

(1.1.13)

and satisfies the functional equation

Ax(s) = ="M Ax(s7h). (1.1.14)

In particular, in this case we have Ax (1) = 0.

1.1.4 The Haar measure and circular ensembles

The groups of matrices U(N), Sp(2N) and O(N) are all compact Lie groups and so
may all be equipped with the normalised Haar measure to give a probability space
or ensemble. When performing analysis on one of the matrix ensembles mentioned
above, we will always work with the Haar measure and we will denote the Haar
measure on the relevant matrix ensemble by d.X.

Endowing the unitary group U(N) with the Haar measure yields the Circular
Unitary Ensemble (CUE) of random matrix theory. The other circular ensembles
are the Clircular Symplectic Ensemble (CSE) and the Circular Orthogonal Ensemble
(COE). However, we emphasise that the CSE and COE are not simply the symplectic
group S(2N) or the orthogonal group O(N) equipped with the Haar measure. See,
for example, Table 1 in [KS99a| for a description of the realisation of the CSE and

COE as spaces of matrices.

1.1.5 Probability densities and the Weyl integration formula

A matrix X € U(N) has N eigenvalues on the unit circle and any matrix conjugate
to X has the same eigenvalues. Conversely, for any set of N points on the unit circle,
there exists a conjugacy class of U(N) whose matrices have these N point as their
eigenvalues. Thus, one may identify conjugacy classes of U(N) with sets of NV points
on the unit circle. Consequently, if f is a class function on U(N), i.e. f is constant
on conjugacy classes, then f depends only on the eigenvalues of X. We may therefore
write f(X) = f(&l, ...,0y) where f is a symmetric function of the eigenangles g;.
Now suppose that X € U(N) is chosen randomly according to the Haar measure.

Then the eigenvalues of X are N random points on the unit circle. In other words,



the eigenvalues are a random N point process on the circle. The Weyl integration
formula [Wey66| gives an explicit expression for the joint probability density of the
eigenvalues in terms of df; - - - dfy on [0, 27)Y. In particular, if f is a class function
on U(N), we have that

1 ~ . ‘
f(X)dX = —/ f01,...,08) e — e 2 dp), - - - dy.
U(N) (2m)N N [0,2m)N ISJESN
(1.1.15)

We note that the factor

H |5 — ifr|? (1.1.16)

1<j<k<N

in the probability density of the eigenvalues causes repulsion of the eigenvalues away
from each other leading to a even distribution of the eigenvalues compared to if the
eigenvalues were uniformly distributed on the circle.

In the case of the symplectic or orthogonal ensembles, the non-trivial eigenvalues
of the matrices come in complex conjugate pairs. Thus, one usually only considers the
distribution of the eigenvalues on the upper half-circle. The probability densities for
the eigenvalue distributions are also known and we list the relevant Weyl integration

formulae below. For an exposition of the proof of these formulae, see, for example,

Chapter 3 of [Mecl9|.

N ~
f(X)dX = / f(0y,...,0
/sp(zN) & TV N! [0,m)N (6 v)

N
X l_Isin2 g, H (2cos By — 2cos ;) db; ---dfy, (1.1.17)
j=1

1<j<k<N

2
F(X dX:—/ F(6r,....0
/SO(zN) () (2m)V NI [0,m)N o ¥
X H (2cos 6y, — 2cos;)” db; - - - df, (1.1.18)

1<j<k<N

and

2N71

dX = F(Oy, .. On
/O—(ZN)f(X) X 71_N—l(]\/'_l)!/[072#)1\]_1 f( 1, ,UN 1)



N-1
X H sin® 6, H (2 cos by — 2 cos Oj)2 do; ---dOn_;.
Jj=1 1<j<k<N-1

(1.1.19)

Again, the probability densities above all lead to repulsion of the eigenvalues from
their neighbours. In the case of Sp or O™, we additionally see repulsion from the

points 1 due to the sin? factors.

1.1.5.1 The Circular / Ensemble

As mentioned earlier, one may sample a random Haar distributed matrix X € U(N)
and the eigenvalues of X constitute a random point process on the unit circle. The

Weyl integration formula (1.1.15) then gives us the explicit expression

1 i0; i

m H |€9J —€0k|2 (1120)
T 1<j<k<N

for the joint probability density of the eigenvalues. More generally, one may consider

this random point process with the probability density

1 , )
— I e =™, (1.1.21)
NB 1<jck<N
where 8 > 0 is a parameter to be chosen. Here, the normalisation constant is given

by

r'(1+28)

Zyg=(m)N—— 2~
wp = )F(1+§)N

(1.1.22)

which follows from Selberg’s integral formula. This is known as the Circular 8
Ensemble (CSE). The cases 5 = 1,2 and 4 correspond the COE, the CUE and the
CSE respectively. It is also possible to construct random matrix models for the
general COE, see [KNO4].

1.1.6 Moments of characteristic polynomials

The statistical properties of the eigenvalues of random unitary matrices, and by
association their characteristic polynomials, are the core objects of study in random
matrix theory. A particular quantity of interest is the moments, or expected values, of
the characteristic polynomial. Computing moments of the characteristic polynomial

over one of the compact groups is a tractable problem. For instance, using the Weyl



integration formula and Selberg’s integral, Keating and Snaith [KS00b| proved the

following.

Theorem 1.1.1 (Keating and Snaith). For Re(k) > —1/2 and 6 € [0, 27),

2k

/ |Ax(e?)F dX = H L)L + 2k) (1.1.23)
U(N =1 ] + k’

We note that the right-hand side of (1.1.23) does not depend on 6 since the

Haar measure is rotationally invariant on U(N). Also, by properties of the gamma

function, asymptotically as N — oo we have

/ IAx () dX ~ cy(k)N®, (1.1.24)
U(N)
where
. 12 . g(l —l—k‘)2
k):= lim N ’“/ Ax (e dX = 22 1.1.25
cu(k) Rl U(N)I x(e”)] G(1+ 2k) ( )

and G(s) is the Barnes G-function |[Bar00|. In the case that k € N, we have that

/U(| () dX = H( L )) (1.1.26)

from which we see that the moments are given by a polynomial in N of degree k?
and that

k—1

_ J!
_H(kﬂ)

J=0

(1.1.27)

for integer k.
As an application of their result, Keating and Snaith [KS00b| obtained the

following central limit theorem on the logarithm of the characteristic polynomial.

Theorem 1.1.2 (Keating and Snaith). Let B C C be a rectangle. For fixed 0 €
0, 27),

log A 1
lim meas ¢ X € U(N) : M €EB;) = —// e 2 d dy, (1.1.28)
B

o0 / 2
N= % log N g

where the measure is the Haar measure on U(N).



The result implies that both the real and imaginary parts of the logarithm of
Ax(e?) tend independently to Gaussian random variables as N — oco. This example
application illustrates how one can deduce a significant amount of information if one
has a strong understanding of the moments of the characteristic polynomials.

In [KS00a], Keating and Snaith extended their result to the moments of Ax (1)
over the symplectic group Sp(2NN) and the special orthogonal group SO(2N).

Theorem 1.1.3 (Keating and Snaith). For Re(k) > —1/2

DN+ 74+ 1D +k+1/2)
A = 92N : , 1.1.29
/SP(QN) x(1)f H T(j+1/2T(N+j+k+1) ( )

and

=z

D(N+j—1DI(G+k—1/2)
A — 92kN , . 1.1.30
/SO(QN) X< H L —1/2)(N +j+k—1) ( )

J=1

In the case of integer k, the moments over Sp(2N) and SO(2N) are given by

1l
/ Ax(Fax =25 [ 2w TI (W +3G+9), (1.1.31)
Sp(2N) i

and

k(k+1 1
/ Ax(DFax =25 [ 2w [T (W + 36 +9). (1.1.32)
SO(2N)

j=1 (27)! 1<i<j<k
Thus, the integer moments over Sp(2N) and SO(2N) are also polynomials in N of
degree k(k +1)/2 and k(k — 1)/2, respectively.

In the subsequent chapters where we study the moments of moments and joint
moments of derivatives of characteristic polynomials, a key ingredient in the proofs of
our results are formulae for the shifted moments of these characteristic polynomials.
For our purposes, we let G(2N) € {Sp(2N), SO(2N),O~(2N)} and define the shifted

moments by

I(G2N); 21y ...y 21) = /(21\7) Ax(z1) - Ax(z) dX, (1.1.33)

where dX is the normalised Haar measure on the relevant ensemble G(2N). Using
the Weyl integration formula, Conrey et al. [CFK*03] have computed these shifted
moments exactly. Specifically, equations (3.6), (4.8) and (4.42) in [CFK*03] give us

the following expressions for the shifted moments as combinatorial sums.



Theorem 1.1.4 (Conrey et al.). For complex numbers z1, ..., z, we have

and

-1

[(O(ZN);zl,...,zk):ﬁzjV Z (Hﬁjz;jN) H (1_Z_Ezzjgj)

j=1 e;€{-1,1} 1<i<j<k
(1.1.36)

The shifted moments over U(N) were also computed by Conrey et al., see
equations (2.16) and (2.17) in [CFK'03]. We suffice to include the moment formulae
in the symplectic and orthogonal cases since these are necessary for our work in
future chapters.

In Chapters 3 and 4, we will make use of contour integral expressions, also due
to Conrey et al. [CFK'03], for the shifted moments. These are given in the next

theorem.

Theorem 1.1.5 (Conrey et al.). For complex numbers oy, ..., a, we have

( Yh(k=1)/29k )
I(SpNY e, o) = zmkk, foof I 0y

1<i<m<k
Azf, ...,z “j
" ( 1 k) HJ 21 J NZ =1(z—ay) dzy - - - dzy,
ngl,mﬁk(zl o)
(1.1.37)

( k(k—1) /22k .
I(SO@2N);e ™, ... e7™) = ~—o—eoa— 2m k] ?{ 7{ [[ o—emey

1<l<m<k



k
A(Z2, ..., 22)?
(21, 2i) H] 175 N T (2 +ay) dz, - -

de
H1§z,m§k(zl az,) 7

(1.1.38)

and

( k1/22k .
I(OT(2N);e™™ . ™) = b 2mkkl ]4 ?{H (L —emm)”

1<i<m<k

A2, Zk) H =19 sz L(ztay) g

ngl,mgk(zz az)

21 dzy.
(1.1.39)

In all three cases, the contours of integration encircle the poles at ‘o, for m =
1,...,k.

The proof of Theorem 1.1.5 follows from Lemma 2.5.2 in [CFKT05]. The idea
is that if one evaluates the contour integrals in Theorem 1.1.5 using the residue
theorem, one arrives precisely at the expressions for the moments given in Theorem
1.1.4.

1.2 The Riemann zeta function

The Riemann zeta function is defined for Re(s) > 1 by the Dirichlet series

()=~ (1.2.1)

The series is absolutely convergent for Re(s) > 1 and uniformly convergent on the
half-plane Re(s) > 1+ ¢ for any 6 > 0. Thus, ((s) is holomorphic for Re(s) > 1. It
was first observed by Euler [Euld4| that the zeta function may be expressed as a

product over the primes:

) =1] (1 - pi) B . (1.2.2)

p

The product is also absolutely convergent for Re(s) > 1 and is non-zero in this region

so ((s) # 0 for Re(s) > 1
In his famous manuscript [Rie59], Riemann considered ((s) as a function of a

complex variable and proved a number of important results. He showed that ((s)
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may be continued to a meromorphic function on C with a simple pole at s = 1 with

residue 1. Additionally, Riemann defined the ¢ function

£(s) = %s(s — 1)7~*/?1 (g) ((s), (1.2.3)

and proved that £(s) is entire and satisfies the functional equation

&s) = £(1— ). (1.2.4)

Since the gamma function I'(s) has simple poles at s =0, —1,—2, ..., the fact that
&(s) is entire implies that ((s) = 0 for s = —2n with n € N. These are the “trivial”
zeros of the zeta function. Since ((s) # 0 for Re(s) > 1, it follows from the functional
equation (1.2.4) that the remaining, non-trivial zeros of ((s) must lie in the critical
strip 0 < Re(s) < 1. Riemann conjectured that these zeros are all in fact located on
the line Re(s) = 1/2. This is the famous Riemann hypothesis (RH).

Conjecture 1.2.1 (Riemann Hypothesis). All the non-trivial zeros of ((s) lie on
the critical line Re(s) = 1/2.

The Riemann hypothesis is considered by many to be the most important open
problem in mathematics due to its vast number of implications. As an example of
an application of the zeta function to the theory of the primes, we have the Prime

Number Theorem.

Theorem 1.2.2 (Prime Number Theorem). Let w(x) denote the number of primes

that are less than or equal to x. Then, as x — 00,

X

m(x) (1.2.5)

~ logx’

In 1896, Hadamard [Had96| and de la Valée Poussin [dIVP96] independently gave
an analytic proof of the Prime Number Theorem. The key ingredient in their proof
was to show that ((s) does not vanish on the line Re(s) = 1. If one assumes RH,

then the error term in the Prime Number Theorem may be bounded by

o). (126)

log x

and it is conjectured that this is the true size of the error.
Lastly, closely related to the Riemann zeta function is Hardy’s Z-function Z(t),
defined by

) ¢ +1it). (1.2.7)



Analogously to the Z-function defined for a unitary matrix in the previous chapter,
the Z-function satisfies the properties Z(t) € R for ¢ € R and |Z(t)] = |¢(5 + it)|.
Note also that the non-trivial zeros of ((s) on the critical line correspond to real
zeros of Z(t). The Z-function is therefore a useful tool in the study of the zeta

function and it is sometimes preferable to work with the Z-function.

1.2.1 L-functions

There is a large class of functions which satisfy properties similar to the Riemann
zeta function. These are known as L-functions and in general, they are given by a

Dirichlet series

Lis)=% "2 (1.2.8)

with ap = 1 and a,, < n® for all € > 0. The series is then absolutely convergent on

the half-plane Re(s) > 1. Additionally, L(s) satisfies the following properties.

1. Analytic continuation: The series L(s) has a meromorphic continuation to the

complex plane, with the only possible poles on the line Re(s) = 1.
2. Functional equation: There is a function v, of the form

vr(s) = P(s)Q? H C'(wjs + pj), (1.2.9)

j=1
where ) > 0, w; > 0, Re(;) > 0 and P(s) is a polynomial whose only zeros
in the region Re(s) > 0 are at the poles of L(s), such that

£r(s) = vo(s)L(s) (1.2.10)

is entire. Also, there is some number ¢ with |¢] = 1, called the sign of the

functional equation, such that

§(s) =e&n(1-73). (1.2.11)

3. Euler product: For Re(s) > 1, L(s) is given by the product over primes

L(s) = [ [ Lu(s), (1.2.12)

12



where

L,(s) = Z ;ZZ = exp (Z bﬁ) : (1.2.13)

k=1

with b, < n? for some 6 < 1/2.

For further properties on L-functions, see Section 1.1 in [CFK'05] and the
references therein. It is expected that every such L-function satisfies a Riemann
hypothesis, i.e. all of the non-trivial zeros lie on the line of symmetry Re(s) = 1/2 of
the functional equation. This is known as the generalised Riemann hypothesis (GRH).
It is also widely believed that all L-functions are associated to some arithmetic object,
for example characters, elliptic curves or automorphic forms. We will describe a
couple of concrete examples of L-functions in Section 1.5. We refer to the L-functions
and modular forms database [LMF24| for further examples of L-functions along with

their properties and a list of their known zeros on the critical line.

1.3 Random matrix theory and number theory

The extremely successful application of random matrix theory to the analytic theory
of the Riemann zeta and other L-functions stems from a meeting between Hugh
Montgomery and Freeman Dyson in 1972. They discussed the pair correlation of
both the eigenvalues of random unitary matrices and of the non-trivial zeros of the
Riemann zeta function. Importantly, they found that the two expressions for the
pair correlation bear a striking resemblance.

Recall that a unitary matrix X € U(N) has its N eigenvalues e, ... ¢?~ lying
on the unit circle. Hence, the density of eigenvalues on the circle is N / 2m. Scaling
the eigenvalues, we write
¢; = ];f—ij,

so that these ¢; then have mean density 1. The pair correlation function of the

(1.3.1)

eigenvalues of X is defined by

o0

1 N N
Xio) =5 X 3 o thV = =dn) (132

where §(z) is the Dirac delta function and Dyson [Dys62| proved the following result

on the pair correlation.
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Theorem 1.3.1 (Dyson). For test functions f such that f(x) — 0 as |z| — oo,

Nli_1>noo/U(N) /: F(2)Ro(X; 2) da dX = /: £(z) (6($)—|—1— (Singx)Y) dz,

where §(x) is the Dirac delta function.

In particular, one may take f(z) to be the indicator function on [a, §] in Theorem
1.3.1 which yields

, 1 _ [P sin(rz) \ >
im )NH%W%.aS%—meﬂH—[;(N@+1—<————))dm

N—o0 U(N mr
(1.3.4)

Now, for the Riemann zeta function, we denote the n-th non-trivial zero by
pn = % + it, with Re(t,) > 0, where we order the zeros by height. Note that if p,
is a zero of ((s), then so is p,, by the functional equation so it suffices to focus on
those zeros with Re(t,,) > 0. We define the number of zeros up to height 7" by

N(T) = [{pn : 0 < Re(t,) < T}, (1.3.5)
which is known to satisfy

T T
N(T) ~ —log — 1.3.6
(T) ~ o-log -, (13.6)

as T — oo. See, for instance, |Tit86] for a proof of this. Consequently, there are
infinitely many non-trivial zeros in the critical strip and the mean density of the
zeros grows like logT" as T' increases. We now assume the Riemann hypothesis so
that ¢, € R for all n and we scale the zeros by defining

w, = — log —. (1.3.7)

The w,, then have mean density 1 in the sense that

1
1 < _
m;linoo W|{wn <W} =1 (1.3.8)

Montgomery [Mon72| studied the pair correlation of the zeros of the zeta function

and proved that for test functions f such that the Fourier transform
f(t) = / f(x)e*™ da (1.3.9)
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has support in (—1,1), we have

]3520% S Fwn—w) :/OO (@) ((5(x)—|—1— (5”175—;”")>2> do. (13.10)

1<n,m<N -

The pair correlation conjecture of Montgomery is then that for fixed o < 3,

tim (w0 € [0,7] 0 < 1y — i < B = /j (5(@ f1- (Smgx)f) .

T—o0

(1.3.11)
Note that the conjecture follows from (1.3.10) if one takes f(z) to be the indicator
function on [a, B]. However, this f does not satisfy the requirement that f has
support in (—1,1). Strong numerical evidence for Montgomery’s pair correlation
conjecture was provided by Odlyzko [OdI89]. Bogomolny and Keating [BK95, BK96],
by assuming a certain conjectures of Hardy and Littlewood on the correlations
between prime numbers, have shown that the n-point correlations of the zeros of the
zeta function also agree with the prediction based on random matrix theory.

The clear similarity between (1.3.4) and (1.3.11) suggests that the distribution
of the non-trivial zeros of the zeta function may be modelled by the eigenvalues of
random unitary matrices. As these eigenvalues are the zeros of the characteristic
polynomials of the matrices, modelling the zeta function itself by the characteristic
polynomials of unitary matrices is a natural extension of these ideas. We will see
throughout the rest of this thesis that this has been an extremely successful tactic.

Another example that suggests a similarity between the value distributions of
the Riemann zeta function on the critical line and the characteristic polynomials of

random unitary matrices is the following central limit theorem of Selberg [Sel46].

Theorem 1.3.2 (Selberg). Let B C C be a rectangle. Then

1 log ¢(% + it 1
lim —meas< T <t <27 : M €eB; = 7 // e~ 3@+ gy dy.
™ B

T—oo T’ 1
\/ 3 loglog o=

Comparing Theorems 1.3.2 and 1.1.2, the resemblance is clear between the two

(1.3.12)

results. Consequently, similarly to the case of the characteristic polynomial, both the
real and imaginary parts of the logarithm of the zeta function tend independently to

Gaussian random variables.
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1.3.1 The Katz-Sarnak philosophy

Given an individual primitive L-function L(s), i.e. an L-function that cannot be
written as the product of two or more L-functions, Rudnick and Sarnak [RS96|
showed that one also expects the distribution of the zeros high on the critical line
to also be governed in distribution like the eigenvalues of Haar distributed unitary
matrices. However, Katz and Sarnak [KS99a, KS99b| argued that the statistics of
zeros of L-functions in certain families can also be modelled by the corresponding
eigenvalue statistics of one of the classical compact groups U(N), O(N) or Sp(2N).
The matrix ensemble that one should use for comparison is determined by the
symmetry type of the family: unitary, orthogonal or symplectic. Specifically, let F
be a family of L-functions with each L-function associated to an f € F. Also, for
each L-function there is a number ¢y called the conductor of the L-function which
allows us to partially order the family. Assuming the Riemann Hypothesis for the
L-functions in the family, we may write the j-th zero of each L-function on the
critical line as 1/2 + 7}. The belief is that the distribution of the zeros close to 1/2
in the family depends on the symmetry type of the family.

As an example of a zero statistic that depends on the symmetry type of the family,
we consider the one-level density of low-lying zeros. Let Fx denote the members of
the family F with conductor less than or equal to X. For a suitable test function ¢,

the one-level density of the zeros in the family is defined as

DFEX =Y Yo (logcf ) (1.3.13)

f€.7:X ’Yj

where the factor of log(cs)/2m stems from the density of the zeros close to 1/2. The

density conjecture of Katz and Sarnak is that
. D(F,X,¢)
)P_r)noo 7 / o(x)Wr(x (1.3.14)

where Wx(x) = Wg(x) is the one-level density function for the matrix ensemble G

from which F takes its symmetry type. These density functions are given by

WU(CL’) = 1,
Wep(z) — 1 — st(izx)’
Wo(z) =1+ %5@:),
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in(2
Weo(z) = 1+ sin(27x)

9

2mx

sin(2mx)

Wo-(x) =0(z) + 1+ , (1.3.15)

2w

where §(x) is the Dirac delta function again.

Determining the symmetry type of a family of L-functions is not an easy task in
general. To provide evidence for their arguments and conjectures, Katz and Sarnak
[KS99b] considered L-functions associated to zeta functions of curves over finite fields.
In this case the families are natural to define and the symmetry type is given by the
monodromy of the family. In [CF00|, Conrey and Farmer provided further evidence
that the behaviour of the moments of a family of L-functions is also governed by
the symmetry type. See also the survey paper [KS03| for further details on the
applications of random matrix theory to the theory of the Riemann zeta function

and other families of L-functions.

1.4 Moments of the Riemann zeta function

A core object of study in analytic number theory are the mean values or moments
of L-functions. In the case of the Riemann zeta function, we are interested in the
mean values of ((s) on the critical line Re(s) = 1/2. The 2k-th moment of the zeta

function on the critical line is defined as

1

My(T) = f/0 C(3 +dt)|** dt. (1.4.1)

One of the reasons for studying the moments of ¢ (% + it) is their connection to a

conjecture of Lindelof.

Conjecture 1.4.1 (Lindel6f Hypothesis). For all € > 0, we have

C(3+it) <t (1.4.2)

It is shown, for example in [Tit86], that the Lindel6f hypothesis is equivalent to
the bound

M(T) < T, (1.4.3)

for every positive integer k and all ¢ > 0. Asymptotic formulae for the 2k-th
moments of the zeta function are only know for £ = 1 and k£ = 2. In 1916, Hardy

and Littlewood [HL16] proved an asymptotic formula for the second moment.
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Theorem 1.4.2 (Hardy and Littlewood). As T'— oo, we have

My(T) ~logT. (1.4.4)

Subsequently, Ingham [Ing27] improved the error and obtained a lower order term

in the asymptotic of Hardy and Littlewood.

Theorem 1.4.3 (Ingham). As T — oo, we have

T 1
M, (T) ~log o + (27— 1) + O(T "= logT), (1.4.5)

where 7y is Euler’s constant.

Ingham also gave the following asymptotic formula for the fourth moment.

Theorem 1.4.4 (Ingham). As T — oo, we have

1
My(T) ~ 5= log T + O(log® T). (1.4.6)

Heath-Brown [HB79] later obtained all the main terms in the fourth moment

with a power saving error.

Theorem 1.4.5 (Heath-Brown). There exists constants ag, ay, as, ag, as such that,
forT >2 ande >0,

4

Mo(T) =Y aylog" T + O(T757). (1.4.7)

n=0

The constants ay and az are given by

1
1= 5 and az = 2(4y — 1log(2m) — 12¢'(2)7 )72, (1.4.8)
7T

where v is Euler’s constant.

There are currently no known asymptotic formulae for the higher moments. Using

number theoretic heuristics, Conrey and Ghosh [CG92| put forward the conjecture
that
Ms(T) 12 I 4 1+4+1 (log T)? (1.4.9)
~— — - -+ = o : 4.
’ 9r - p p P s
Conrey and Gonek |[CGO1] then considered the eighth moment and conjectured that
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My(T) ~ 24%6?41"[ <(1 - 1>9(1+9+]%+%)> (log T)*. (1.4.10)

» D p

The general and long-standing conjecture for the 2k-th moment is the following.

Conjecture 1.4.6. For Re(k) > —1/2, as T — oo,

M(T) ~ ac(k)ec(k)(log T)F, (1.4.11)

where ac(k) is an arithmetic factor given by

ac(k) =] <(1 - %)kQ (;i;o (%)Qp—m» : (1.4.12)

p

and c¢(k) is some coefficient depending on k.

The arithmetic factor ac(k) and its properties are well understood, see the
works [CG84, CG92, Gon&9|, and so the challenge for a long time was to give an
explicit description of the factor ¢.(k). The known results and previous conjectures
mentioned above imply that c.(1) =1, ¢.(2) = 1/12 and conjecturally, c;(3) = 42/9!
and c¢(4) = 24024/16!. Note that for these values, c;(k)-(k?)! is an integer. Using the
philosophy that the zeta function may be modelled by the characteristic polynomials
of random unitary matrices, Keating and Snaith [KS00b| put forward the conjecture
that c(k) = cy(k), where recall that

1 1 2k

1+ k)2
_ 9tk (1.4.13)

G(1+ 2k)
with G(s) the Barnes G-function. The identification of NV with log 7" in the asymptotics
for the moments comes naturally from equating the densities of the eigenvalues of

the characteristic polynomials on the unit circle and the zeros of the zeta function

up to height T" on the critical line. We've seen earlier that for £ € N, we have

k—1 .
cu (k) = HO ; fk)!. (1.4.14)

Thus, cy(k) - (k*)! is an integer for k& € N and more importantly, this expression

matches the previous known and conjectural values for c¢(k).
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An explanation for the leading order coefficient of the 2k-th moment of the zeta
function splitting as an arithmetic term and a term arising from random matrix
theory was given by Gonek, Hughes and Keating in [GHKO07|. They show that one
may approximate the zeta function using a hybrid Euler-Hadamard product. In
particular, one has ((s) = Px(s)Zx(s)(1 + o(1)) where Px(s) is a truncated Euler
product and Zx(s) is a truncated form of the Hadamard product over the non-trivial
zeros of the zeta function. It is conjectured in [GHKO07| that the moments of ¢ (% +it)
factor as the moments of Px (1 + it) multiplied by the moments of Zx (3 + it) and
this is known as the Splitting Conjecture. Evaluating the 2k-th moment of PX(% +it)
leads to the arithmetic factor a(k) and the moments of Zy (3 + it) yield the random
matrix coefficient ¢y (k). It is also shown in [GHKO7| that the Splitting Conjecture
holds in the cases k =1 and k£ = 2.

While computing asymptotic formulae for higher moments of the zeta function
are beyond the reach of current techniques, there are now sharp lower and upper
bounds for the moments. First, Ramachandra [Ram80| proved that for k € N,

Mi(T) > (log T)*". (1.4.15)

This lower bound was extended to all rational k& > 0 by Heath-Brown [HB81].
Radziwilt and Soundararajan [RS13| then obtained lower bounds of the conjectured
order for all real k£ > 1. Heap and Soundararajan [HS22|, with a new method, showed
that the above lower bound holds for all real k£ > 0.

Assuming the Riemann Hypothesis, Soundararajan [Sou09| obtained the upper
bound

My (T) < (log T)¥+ (1.4.16)

for all real k£ > 0 and € > 0. By refining Soundararajan’s argument, Harper [Har13]
was able to remove the ¢ in the exponent of the logT. Unconditional upper bounds
have been obtained by Heap, Radziwill, and Soundararajan [HRS19| who proved
that for real 0 < k < 2, we have

My (T) < (log T)*. (1.4.17)

Precise conjectures for the 2k-th moment of ¢ (% + it) including lower order terms
were formulated by Conrey et al. in [CFKT05]. They gave a method, now known as
the “recipe”, that allows one to make conjectures for the integral moments of various
families of L-functions, including shifts. For instance, the conjecture for the 2k-th

moment of the zeta function is that
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M(T) = Qx(log L) + o(1), (1.4.18)

where Q() is an polynomial of degree k* which may be expressed explicitly in the
form of a sum over permutations or as a contour integral, see Conjecture 1.5.1. in
[CFKT05]. Interestingly, the conjectural expression has almost identical structure
to that for the moments of the characteristic polynomial over U(N) computed in
[CFKT03], despite not using random matrix theory to develop the conjectures.

In a series of papers, Conrey and Keating [CK15b, CK15¢, CK15d, CK16, CK18§]
gave an alternate viewpoint for making conjectures on the moments of the zeta
function. For sets A = {ay,...,a} and B = {f,..., B} of small shifts, they

consider

/OOO(HC(%+z‘t+a))(Hc(g—z‘mﬁ))w(%) dt (1.4.19)

acA pseEB
where 1) is some smooth function with compact support. Conrey and Keating show

that one may heuristically evaluate the quantity in (1.4.19) by careful examination
of the Dirichlet series

[T¢E+it+a)= i maln) (1.4.20)

acA n=1 n?
where 74 (n) is the generalised divisor function defined by the above series. By
making suitable assumptions on correlations of the divisor function, Conrey and

Keating arrive at a conjecture that agrees with the conjecture of [CFKT05].

1.4.1 The Ratios Conjecture

As well as moments of powers of the Riemann zeta function on the critical line,
another quantity of interest are the mean values of ratios of zeta functions. For

instance, Farmer |Far93| originally conjectured that as T — oo,

i/T (5 +it +a)((5 —it+P0) (@B s (@ =7)(E =)
T )y <¢(5+it+7)¢(5—it+0) (a+8)(y+9) (04+B)(7(+5)’)
1.4.21

where «, 3,7, are complex shifts with real parts of size < 1/logT. This a deep
conjecture with significant implications for the distribution of the zeros of {(s). In
particular, Farmer’s conjecture implies the pair correlation conjecture of Montgomery

discussed in the previous section.
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More general conjectures for the mean values of arbitrary numbers of zeta functions
in the numerator or denominator were developed by Conrey, Farmer and Zirnbauer
[CFZ08] by extending the recipe of Conrey et al. [CFKT05]. The conjectures of
Conrey, Farmer and Zirnbauer apply to different families of L-functions as well and
are now known collectively as the Ratios Conjecture. The Ratios Conjecture has
a large number of applications to number theoretic problems as demonstrated by
Conrey and Snaith in [CS07|. For example, if one assumes the Ratios Conjecture,
then one may compute the one-level density of zeros of a family of L-functions,
including lower order terms, with no restriction on the Fourier transform of the test
function. At leading order, the result agrees with the density conjecture of Katz and
Sarnak.

Since we expect that the zeta function and other L-functions can be modelled
well by the characteristic polynomials of random matrices, it is natural to expect
that the ratios of L-functions will behave similarly to those of the characteristic
polynomials. In the random matrix case, the mean values of ratios of characteristic
polynomials over the classical compact groups may be computed exactly, see for
example the works [CFS05, BS06, HPZ16|. Similarly to the shifted moments, the
expressions for the ratios in both the L-function and characteristic polynomial case
appear almost identical, the significant difference being the presence of arithmetic

factors on the L-function side.

1.5 Families of L-functions

Here we give an example of a family of L-functions with symplectic symmetry and

another with orthogonal symmetry.

1.5.1 Quadratic Dirichlet L-functions

A fundamental discriminant is an integer d # 1 such d = 1 (mod 4) and d square-free
or d =4k with £k = 2 or 3 (mod 4) and k square-free. In other words, fundamental
discriminants are the discriminants of quadratic number fields Q(v/d). Given a

fundamental discriminant d, we define the quadratic Dirichlet character

Xa(n) = (é) (1.5.1)

n

where (£) is the Kronecker symbol. This yq is a primitive, real Dirichlet character
of modulus |d|. The quadratic Dirichlet L-function attached to the character xq is

given for Re(s) > 1 by the Dirichlet series and FEuler product
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~11 (1 - Xd(p))_l. (1.5.2)

S
n=1 p p

L<S7 Xd) =

The L-function has an analytic continuation to the complex plane and satisfies the

functional equation

L(Sa Xd) = Xd(S)L(l - S?Xd)v (153)

where X,(s) = |d|'/>7*X (s,a) with a =0 if d >0 and a = 1 if d < 0, and

X(s,a)zws_2F(1+;_8)F<S;a)_l. (1.5.4)

The family of quadratic Dirichlet L-functions is an example of a symplectic family

ordered by the conductor |d|. The k-th moment of this family is defined as

—Z (2, xa), (1.5.5)

ld|<D
where the sum is only over fundamental discriminants d and D* is the number
of terms in the sum. Given the symplectic symmetry of this family, we use the
characteristic polynomials of random symplectic matrices to model the L-functions.
In particular, Keating and Snaith [KS00a| made the following conjecture for the

moments of L(3, xa)-
Conjecture 1.5.1 (Keating and Snaith). As D — oo, we have

k(k+1)
—Z (2 xa)* ~ ap, (K)ep, (k) - (log D) 7, (1.5.6)

|d|<D

where ar,, (k) is an arithmetic factor given by

=T (505 (o3 ) ) 03)

)
(1.5.7)
and cr,, (k) is the random matriz coefficient given by
ey (k) = lim N~ / Ax(1)FdX
kE+1)/I'(k+1
_ gz 9+ DYk + 1) (1.5.8)

VG(2E+ 1T (2k + 1)
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In particular, for integer k, we have that

4!
—. 1.5.9
(25)! (59
Asymptotic formula for the first and second moment of this family were obtained

by Jutila [Jut81] with the following results.

k(k+1)

CLD(]{?) =22

=

=1
Theorem 1.5.2 (Jutila). As D — oo, we have

0§;L<%’Xd) - %(12))17 (log <$) + %(i) +4y -1 +4%(1)) +O(Dit9),
_ (1.5.10)

where v is Euler’s constant and

1
P =11 <1_ps(p+1))' —

p
Theorem 1.5.3 (Jutila). As X — oo, we have

S LG va)? = %D(log D)® + O(D(log D)3+9), (1.5.12)
0<d<D C( )
where
1 4p? —3p+1
= — 1l——— . 1.5.1
c 48p ( PR ) (1.5.13)

Goldfeld and Hoffstein [GHS85|, using the method of multiple Dirichlet series,
improved the bound on the error term in the first moment to O(D%ﬁ). Young
[You09| considered the smoothed first moment and using a recursive method, obtained
an error of size O(D%+E). Based on numerical computations of the moments, Alderson
and Rubinstein [AR12] conjecture that the error in the first moment is O(D%J“E).

In [Sou00], using Poisson summation and generalised Gauss sums, Soundarara-
jan was able to obtain the second and third moments with a power saving error.
Restricting to discriminants of the form 8d where d is an odd, square-free integer
for the sake of simplicity to ensure that ygq is a primitive character of conductor 8d

with xsq(—1) = 1, Soundararajan proved the following.

Theorem 1.5.4 (Soundararajan). There is a polynomial Q) of degree 3 and a
polynomial R of degree 6 such that

3" L, xsa)® = DQ(log D) + O(DE*), (1.5.14)

0<d<D
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and

Z* L(3, xsa)®> = D R(log D) + O(Dme), (1.5.15)

0<d<D

where the sums are over fundamental discriminants 8d.

Sono [Son20] improved the error term in the smoothed second moment to O(Dz+<).
The method of multiple Dirichlet series was applied to the third moment by Diaconu,
Goldfeld and Hoffstein in [DGHO03] who were able to improve the error term by
proving that

6
S L xa)* = DY ¢;(log DY + O(D*), (1.5.16)
d|<D §=0
where the ¢; are computable constants and # ~ 0.853. Young |[Youl2| further
improved the error to O(D%“) by considering a smoothed third moment similarly
to [You09|. Diaconu and Whitehead [DW21]| also considered the smoothed third
moment and proved the existence of a secondary main term of size D7 with the error
bounded by O(D3%) for all & > 0.

An asymptotic formula for the fourth moment of L(%, Xq4) was obtained, condi-

tional on GRH, by Shen [She21].

Theorem 1.5.5 (Shen). Assume GRH for L(s, xq) for all fundamental discriminants
d. For any ¢ > 0, we have

Z (%, xs4)* = ¢D(log D)"* + O(D(log D)*™**), (1.5.17)

<

for some explicz’t constant c.

The constant ¢ in Shen’s theorem is shown to match that predicted by Conjecture

1.5.1. Unconditionally, Shen also proved the lower bound

S L(L, xsa)* = (¢ + 0(1))D(log D). (1.5.18)

0<d<D

(d,2)=1
More recently, Shen and Stucky [SS24] have obtained an unconditional asymptotic
formula for the smoothed fourth moment with the first four main terms. They proved

that for @ : (0,00) — R a smooth, compactly supported function, we have

ST L xa) (L) = D Quolog 22) + O(D(log D)*+), (1.5.19)
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where Q10(x) is a polynomial of degree 10.

For this family of L-functions, sharp lower bounds of the form

> L. xa)* > D(log D)7 (1.5.20)

0<d<D

were first obtained for even integers k by Rudnick and Soundararajan [RS06]. The
works of Radziwill and Soundararajan [RS13| and Heap and Soundararajan [HS22|
extend this lower bound to all real £ > 0. The sharp upper bound

ST L, va)t < D(log D) (1.5.21)

0<d<D

follows, conditional on GRH, using the method of Soundararajan [Sou09| and its
refinement by Harper [Har13]. Gao [Gao21]|, applying the argument of Radziwitl and
Soundararajan [RS15], showed that unconditionally for 0 < k < 2, we have

* k(k+1)
> IL(3 xsa)" < D(log D)2 (1.5.22)
(s

We emphasise that all of the results mentioned above are consistent with Conjec-
ture 1.5.1. We also note that conjectures for the integral shifted moments of this
family produced using the recipe of CFKRS have been formulated, see Conjecture
1.5.3 in [CFK'05]. The conjecture for the shifted moments are very similar in
structure to the shifted moment formulae for the characteristic polynomials over
Sp(2N) in Theorem 1.1.5. At the central point, the conjecture is that

> L(3,xa) = Qi(log D) + o(1), (1.5.23)
ld|<D
where Q) is an explicit polynomial of degree k(k +1)/2 and where one can show that
the leading order term of () agrees with that previously put forward in Conjecture
1.5.1, see, for example Section 5 in [KOO0S].

1.5.2 Quadratic twists of elliptic curve L-functions

For an example of a family of L-functions with orthogonal symmetry, we consider
the quadratic twists of an elliptic curve L-function. To construct the family, let E
be an elliptic curve defined over Q with conductor Q. The L-function attached to

the elliptic curve F is defined by
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(e o]

1 -1

Li(s) :Zﬁ =11 (1-#) I1 (1—ﬁ+%) . (15.24)

n=1 plQE PiQE

Here, for primes p, the coefficients a, are given by a, = p+1—|E(F,)|, where |E(F,)|
is the number of points on E, including the point at infinity, over [F,. Hasse’s bound
gives that |a(n)| < 7(n)y/n where 7(n) is the divisor function and so the Dirichlet
series and Euler product converges absolutely for Re(s) > 1. It follows from the
works [Wil95, TW95, BCDTO1| on modular elliptic curves over Q and Fermat’s last
theorem that Lg(s) is a modular L-function. In particular, Lg(s) has an be analytic

continuation to the complex plane and satisfies the functional equation

Lg(s) =wgY (s)Lp(l —s), (1.5.25)

where the root number wrp = £1 and

\/@ 1—28 3 1 —1
Y(s) = 'i=-- = . 1.5.2
(s) ( o 5~ S 5 + 5 (1.5.26)
Now, for a fundamental discriminant d with (d, Qg) =

L
L-function Lp(s) by the quadratic character y4(n) = (£) is defined for Re(s) > 1 by

n

the quadratic twist of the

Li(s, xa) = i anXa(n) (1.5.27)

nst

NI

n=1
This is the L-function of the elliptic curve Ey, the quadratic twist of £ by d and
thus it also admits an analytic continuation to C. For (d,Qg) = 1, the conductor of

Ey is d*Qp and the twisted L-function satisfies the functional equation

Lg(s,xa) = wexd(—QEe)Ya(s)Le(1 — s, Xa), (1.5.28)

where Yy(s) = |d|' %Y (s).

The family {Lg(s, xa) : d a fundamental discriminant with (d, Qg) = 1} is an
example of an orthogonal family. Just as matrices in the orthogonal group O(2N)
have determinant +1, we see that the sign of the functional equation of the L-
functions Lg(s, xq) is also +1. So, as we do with the orthogonal matrices, it is useful
to split the family of L-functions according to whether their sign is +1 or —1. The
family
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{LEg(s,xq) : d a fundamental discriminant with (d, Qg) =1, wgx«(—Qr) = +1}
(1.5.29)
then has even orthogonal symmetry and we use matrices from the special orthogonal

group SO(2N) to model the family. Conversely, the family

{LEg(s,xq) : d a fundamental discriminant with (d, Qg) =1, wgxa(—Qgr) = —1}
(1.5.30)
has odd orthogonal symmetry and we use the negative coset O~ (2/N) of orthogonal
matrices with determinant —1 for comparison.

Turning to the moments of this family of quadratic twists, by the functional
equation, those L-functions with sign —1 necessarily have LE(%, Xa) = 0. Therefore
we restrict our attention to the family of L-functions with sign +1. Recall that
the moments of the characteristic polynomial Ax(s) at s = 1 over SO(2N) were
computed by Keating and Snaith [KS00a] and are given in Theorem 1.1.3. Using

their result, Keating and Snaith made the following conjecture for the moments of
LE'(%? Xd) :

Conjecture 1.5.6 (Keating and Snaith). As D — oo, we have

1 * k(k—1)

S > LeGoxa) ~ ang(Ress () (log D) (15.31)
|dI<D

wexd(—Qr)=+1

where the sum is over fundamental discriminants d, D* is the number of terms in
the sum and ar (k) is an arithemtic factor depending on the curve E. Also, cr, (k)

1s the random matriz coefficient given by

k(k—1)

cry (k)= lim N~ =z /S oo Ax(1)FdX

N—oo

_ 2§Q(l~c +1)/T'(2k + 1)

VGQR2k+1I(k+1) (1.5:52)
In particular, for integer k, we have that
ken) T 4!
cp (k) =2"> ]];[0 ook (1.5.33)

The arithmetic factor ar, (k) in the conjecture depends both on the elliptic
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curve F and the set of discriminants being summed over and is not simple to write
down in general. In practice, when computing these moments, one usually makes
simplifying assumptions such as the conductor Qg being square-free (which restricts
the discriminants to certain residue classes). In these cases the arithmetic factor can
be written down explicitly, see for instance Section 4.4 of [CFK*05] or Section 3 of
[CKRS06].

Compared to the family of quadratic Dirichlet L-functions, computing moments
in this family of quadratic twists is a more difficult problem. The first moment was
studied in [BFH90, Iwa90, MMO1], primarily with a view to obtaining non-vanishing
results for the L-functions Lg(s, x4) and thus inferring information about the analytic
ranks of the elliptic curves .

The second moment of this family, which is the limit of current techniques, was
considered by Soundararajan and Young in [SY10]. Their result, conditional on
GRH, may be stated as follows.

Theorem 1.5.7 (Soundararajan and Young). Assuming GRH, we have

Z* Lg(3,xsa)> = (¢ +0(1)) Dlog D, (1.5.34)
0<8d<D
(d,2)=1
wpxd(—Qp)=+1

for some explicit constant c.

The constant ¢ in the theorem agrees precisely with that conjectured by Keating
and Snaith in Conjecture 1.5.6. Soundararajan and Young also argue that if they con-
sider the smoothed second moment, then they obtain an error of size O(D(log D)1+¢)

and unconditionally, they prove the lower bound

S Le(dxsa)* = (e +o(1)) Dlog D. (1.5.35)

0<8d<D
(d2)=1
weXxd(—QEp)=+1
We note the similarity between the results of Soundararajan and Young and those of
Shen in [She21|. This supports the idea that computing a fourth moment for the
family of quadratic Dirichlet L-function is comparable in difficulty to computing
the second moment in this family of quadratic twists. Recently, Soundararajan and
Young’s theorem was made unconditional by Li in [Li24].
For the family of quadratic twists where the sign of the functional equation is
—1, as the L-function itself vanishes at the central point, one may instead consider
the moments of the derivative of Lg(s, xq4) at s = 1/2. Various results of this nature

were obtained by Petrow in [Pet12].
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Finally, we remark that the works of [Sou09, Har13| on upper bounds and those
of [RS06, RS15, HS22] on lower bounds allow one to obtain the sharp bounds

Dlog D)™ < S Li(hxa)* <k D(log D)™, (15.36)
d|<D
wpXd(—Qp)=+1

for all K > 0. As before, the lower bounds here are unconditional and the upper

bounds are conditional on GRH.

1.6 Problems considered in this thesis

Here we give a brief introduction to and summary of the problems we consider in
this thesis. A more detailed background and literature review will be reserved for

the relevant chapters.

1.6.1 Moments of moments

The first problem we consider are the moments of moments of characteristic poly-
nomials of random matrices. The moments of moments consist of an average of
the characteristic polynomial over the unit circle first and then an average over the

matrix group, hence the name. Specifically, they are defined as

k

27
MoMe ) (k, B) := /G (N)<1 /0 |AX(e—i9)|2ﬁd9) X, (1.6.1)

o
where dX is the Haar measure on G(N). The moments of moments are of interest
due to their link to the maximum value attained by log |A(s)| on the unit circle. In
particular, the moments of moments and the maximum value of the characteristic
polynomial are the subject of conjectures of Fyodorov, Hiary and Keating [FHK12]
and Fyodorov and Keating [FK14]. In Chapter 3, we consider the moments of
moments over the symplectic group Sp(2/N) and the special orthogonal group SO(2N).
Using analytic techniques, we prove asymptotic formulae for MoMg(n)(k, 3) when
k,B € N. We also discuss the analogous moments of moments of families of L-

functions with symplectic or orthogonal symmetry.
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1.6.2 Moments of derivatives

The moments of derivatives of characteristic polynomials are also of interest, with
an application being to gaining an insight into the moments of derivatives of the
Riemann zeta and other L-functions. For example, in [CRS06| Conrey, Rubinstein
and Snaith considered the 2k-th moment

/‘ N (D) dX (1.6.2)
U(N)

of the derivative of the characteristic polynomial over U(N). They obtained an
asymptotic formula for integer k£ and used their result to make a conjecture for the

analogous moments

T
%A|agmm%ﬁ (1.6.3)

of the derivative of the Riemann zeta function. A particular motivation for the study
of the derivative of the zeta function is a theorem of Speiser [Spe35| which states
that the Riemann hypothesis is equivalent to (’(s) having no zeros in the region
0 < Re(s) < 1/2.

More recently, moments and joint moments of higher order derivatives have seen
a considerable amount of interest. In Chapter 4, we study the joint moments of
arbitrary order derivatives of the characteristic polynomials over Sp(2N), SO(2N)
and O~ (2N). We obtain asymptotic formulae for the joint moments for all three
matrix ensembles and use our results to make conjectures for the joint moments of
derivatives of L-functions with symmetry type Sp, SO or O~.

In Chapter 7, we consider a mixed second moment of derivatives of quadratic Di-
richlet L-functions with prime conductor over function fields. We prove an asymptotic
formula for arbitrary order derivatives and compare the result with our conjecture

made in Chapter 4.

1.6.3 Mollified moments

The technique of mollifying the Riemann zeta function was first successfully applied
by Selberg [Sel42| in 1942 to show that a positive proportion of the non-trivial zeros
lie on the critical line Re(s) = 1/2. In 1974, Levinson |Lev74] gave a new method
for obtaining a lower bound on the proportion of non-trivial zeros on the critical line

by evaluating the mollified second moment.
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1

T
7| It manG ik (164)

Here, the mollifier My(s) is a Dirichlet polynomial of length N whose purpose is
to approximate ((s)~!. Levinson was able to evaluate the mollified moment above
for N = T% with § < 1/2 and thus deduced that at least 1/3 of the non-trivial zeros
are on the line. One can also mollify the moments of other families of L-functions
with a particular application being to obtain non-vanishing results. For instance,
Soundararajan [Sou00] computed the mollified first and second moment of quadratic
Dirichlet L-functions L(s, x4) and consequently showed that for at least 87.5% of
fundamental discriminants d, we have L(%, Xa) # 0. Computing mollified moments
is in general rather complicated but it was shown by Conrey and Snaith [CS07| that
one may relatively easily obtain the mollified moments by assuming the relevant
ratios conjecture for the L-functions involved.

In Chapter 5, we look at the result of Bui, Florea and Keating [BFK23| which
proves the ratios conjecture for quadratic Dirichlet L-functions over function fields
in certain ranges. In particular, we improve the bound on the error term in the
case of two L-functions in the numerator and the denominator. Then, in Chapter 6,
we prove asymptotic formulae for the mollified first and second moments of these
quadratic L-functions in the function field setting by making use of the result of
[BFK23| and our improved error bound in Chapter 5. As an application, we obtain

non-vanishing results on the derivatives of the completed L-function at s = 1/2.
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Chapter 2

Background on L-functions over

function fields

In this chapter, we introduce the necessary background on L-functions over function

fields. We use Rosen’s book [Ros02| as a general reference.

2.1 Polynomials over finite fields

Let F, be a finite field with ¢ elements. We will denote by A = F,[t] the ring
of polynomials with coefficients in F,. The ring of integers Z and A have many
properties in common. For example, they are both unique factorisation domains,
both have infinitely many prime members and they both have a finite number of
units. Thus, many number theoretic questions and results have analogues in the
polynomial case.

An element f € A is of the form

ft) = apt" + a1 t" P4+ ay, (2.1.1)

where a; € F,. If o, # 0, the degree of f is given by n and we write deg(f) = n.
Moreover, if a;, # 0, we define the sign of f to be a,, € F; and write sgn(f) = an,
where IF} is the multiplicative group of non-zero elements in ;. We also set sgn(0) = 0
and deg(0) = —oo. Some useful properties of the degree and sign are given in the

following proposition.

Proposition 2.1.1. Let f,g € A be non-zero polynomials. Then we have

1. deg(fg) = deg(f) + deg(g),

2. sgu(fg) = sgn(f)sgn(g),

33



5. deg(f +g) < max{deg(f),deg(g)}, with equality if deg(f) # deg(g).

The polynomial f is monic if sgn(f) = 1. We will denote the set of monic
polynomials in A by M. Also, we denote by M, and M, the sets of monic
polynomials of degree n and of degree at most n, respectively. The monic polynomials
are the analogue of the positive integers.

A polynomial f € A is irreducible if it cannot be written as a product f(t) =
g(t)h(t) with deg(g) > 0 and deg(h) > 0. The polynomial f is reducible otherwise.
We denote by P the set of monic irreducible polynomials in A and by P,, the set of
monic irreducibles of degree n. The monic irreducible polynomials play the role of
the prime numbers so we refer to them as the “prime” polynomials. Importantly,

every non-zero f € A has a unique factorisation

f=aPtpPe...per (2.1.2)

where o € [F;, each P is a prime polynomial, F; # P; for i # j and e; is a non-negative
integer. We will generally reserve the letter P to represent a prime polynomial.
The norm of a polynomial f € A is defined to be |f| = ¢%e) if f # 0 and 0 if
f = 0. This norm satisfies |fg| = | f]|g| for all f,g, € A.
The zeta function of A is defined for Re(s) > 1 by the Dirichlet series and Euler
product

1 1\
== 11 (1 - W) | (2.13)

Since there are ¢" monic polynomials of degree n, we have that

- 1 =" 1
§q<3) = Z Z W = > qqns = 1_—(]1_8 (2.1.4)

n=0 fEMn

This expression for the zeta function immediately yields a meromorphic continuation
to the complex plane with a simple pole at s = 1 with residue 1/log ¢. Furthermore,
we see that (,(s) # 0 for all s € C so this zeta function satisfies a Riemann hypothesis.
We define the gamma function of A by

1

= ) 2.1.5
1 — q—s ( )

Ly(s)

Then, by combing the above observations we have the following.

Theorem 2.1.2. The zeta function (,(s) has a meromorphic continuation to the

complex plane with a simple pole at s = 1 with residue 1/logq. Moreover, the
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function &,(s) = q°T'y(s)(,(s) satisfies the functional equation

€(s) = &1 — s). (2.1.6)

The above result highlights the analogy between the zeta function (,(s) and the
Riemann zeta function. The function (,(s) is a much simpler object though due to
the simple expression in (2.1.4) and the lack of zeros. In various scenarios it will be

useful to make the change of variables u = ¢°. For the zeta function, we therefore

define Z(u) = (4(s), i.e.

1
Cl—qu’

Z(u) (2.1.7)

Using the Euler product for (,(s), one can count the number of prime polynomials
of degree n. This leads to the following result which is the analogue of the Prime

Number Theorem.

Theorem 2.1.3 (Prime Polynomial Theorem). The number of prime polynomials of

degree n is

n n/2
P, = % +0 (qn ) . (2.1.8)

Remark 2.1.4. 1. If we set x = ¢", then the result of the Prime Polynomial

Theorem reads

P, = — +0( \/5) (2.1.9)

log, = log, =

which resembles the conjectured exact form of the Prime Number Theorem.
2. The number of prime polynomials of degree n may in fact be counted exactly as

Pl = %Zu(d)qg, (2.1.10)

din

where p(n) is the usual Mébius function. See Proposition 2.1 and the Corollary
in [Ros02].

2.2 Arithmetic functions on F,|¢]

The usual arithmetic functions defined on the integers have natural analogues is the

case of polynomials over a finite field. The Mobius function on F,[t] is defined by
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u(f) = 1y g f=ah- B, (2.2.1)

0 otherwise,

where the P;’s are distinct prime polynomials. The Euler totient function ¢(f) on
[F,[t] is defined as

o= > 1L (2.2.2)

geEM
deg(g)<deg(f)
(f,9)=1
We denote the divisor function on F,[t] by 7(f). That is, 7(f) is the number
of monic divisors of f. By [Ros02, Proposition 2.5|, the partial sums of the divisor

function satisty

Y () =q"(n+1). (2.2.3)

feM,
We will also make use of the following generalised divisor function 74 (f). For a set
A ={ay,...,a;} of complex numbers, the divisor function 74 (f) is defined as the

coeflicient in the Dirichlet series

k

[Téats+e)=> 36) (2.2.4)

&I

Specifically, the divisor function 74 (f) is given by

1
()= Y TACEIATS (2.2.5)

F=frfx

where the sum is over monic divisors of f.

2.3 Dirichlet characters and L-functions

Dirichlet L-functions over function fields are defined analogously to those in the

number field setting. We begin with Dirichlet characters defined on A.

Definition 2.3.1. Let Q € M. A Dirichlet character modulo Q) is a function
X : A — C such that

1. x(f +9Q) = x(f) for all f,g € A,
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2. xX(f)x(g) = x(fg) for all f,g € A,

3. x(f) #0 if and only if (f,Q) = 1.

There are ¢(Q) Dirichlet characters modulo . The trivial character modulo @
is denoted by xo and is given by

1 if (£,Q) =1,
Xo(f) = I Q.) (2.3.1)
0 otherwise.

The character y is even if x(a) = 1 for all o € F} and is odd otherwise. Furthermore,
we have the following orthogonality relations for these Dirichlet characters [Ros02,

Propostion 4.2].

Proposition 2.3.2. Let x and ¢ be two Dirichlet characters modulo () and f and g

two elements of A relatively prime to Q. Then

S = @ Te=w (232)

7 0 otherwise.

S x(Fx(g) = e(Q) if f=g (mod Q), (2.3.3)

X 0 otherwise.

where the first sum is over any set of representatives of A/QA and the second sum

1s over all Dirichlet characters modulo ().

Given a Dirichlet character x modulo (), the Dirichlet L-function associated to y
is defined for Re(s) > 1 by the Dirichlet series and Euler product

L(s,x) = ) _ I1 (1 - T](D];)>_ . (2.3.4)

fem ‘f|5 peP

If x = xo is the trivial character then

L@wzﬂﬁ—ﬁg%% (2.3.5)

PlQ
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so that L(s, xo) has a meromorphic continuation to the complex plane with a simple
pole at s = 1 arsinign from the zeta function. On the other hand, if x is a non-trivial

character, then we may write

L(s,x) = fj ( > x(f))q—"s. (2.3.6)

n=0 »feM,

From the orthogonality relations, we then have the following result.

Proposition 2.3.3. Let x be a non-trivial character modulo Q. Then, for n >

deg(Q),

> x(f)y=o. (2.3.7)

feMs

Consequently, the L-function L(s,x) is given by a polynomial in q—* of degree at
most deg(Q) — 1.

As a result of the proposition, we have that the Dirichlet L-function L(s, x) has

an analytic continuation to the entire complex plane.

2.4 Quadratic Dirichlet L-functions

2.4.1 The Reciprocity Law

Let P € P be a prime polynomial and d a divisor of ¢ — 1. Then if f € A and P 1 f,
by Proposition 1.10 in [Ros02|, we have that the congruence z¢ = f (mod P) is

solvable if and only if

[P|—1

f~a =1 (mod P). (2.4.1)

Since f 7 is an element of order dividing d in (A/PA)*, there is a unique element
a € F; such that

|[P|—1

f4 =a (mod P). (2.4.2)

Definition 2.4.1. If P{ f, let (f/P)a be the unique element of F; such that

For = <%>d (mod P). (2.4.3)

If P|f define (f/P)q = 0. The symbol (f/P)q is called the d-th power residue symbol.
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Specialising to the case d = 2, we define the quadratic residue symbol (f/P) €
{£1} by

<_> =" (mod P) (2.4.4)

if P 1 f, and define (f/P) = 0 if P|f. This is the analogue of the usual Legendre
symbol. For a monic polynomial @), we may then define the Jacobi symbol (f/Q) as
follows. Suppose that @ has the prime factorisation @) = P --- P¢, then we define

(-1

Similarly to the case over the integers, these quadratic residue symbols satisfy a

the Jacobi symbol by

reciprocity law.

Theorem 2.4.2 (Quadratic Reciprocity Law). Let f,g € M be relatively prime,

non-zero polynomaials. Then,

(5) _ (%) (—1)%5" deB() des(o) (2.4.6)

Note that when ¢ =1 (mod 4), the reciprocity law reads

(0)-()

For the rest of the chapter and in Chapters 5, 6 and 7, we will assume for simplicity
that ¢ =1 (mod 4).

2.4.2 Quadratic characters

We denote by H the set of monic, square-free polynomials in F,[¢] and by H,, the set

of monic, square-free polynomials of degree n. The cardinality of H,, is

1 n =20,
H,| = (2.4.8)
qn(l - q_l) n Z 17

as can be seen by considering the coefficient of ¢~ in the series

- |Hn| . 1 - <q(5)
2 ST T L (249)

feH
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Given a D € H with deg(D) > 0, we define the quadratic character xp using the

quadratic residue symbol by

D

win = (%) (2.4.10)

In other words, for a prime polynomial P, we have

1 if Pt D and D is a square modulo P,
xp(P) =4 —1 if P{D and D is not a square modulo P, (2.4.11)
0 if P|D,

and then yp is extended to all f € M completely multiplicatively. The character
X p is a real Dirichlet character modulo D.

The quadratic Dirichlet L-function attached to the character yp is defined for
Re(s) > 1 by the Dirichlet series and Euler product

Lis,xn) = S X2t I1 (1 - XD(P))_l. (2.4.12)

v LA |P[*
With the change of variables u = ¢~°, we define L(u, xp) = L(s,xp). Then, for

|u| < ¢!, we have that L(u, xp) is given by the power series

L(u,xp) = Z XD(f)Udeg(f) = Z ( Z XD(f)) u”. (2.4.13)

fem n=0 > feM,

By Proposition 2.3.3, the coefficient of u™ in this series vanishes if n > deg(D) and so
L(u, xp) is a polynomial in u of degree at most deg(D) — 1. Following the argument
in [Rud10], we have that £(u, xp) has a “trivial” zero at u = 1 if and only if deg(D)
if even. Thus, we define the completed L-function £*(u, xp) by

\ 1, deg(D) even,
L(u,xp) =1 —u)"L(u,xp), A= (2.4.14)
0, deg(D) odd.

The completed L-function £*(u, xp) is then a polynomial of even degree

26 =deg(D) —1— A (2.4.15)

and satisfies the functional equation
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£ o) = @2 (2o ). (2.4.16)

Similarly, for a prime polynomial P € P, we define the quadratic character xp

by the quadratic residue symbol

)= (). (2.4.17)

This is again a real Dirichlet character modulo P and the associated L-function is

given by

XP(f)
|fle

Note that since we are assuming that ¢ = 1 (mod 4), we have

xp(f) = <%) = <?) (2.4.19)

Thus, this definition of the character xp coincides with the definition of the characters

L(s,xp) = (2.4.18)

fem

xp defined above. Since the set of prime polynomials is a subset of the set of square-
free polynomials, all of the above discussion holds for these quadratic L-functions to

a prime modulus as well.

2.4.3 The hyperelliptic ensemble H,;

Let D € H. Then the quadratic character xp is an even character if deg(D) is even
and is an odd character otherwise. As we’ve seen previously, the L-function £(u, xp)
has a trivial zero at u = 1 if and only if deg(D) is even. For simplicity, in this thesis
we will restrict our focus to odd characters and therefore we choose D € Hyyy1 for
some integer g > 0.

Given a D € Hygy1, by summarising the previous few sections, we have that the

L-function

L(u, xp) = ig: ( >, XD(f)) u" (2.4.20)

n=0 > feM,

is a polynomial of degree 2¢g which satisfies the functional equation

L(u,xp) = (un)g,c(qiu, XD)- (2.4.21)

Equivalently, we have that L(s, xp) is a polynomial of degree 2¢g in ¢~* and satisfies
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L(s,xp) = ¢"*IL(1 — s, xp). (2.4.22)

We also define the &-function £(s, xp) 1= ¢2>*~VL(s, xp) which satisfies the sym-

metric functional equation

E(s,xp) =&(1 — s, xp)- (2.4.23)

We consider o411 as a probability space (or ensemble) with the uniform probab-

ility measure. The expected value of any function F' on Hy,yq is then

_ 1
H29+1

(F) F(D). (2.4.24)

DeHag+1
We will similarly consider the space Pag1;1 of prime polynomials of odd degree when

working with quadratic L-functions to a prime modulus.

2.4.4 Zeta functions of curves

For D € Hsg41, one may consider the hyperelliptic curve Cp given by the affine

equation

Cp:y* = D(x). (2.4.25)

The curve C'p defines a smooth, projective, geometrically connected curve of genus
g, say. For |u| < ¢!, the zeta function of the curve introduced by Artin [Art24] is
defined by

e (1) = oxp ( g Nn(CD)%n) , (2.4.26)

where N,,(Cp) is the number of points on Cp over F,», including the point at infinity.
Weil [Weid8] proved that Zq,(u) is a rational function of the form

PCD(u)
(1 —u)(l—qu)’

where P, (u) € Z[u] is a polynomial of degree 2¢g with integer coefficients and

Zo, (u) = (2.4.27)

Pe,(0) = 1. It was also proven by Weil that Po,(u) satisfies the functional equation

Pop(u) = (qu*)? Pey, (qiu) (2.4.28)
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and that all of the zeros of Pr, (u) lie on the circle |u| = ¢~2. It was proven in
Artin’s thesis that the polynomial Pq,(u) coincides with the L-function L£(u, xp).
In particular, all of the zeros of £(u, xp) are on the circle |u| = ¢~ 2 or equivalently,
all of the zeros of L(s,xp) are on the line Re(s) = 1/2. Therefore the L-functions
L(s, xp) satisfy a Riemann hypothesis.

2.4.5 A spectral interpretation

For D € Hay11, the zeros of L(u, xp) all lie on the circle |u| = ¢"7 so we may write
the zeros of L(u, xp) as g 2t with 6, € [0,27) for j = 1,...,2¢g. In this case,
there exists a unitary symplectic matrix ©p € Sp(2g), defined up to conjugacy and

called the Frobenius of £(u, xp), such that ¢ are its eigenvalues and consequently

L(u,xp) = det(I —/quOp). (2.4.29)

This provides a clear spectral interpretation for the zero of these L-functions.

Katz and Sarnak [KS99b| showed that if one fixes the genus g, then as ¢ — oo the
conjugacy classes (or Frobenius classes) {Op : D € Hyy41} become equidistributed
with respect to Haar measure on the unitary symplectic group Sp(2¢g). This implies

that for any continuous function ' on Sp(2g), we have that

1
lim

}X@D)::/ F(X)dX. (2.4.30)
g0 |H29+1| Sp(2g)

DeHagi1
where as usual, dX denotes the Haar measure. Thus, one may obtain quantities
such as the moments of L(u, xp) in the large ¢ limit using a random matrix theory
computation. For example, the moments at the central point s = 1/2 are given by

I 1
im
g0 |H2g+1 ’

Lt = [ dat-xfax, @as)
S

DeHagt1 p(2.‘])

and the moments of the characteristic polynomial on the right are given by Theorem
1.1.3 of Keating and Snaith:

N i .

(N +j+ DI+ k+1/2)
det(I — X)"dX = 2" | | - . S (2432
/Sp(2N) ( ) Hr(j+1/2)F(N+j+k+1) ( )

In the other regime of ¢ fixed and g — oo, there is no such equidistribution result.

The large g regime is also more similar the the number field case and is the regime

we consider in this thesis.
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2.5 Moments of L-functions over function fields

We conclude this background chapter by discussing the literature on the moments of
quadratic Dirichlet L-functions over function fields. The first moment of L(%, XD)
over the hyperelliptic ensemble Ho,411 was considered by Andrade and Keating [AK12]

who proved the following asymptotic formula.

Theorem 2.5.1 (Andrade and Keating). Let g be the fized cardinality of the ground
field ¥, and assume for simplicity that ¢ = 1 (mod 4). Then

/

PO L p
> L) = st (log, 01+ 1+ ) ) +of

q2
), (2.5.1)
DeHagt1 2C (

2g+1

where |D| = q and

1
P(s)= ] (1 - W) : (2.5.2)

PeP

Comparing the above result to the result of Jutila in Theorem 1.5.2, we see the
similarity between the number field and function field cases. Florea [Flo17¢c| showed
that there is a secondary main term in the above asymptotic for the first moment of
the form ¢ 2= R(2g+ 1), where R is an explicit polynomial of degree 1, and was able
to bound the error term by O(q%(HE)) for any € > 0. Florea’s approach also allowed

her to compute the second and third moments with a power saving error in [Flo17b].

Theorem 2.5.2 (Florea). Let g be a prime with ¢ =1 (mod 4). Then

q2g+1
> LGoxn)= P(2g+ 1)+ O(¢*"*9) (2.5.3)

DeH C‘J(Q)

2g+1
and
. q29+1 39

> Lxn) = 5 Q29 +1) + O(g= 119, (2.5.4)

DeHagy1 CCI< )

where P(x) is a polynomial of degree 3 and Q(x) is a polynomial of degree 6 whose

coefficients can be computed explicitly.

In this case we see a clear resemblance between Florea’s result and that of
Soundararajan in Theorem 1.5.4. Using the method of multiple Dirichlet series,
Diaconu |Dial9| proved the existence of a secondary main term in the third moment

. 3¢
of size q=2 .
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The fourth moment was also computed by Florea in [Flo17a| although without a

power saving error.

Theorem 2.5.3 (Florea). Let q be a prime with ¢ =1 (mod 4). Then

Z L 2’ 2g+1(a10g10+a9g9+agg )+ O(q 2g+1 T+3 +5) (2.5.5)
DeHagy1

where the coefficients aqg, ag, ag are arithmetic factors which can be written down

explicitly.

By adapting the recipe of Conrey et al. [CFKT05| to the function field setting,
Andrade and Keating [AK14| put forward the conjecture that

1
|H29+1|

> Lt xp) = P29+ 1) +o(1), (2.5.6)
DeHag41
where P(2g + 1) is a polynomial of degree k(k + 1)/2 given explicitly in the form
of a contour integral. All of the results mentioned above agree precisely with
the conjecture. Furthermore, numerical evidence in support of the conjecture was
provided by Rubinstein and Wu in [RW15].

Sharp lower bounds for the k-th moment of L(3, xp) for all odd ¢ and even k
were obtained by Andrade [And16] using the method of Rudnick and Soundararajan
[RS05, RS06]. Almost sharp upper bounds for prime ¢ = 1 (mod 4) and real & > 0
were proven by Florea in [Flo17al. By applying the principles of Soundararajan
[Sou09] and Harper [Har13] for upper bounds and those of Heap and Soundararajan
[HS22| for lower bounds, Gao and Zhao [GZ23| obtained sharp upper and lower

bounds for the moments of the quadratic Dirichlet L-functions over function fields.

Theorem 2.5.4 (Gao and Zhao). Suppose that ¢ =1 (mod 4) is a prime number.

For every real number k > 0 we have for large g,

k(k+1)
S LA ) = 0 2g + 1) (25.7)

DeHagt1

and

k(k+1)
Z L 27XP> =k q29+1(2g + 1) 1

PePagi1

(2.5.8)

Recently, by applying methods from algebraic topology, Bergstréom, Diaconu,
Petersen and Westerland [BDPW24] and Miller, Patzt, Petersen and Randal-Williams

45



[MPPRW24| have proven that for fixed integer k and ¢ a sufficiently large odd prime
power, the conjecture of Andrade and Keating on the moments of L(%, xp) does
indeed hold. Specifically, Theorem 1.5 in [MPPRW24] states that

1
q2g+1

>0 LGxo) = Qul2g +1) + 0@ ) (259)
D€H2g41
where Q () is an explicit polynomial of degree k(k +1)/2.
For the moments of L(3, xp) over prime polynomials P € Py 1, less is known in
this case as averaging over primes is a more difficult problem than averaging over
square-frees. The first moment was evaluated by Andrade and Keating in [AK13]

who proved the following.

Theorem 2.5.5 (Andrade and Keating). Let F, be a fized finite field of odd cardinality
with ¢ =1 (mod 4). Then for every e > 0, we have

> (log,|PDL(3, xp) = ﬂ(logq || +1) +O(|P|3*) (2.5.10)

2
PePagia
In the same paper, Andrade and Keating also proved an asymptotic formula for

the second moment.

Theorem 2.5.6 (Andrade and Keating). Let F, be a fized finite field of odd cardinality
with ¢ =1 (mod 4). Then we have

1
Y. LGxp)’ = 575 [PI(log, |P))? + O(|Pllog, | P|). (2.5.11)
24¢,(2)
PePagia
Note that |P| is constant over Pag.1 so one has |P| = ¢**! and log, |P| = 2g+1
in the above two theorems. In [BF20], Bui and Florea were able to improve the error

in the second moment and identify a lower order term by showing that

1 g’ 3 1 3
L xp)? = 72 + (_ + _> +0(*).  (2512)
| Pag-1] PE%H ? 3G,(2) 2 2q

Florea’s method involving Poisson summation does not apply to summations over
prime polynomials so one cannot currently obtain a power saving error in the second
moment of L(%, Xp) or compute moments higher than the second. Conjectures for
the integral moments over P, were made by Andrade, Jung and Shamesaldeen
[AJS21] by applying the recipe of [CFKT05]|. Specifically, they conjecture that for
every integer k > 1,
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1
|7D2g+1|

> L3 xp) = Re(2g+1) + o), (2.5.13)

PePagi1

where Ry (z) is an explicit polynomial of degree k(k + 1)/2.
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Chapter 3

Moments of moments of symplectic
and orthogonal characteristic

polynomials

3.1 Moments of moments of characteristic polyno-

mials

Let G(N) € {U(N),Sp(2N), SO(2N)}, where as usual, U(N) is the group of N x N
unitary matrices, Sp(2N) is the the group of 2N x 2N unitary symplectic matrices
and SO(2N) is the group of 2N x 2N orthogonal matrices with determinant +1. In

this chapter we consider the moments of moments of the characteristic polynomial

Ax(e7®) = det(I — Ae™™) (3.1.1)

on the unit circle. The moments of moments consist of an average over the unit circle
first and then an average over the matrix ensemble, hence the name. Specifically,

they are defined as

” k

MoMg ) (k, B) = / (i /2 |AX(ei9)\25d9) dXx, (3.1.2)

av) \2m Jo

where dX is the Haar measure on G(NN). The principal motivation for studying
the moments of moments is their link to the maximum value of the characteristic
polynomials on the unit circle. For example, in the case of the unitary group U(N),
Fyodorov, Hiary and Keating |[FHK12| and subsequently Fyodorov and Keating
[FK14], made conjectures on the moments of moments and for the maximum value
of log |Ax(e~™)| for 0 < # < 2. The idea behind the link between the moments of
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moments and the maximum value is that one can think of MoMg ) (K, 3) as the

k-th moment of the random variable

1 2 )
In(X;B) = —/ |Ax(e7)|?Pdf. (3.1.3)
2 Jo
Now, define Viy(X;0) := —2log|Ax (e ®)|. Then, borrowing the terminology of
statistical mechanics,
1 27
In(X;B) = %/ exp (—BVn(X;6))do (3.1.4)
0

is a partition function of the field 6 — log|Ax(e~®)| and 8 > 0 is the inverse

temperature, see for instance |Isi71, Chapter 3|. The quantity

F(8) = ~5log Zn(X; ) (3.15)

is known as the free energy of the system and the maximum of log |Ax(e~%)| can be

recovered as

lim F(f) = —2 max log|Ax(e )| (3.1.6)

B—ro0 0€[0,2)

The conjecture of Fyodorov and Keating [FK14] on the maximum of the charac-

teristic polynomial is the following.

Conjecture 3.1.1 (Fyodorov—Keating (2014)). For X € U(N) sampled uniformly

with respect to the Haar measure,

- 3
max log|Ax(e™)| =log N — Zloglog N + yx v, (3.1.7)
6€[0,2m) 4 ’

where (yx n)nen is a sequence of random variables which converge in distribution.

Remark 3.1.2. By “converge in distribution”, we mean that the cumulative distribu-
tion function of yx n converges to some limiting distribution function as N — oco.
It is further conjectured by Fyodorov and Keating that yx n should converge in

distribution to the sum of two independent Gumbel random variables.

Briefly, the justification for Conjecture 3.1.1 is that Vy(X;6) behaves similarly
to a log-correlated field with respect to 6. The conjecture was verified up to leading
order by Arguin, Belius and Bourgade [ABB17| and Paquette and Zeitouni [PZ17]
have proven that the subleading term is also correct. Chhaibi, Madaule and Najnudel

[CMN18] have proven the strongest result which includes both the main terms in
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Conjecture 3.1.1 and shows that the random variables which constitute the error are
tight. Their results also apply more general to the case of the Circular 5 Ensemble
(CBE) L.

Naturally, the conjecture for the characteristic polynomials of matrices from U(NV)
can be used to formulate an analogous conjecture for the Riemann zeta function
with the usual correspondence of N with logT. The conjecture for the maximum
of the zeta function on the critical line, now known as the Fyodorov-Hiary-Keating

conjecture, is the following.

Conjecture 3.1.3. Let t ~ [T,2T], that is, t is chosen uniformly from the interval
[T,2T). Then

3
hrr[lax)log IC(5 +i(t+ h))| =loglog T — 1 logloglog T + x4, (3.1.8)
€[0,2m

where the random wvariable x; is expected to have a limiting value distribution as
t — 00.

Najnudel [Naj18|, assuming RH, proved Conjecture 3.1.3 up to leading order.
Arguin, Belius, Bourgade, Radziwill and Soundararajan [ABB*19]| then showed
that one may remove the assumption of RH from Najnudel’s result. Concerning
the lower order terms, Harper [Har19] proved an almost sharp upper bound for the
maximum including the subleading term. Finally, in [ABR20]|, Arguin, Bourgade
and Radziwill were able to prove the expected upper bound for the maximum of
the zeta function and further bound the tail of the random variable x;. Then, in
[ABR23|, they prove the corresponding lower bound, thus confirming the prediction
of the Fyodorov-Hiary-Keating conjecture. For a more in depth discussion of the
conjectures of [FHK12, FK14] and work in their direction, we refer to the excellent
survey article [BK22].

Returning to the moments of moments, one of the conjectures of [FK14]| is that

as N — oo,

G(148)2 )kr<1 _ kBQ)NkﬂQ if b < 1/52
MoMuy ) (k, B) ~ <g(1+25)r(1_52) ’

(3.1.9)
c(k, B)NF*F*—k+1 if k> 1/8%

where G(s) is the Barnes G-function and ¢(k, 3) is some unspecified function of k
and 3. At the transition point k = 1/3%, the moments of moments are conjectured
to grow like N log N. The justification for the conjecture in (3.1.9) is that for £ € N,
one can write MoMyyy(k, 3) as a k-fold integral of a Toeplitz determinant. Then,

I Not to be confused with the parameter 3 appearing in the moments of moments

20



one uses the Fisher-Hartwig asymptotic formula and, provided that k < 1/3%, the
Selberg integral can be applied to yield to conjecture in this regime. In the case
that & > 1/, the Fisher-Hartwig singularities will coalesce, leading to a much more
difficult analysis and hence the lack of an expression for ¢(k, 5) in this case.

The above asymptotics were confirmed in the case that k = 2 and § > —1/4 is real
by Claeys and Krasovsky [CK15a| by proving asymptotics for Toeplitz determinants
using Riemann-Hilbert problem techniques. Their approach also established a link
between the leading order coefficient ¢(2,/3) and the Painlevé V equation. Fahs
|[Fah21] then extended these results to general k& € N and non-negative, real [
but without an explicit expression for ¢(k, 3). The case of k = 2 and € N was
established in [KRRGRI18| via two alternate methods. The first is complex analytic
and the second is combinatorial, leading to two different expressions for the leading
order coefficient ¢(2, ). It was then shown in [BGR18] how the combinatorial
expression for ¢(2, 8) can also be linked to Painlevé V.

In recent work, Keating and Wong [KW22], through the perspective of Gaussian
multiplicative chaos, obtain an asymptotic formula for MoMy(ny(k, 3) at the critical
point k3% = 1 for k > 2 an integer. Their result confirms that the moments of
moments are of the order Nlog N as N — oo. They also conjecture that this
asymptotic result holds for all £ > 1 and provide a heuristic argument in support of
this.

Bailey and Keating [BK19] obtained an asymptotic formula for MoMgy ) (k, 5)
when k, 5 € N by generalising the analytic argument deployed in [KRRGR18| with

the following result.

Theorem 3.1.4 (Bailey-Keating (2019)). For k, € N, as N — oo,

MoMy ) (k, 8) = c(k, B)N*#~F1(1+ O(N7), (3.1.10)

where c(k,B) can be written explicitly in the form of an integral. Furthermore,
MoMy(n(k, B) is a polynomial in N of degree k** — k + 1.

The proof of Theorem 3.1.4 uses the fact that for £ € N, one can change the

order of integration to obtain

1 2 27
MoMU(N)(k,B):W/O /0 Lep(U(N),6n,. .. 00 d6r ... B, (3.1.11)

where for § = (04, ...,60k),
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I 5( / Ax (e )P dX. (3.1.12)
(U oo L H\ )|

The function I g(U(N),0) is an autocorrelation function of the characteristic poly-
nomials and was computed by Conrey et al. [CFKT03]. Two equivalent expressions
for I 3(U(N), ) are given in [CFK*03]; one takes the form of a combinatorial sum
and the other is as a multiple contour integral. The first of these was used in [BK19]
to prove that MoMy () (K, 8) is a polynomial in N and then an intricate analysis of
the contour integral representation was used to determine the asymptotic behaviour.

Assiotis and Keating [AK21] gave an alternate proof of the asymptotic formula
in Theorem 3.1.4 using a combinatorial approach involving constrained Gelfand-
Tsetlin patterns. They therefore obtained a different expression for the leading order
coefficient c(k, B) as the volume of a certain region. It is remarked in [AK21]| that
their expression for ¢(k, 3) appears to be very difficult to obtain from the expression
obtained in [BK19].

The combinatorial approach used in [AK21| was then applied by Assiotis, Bailey
and Keating [ABK22| to the symplectic and special orthogonal groups to determine
the asymptotic behaviour of the moments of moments for k£, 5 € N. Their results are
stated below.

Theorem 3.1.5 (Assiotis, Bailey and Keating). Let k, 5 € N. Then, MoMgpn) (k, 5)

18 a polynomial function in N. Moreover, as N — 00,

MoMs,on) (K, B) = csp(k, B)NFEHHD=R (1 4+ O (N71)), (3.1.13)

where the leading order term coefficient cs,(k, B) is the volume of a certain convex

region and is strictly positive.

Theorem 3.1.6 (Assiotis-Bailey-Keating). Let k, 8 € N. Then, MoMgoan)(k, ) is

a polynomaial function in N. Moreover, as N — 00,

MoMgogn(1,1) = 2(N + 1), (3.1.14)

otherwise,

MOMSO(QN)(ka 6) = CSO(I{:7 B)Nkﬁ(?kﬁ_l)_k (1 + O (N_l)) ) (3115)

where the leading order term coefficient cso(k, B) is given as a sum of volumes of

certain convex regions and 1s strictly positive.
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Our main goal in this chapter is to apply the analytic approach used by Bailey
and Keating [BK19| on the unitary group to the symplectic and orthogonal cases.
We therefore provide an analytic proof of the asymptotic formulae given in Theorems
3.1.5 and 3.1.6 and in particular, we obtain alternate expressions for the leading
order coefficients explicitly in the form of a multiple integral. Our results are as

follows.

Theorem 3.1.7. For k,3 € N, as N — o0,
MoMgy(an) (K, ) = ysp(k, B)NEHHD=E (140 (N71)) (3.1.16)

where ysp(k, B) is given explicitly in the form of an integral, see (3.2.58).

Theorem 3.1.8. For k,5 € N with (k,3) # (1,1), as N — oo,
MoMso @) (k, 8) = vso(k, B)N"PEF=D=F (140 (N71)) (3.1.17)

where yso(k, B) is given explicitly in the form of an integral, see (3.3.14).

We will prove Theorems 3.1.7 and 3.1.8 in Sections 3.2.1 and 3.3.1, respectively.

In general, when computing asymptotics for moments of moments, the combin-
atorial approach still seems to be the simpler method, especially when k > 2. For
example, the alternate proof of Theorem 3.1.4 given in [AK21] is much shorter than
that given in [BK19]. The main difficulty in proving these asymptotic formulae is
showing that the leading order coefficient obtained is non-zero, and this appears to
be much easier when it is expressed as a volume using the combinatorial approach.
In our proofs of Theorems 3.1.7 and 3.1.8, we are able to avoid this problem and
infer that the leading order coefficients obtained are non-zero by comparison of our
formulae with those given in [ABK22|. In particular, we do not need to explicitly
evaluate the integral expression for our coefficients to check that they are non-zero
as was necessary in [BK19]. We also note that the combinatorial approach has been
successfully applied to the moments of moments in the more general case of the CSE
by Assiotis in [Ass22].

3.1.1 Moments of moments of L-functions

Also considered in [FHK12, FK14| were the moments of moments of the Riemann zeta
function. Analogously to the moments of moments of the characteristic polynomials,

these consist of an average first over a short piece of the critical line and then an
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average over these intervals. Specifically, the moments of moments of {(s) are defined
for T > 0 and Re(8) > —1/2 by 2

1 (7 t+1 k
MoM,. (k, B) = ?/ (/ ]C(% +z‘h)|2f3dh) dt. (3.1.18)
0 t
Bailey and Keating [BK21|, using the philosophy that the Riemann zeta function on
the critical line can be modelled by the characteristic polynomials of random unitary

matrices and Theorem 3.1.4, made the following conjecture.

Conjecture 3.1.9 (Bailey-Keating (2021)). For k,8 € N, as T — oo,

MoM, (k. 8) = alk, B)e(k, 8) (log £)* 7 (14 Ops (log ™' 7)), (3.1.19)

where c(k, B) is the same coefficient appearing in (3.1.10), and a(k, B) contains the

arithmetic information in the form of an Fuler product.

It was then proven in [BK21| that Conjecture 3.1.9 follows from the conjecture of
Conrey et al. [CFK*05] for the shifted moments of the zeta function. Explicitly, they
prove that a function which, according to the conjecture of [CFK*05| approximates
MoMg,.(k, 5) up to a power saving in 7', does indeed behave asymptotically as
Conjecture 3.1.9 predicts MoMc,.(k, #) does. The proof is similar to that of Theorem
3.1.4 due to the similarity of the integral expressions for the shifted moments of the
unitary characteristic polynomials and the Riemann zeta function. In the case k = 2,
Curran [Cur23] has obtained sharp upper bounds for MoM,,.(2, 8) for 0 < g <1 and
lower bounds of the conjectured order for g > 0.

Finally, in [BK21|, Bailey and Keating also considered the moments of moments
of families of L-functions with symplectic or orthogonal symmetry. For each of
the symmetry types, the moments of moments consist of an average over a short
interval near the symmetry point and then an average through the family. Using
Theorems 3.1.5 and 3.1.6, Bailey and Keating made conjectures for the asymptotic
growth of the moments of moments of these families in the same spirit as that of
Conjecture 3.1.9. Following the proof of both Theorems 3.1.7 and 3.1.8 in Sections
3.2.1 and 3.3.1, we will discuss the examples of a symplectic and orthogonal family
of L-functions considered in [BK21] and show that the corresponding conjectures

of Bailey and Keating also follow from the relevant shifted moments conjectures of

[CFK*05].

2In [FHK12, FK14], the intervals being averaged over were of length 27 rather than 1. However,
in [BK21], the intervals were taken to be of length 1 for convenience. The analysis of [BK21] holds
for any interval that is O(1) as T — 0.
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3.2 Moments of moments over Sp(2N)

3.2.1 Proof of Theorem 3.1.7

In this section we will prove Theorem 3.1.7. The argument is based on that used in
[BK19] and makes use of the complex analytic techniques deployed in [KOO08| and
[KRRGR18|. The eigenvalues of matrices in Sp(2N) lie on the unit circle and come

in complex conjugate pairs €1, et ... €N N Hence, we have that

Ax(e=®) = Ax(e"?), (3.2.1)

or equivalently,

Aa(0) = Aa(—0), (3.2.2)

where /NXA(H) = Ax(e™"). Thus, for k, 8 € N, we can change the order of integration
by Fubini’s theorem and use (3.2.1) to see that

2 21
MOMSP(QN) Ikg Sp 2N 61, . ,Hk) d61 st d@k, (323)
where
k
I.5(Sp(2N), 0) == / [T Ax(e) Ax(e?)? dX. (3.2.4)
Sp(2N)

Explicit expressions for the shifted moments Iy 3(Sp(2N),6) were computed by
Conrey et al. [CFKT03]. In particular, using Theorem 1.1.5, we may write it in the

form of a multiple contour integral as

kﬂ 2k ,
Teal5P2N),8) = (27r7, 2% 2%5 f ?{ II G-y

1<m<n<2kp
ANG . 2hE 2 5
x e ( 1> 2k5> H n . eNZi’L Zn le . dz2kﬁa
| iy 1( — i) (Zn + i)’
(3.2.5)
where A(zy,...,2,) is the Vandermonde determinant and the contours encircle the

poles at +i0,, form =1,... k.

Now, each of the 2kf contours in (3.2.5) can be deformed into 2k small circles,
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one around each of the poles +i6,,, with connecting straight lines whose contributions
to the integral will cancel out. The multiple integral I 5(Sp(2NV),6) can therefore
be written as a sum of (2k)?*” integrals as follows. For ¢; € {£1,..., £k}, let C.,
denote a small circular contour around 6., if €; > 0 and a small circular contour

around —ifl_., if ¢; < 0. Then we have that

( 1)k522k5
I, 5(Sp(2N), 0 Jis(0;eq, ... 3.2.6
k‘ﬂ( p( ) ) (2W2)2k6(2k5) e{:tlz :l:k:} k,ﬁ(—7517 782165)7 ( )
where the vector € = (e1,...,e9p) determines the pole around which each contour is

centred and

Jip(0;€) / 1 - eiz’”*z")_l
szk,@ Cey 1<m<n<2k5
2k
22,0, % | %n
=T (1 sep) 1 N T -+ dzokg.
T T s (o 252 6,07
(3.2.7)

Remark 3.2.1. Equation (3.2.6) can also be seen as an application of the residue
theorem to the contour integral expression for I 3(Sp(2N),8) but where we leave the

residues in the form of an integral.

Many of the summands in (3.2.6) are in fact zero as the following lemma demon-

strates.
Lemma 3.2.2. For a choice of contours € = (e1,...,c3) in (3.2.6) and for j €
{1,...,k}, let m; and n; be the number of occurrences of j and —j in g, respectively.

Then, if m; +n; > 20 for some j, we have that Ji, 5(0;€) is identically zero.

Proof. The proof is similar to that of Lemma 3.2 in [BK19] and Lemma 4.11 in
[KRRGR18]. Without loss of generality, we may assume that m; +n; > 2/ so that
ny > 2 +1—my. Note that since the integrand of Ji 5(6; ) is a symmetric function
of the variables z1, ..., 2213, We may suitably relabel the z;’s after permuting the
entries of ¢ to leave Jy 5(0; ) unchanged. Hence, by permuting the entries of ¢ if

necessary, we may assume that ¢ is of the form

e=(1,...,1,=1,...,—1,...). (3.2.8)
—— — —



Next, for simplicity, we assume that m; = 0. If this is not the case, then to Jj 5(6;¢)
we would make the change of variables z; — —z; for 1 < j < m; and the same
argument applies. Thus, this is the only case we need consider.

By making the change of variables z; — z; — i, the contours of integration for

21, .., 22p41 are now small circles around 0 and the integrand of Jj 5(6; ¢) becomes

G(Zl, ey 225+1)A ((21 — i91)2, . (ngﬁ — 191)2) le s dZQk;B

3.2.9)
28+1 2,8 (
Hn 1 Zn
where
o\ —1
H 1— e—zm—zn+2191
G(Zh ces 7Z2ﬁ+1) = [2kB LEmIn S ( )

[T Tl (20— 100+ 00)* (oo + (0 — 01))
LAz =i (o = i00)?) T (20 — i6)) €V Eni o)
[T (20 — 2060 T 0 220

(3.2.10)

is analytic in a neighbourhood of the origin. The idea now is to show that the
coefficient of HM H

theorem, so is the integral. We have that G(z1,. .., 22p41) is analytic around zero

Yin the integrand of Ji5(0; €) is zero and hence by the residue

7’L

and we can write the Vandermonde factor as

A ((21 — i(gl)g, ey (ngﬁ — 1(91)2> =A ((Z% — 2@0121), ey (ngﬂ — 2i9122k5))
2k

> sign(o) [ (22 — 2i612,)°™ 7" (3.2.11)
n=1

O'GSng

For each permutation ¢ € Sas, we must have o(n) — 1 > 23 for at least one
n € {1,2,...,26 + 1}. It follows that there are no terms in the expansion of the
Vandermonde of the form H%ng 20 with a(n) <26—1foralln < 2B+ 1. Thus, as

25+1

G(21,...,2p41) is analytic around zero, the coefficient of [['Z Lin the integrand

of Jy s(0;€) is zero which completes the proof. ]

Lemma 3.2.2 implies that the non-zero summands in (3.2.6) are given by those €
for which m; 4+ n; = 2/ for all j. This, and the fact that the integrand of J; 5(;¢)

is a symmetric function of 21, ..., 215, means that we can rewrite (3.2.6) as

( k522k,3 26 2B
I 3(Sp(2N), 0) = (27”%52%'2 D alk, B kp0;lh, . k), (32.12)

11=0 lp=0
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where Ji 5(6;1) is defined to be Jy 5(0;e) with £ given by

e=(1,...,1,=1,...,—=1,2,...,2, =2, ..., =2 ... k... k—k .. . —k), (3213)
N————

Iy 26—l l2 28—l Ik 26—l

(k. B) = (226) (2;6/3_—[111) ((% g 2)6) ((2k2—52_)€2— zQ). 3 (25) (32.14)

counts the number of ways in which the entries of £ can be permuted. In the next

lemma, we obtain an expression for the asymptotic behaviour of I s(Sp(2N), ).

Lemma 3.2.3. As N — oo, we have

28 B+ —1 lm
—1 m=1 k .
Lis(Sp2N)0) ~ Y (=1) (ks B) \ripl iV 242, o

B (2m0)2k8 (2K 5)!
. 2k
X / . / H <1 — e*i(vm;?"”)*i(um+un)> flul) H dv,,
Co Co 1<m<n<2kp n=1
Mo+ pn 70
(3.2.15)

where Cy denotes a small circular contour around the origin. The set Ay gy and the
function f(v;l) are defined in the proof, see (3.2.34) and (3.2.41) respectively. Also,
the w, are defined in terms of the 0., in (3.2.17).

Proof. In view of (3.2.12), we focus on Ji 3(6;1). For a given [ = (Iy,...,l;), we make

the change of variables

Zp = =+ iy, (3.2.16)

o8



where 3

6, ifl<n<i

—0,, if L+1<n<28

Oy, f28+1<n<28+1

fn =14 —0y, f28+1+1<n<4f (3.2.17)

—0, if (2k—=2)B+ 1, +1<n < 2kB.

The contours of integration are then all small circles around the origin and the

integrand of Jj 5(0;1) becomes

o 1 \2 vorg | - 2\ 2
A((N+1M1) a~-a(T+Zﬂ2kB)>

H (1 - e_(vmﬁvn)_i(”m—wn))

1<m<n<2kp

) [L G + i) T T L
Hik:ﬁl fnzl (”an + i(ﬂn - 6)m))zﬁ(lﬁ + i(ﬂn + Hm))Qﬁ n=1 N
(3.2.18)

We record here the facts that for each 1 < j < k, there are 23 values of 1 < n < 2kp

with p? = 67. Thus, we have

28
{im,n):1<m<n<2kB:pl =pl=0}=> (n—1)=p28-1), (3219

n=1

and

k
{(m,n):1<m<n<2kB:pl =pl} = B2B-1)=kBE(28-1). (3.2.20)
j=1

Also, we have

{(m,n) 1 1 <m <n < 2kB: i, # i}

3 The p, naturally depend on the choice [ but we do not make this explicit in the notation.
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={(m,n) : 1<m <n <2k} — [{(m,n) 1 1 <m <n < 2kB < iy, = i}
= kB(2kB — 1) — kB(28 — 1) = 2kB*(k — 1). (3.2.21)

We approximate the integrand of .J;, 5(6; 1) as N — oo using the following estimates.
For the Vandermonde factor, we have

:m<n<N+W”+ N ““m) (N i Ty _““‘m>
o —1 Un + Um Up — Um
_(1+0<N>)E(N)£(N)
M+ pm =0 o —pm =0
< T Gua+ipm) ] Gpn—ipm). (3.2.22)
unTEn:L;éO unT/frsaﬁo
Next, we have
2k v 2kB
7!_[1 (N + i,un) = (1 + O(N_l)) H(iun), (3.2.23)
and
2Bk
. 2 . 2
TTTT (% + i — 00)) (% + i + 0)) ™
n=1m=1
2Bk 28 2kﬂ k »
_ YUn -1
T (%) 10 8, +O(N)
n=1m=1 n= 1m 1
pn —0m =0 pn—0m#0
2kB  k 28 2k,8 k »
«ITTT (%) TITL Glo ) + 003 )
om0 i
2k 28 2kB  k 268k
=(1+0(N ) H( ) TT I Grw = i00)* T T Gt + i60)%. (3.2.24)
N i

Lastly, we use the Laurent expansion
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(1—e®) = é +0(1) (3.2.25)

of (1 —e~*)~! about its pole at s = 0 for the (1 — e_(vm;vn)_i(“ﬁ“"))*l terms with

tm + pn, = 0. Putting these estimates together, we have that as N — oo, the
integrand of Jy 5(6;1) is

- (1 + O(Nfl))Nf%ﬁ H <1 — e*%*i(ﬂmwn)) - o n vn iN S0 i

1<m<n<2kpS
2k [Ti<men<onrg (iptm 4 ipin)? TTi<men<ons (ittm — iftn)?
> H(Zﬂn) M+ pn 70 P —pn 70
2
H1<m<n<2kﬁ <T) H1<m<n<2k,3 (vnfvm)
,Ufm+,ufn— Hm — Nn—o
28 2kB
5 (%)
X dv,,. 3.2.26
Hikﬁl _y (it = 102 T2 Ty (i + 16)% 1_[1 ' ( )

Simplifying this expression gives us

(1+ OV ) (=pne-ae TT (1- e(”m;”")z'mmwn))‘l

1<m<n<2kpB
M A pn 70
2k [T p<n, (2ipn)* I1 men (pi, — 12)?
X ean 1’Un iN Zikﬁl Hn H ,an Mm_ﬂn m?é 2 >
n=1 [ [i<m<n<2ks <—> [ Ti<m<n<2ks (Unj_vvm>
Nm+ﬂn— Hm — Hn—o
2B
1 dv
X - (3.2.27)
2k 2k
Hn ﬂl _1(2i0,)%°[,,2 B m= 1</‘n Q%)Q’BH v
9% Mn#ﬁ
Now, from the definition of y, in (3.2.17), we have that
2B k . k
Hﬂn = J[ (0> 62) = (=1)=m=tm TT 627, (3.2.28)
m=1 m=1

Also, as there are 23 values of 1 < n < 2k with p2 = 62, for a given m, we have

2kB  k k

T I @i6.)% = ] (2i6,,)"" =2 H 04 (3.2.29)
n=1m=1 m=1

17 =07,
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and, using (3.2.19),

=

k k
H 27/,un 1_[1 H (2i6;) H 52*25 — (_1)’65241652*2195 ngxﬁzf%'
J:

Hgniz 12 T:n/an:GQ, =t Jj=1
m n m n—"j
(3.2.30)
Similarly, we write
m<n: pu2, #u2
IT (12 = p2)? = (—p)lmsmsmmdl TT (u2, — p2), (3.2.31)
72n<n2 m#n
Him 74 Hio

where by (3.2.21), the (—1) factor is equal to (—1)2*°(:=1) = 1. Then, we have

k k 2kB

IT 2 —e =11 TI w2 -0 =11 [T -0 (3.2.32)
m#n j=1 m#n j=1m=1
HmFNE Mo 3, p2#£62,

1 =0,

again as there are 23 values of 1 < n < 2k with u? = 9]2-. Taking into account the
above calculations, we see that many of the products in (3.2.27) cancel and our final

expression for the integrand is then

k
iy (F1)Em=i e 4k32—2k3 ~Cmen) o4y T
= (1+O(N ))QQ—kﬁN H (1—6 N (m 1 )>
1<m<n<2kp
llzm+/1/n7£0
2k 2k Un + U ) ) 2 285 dv
>t Vn ZNZH i n m n — Um n
< T (M) T (M) %
1<m<n<2kS 1<m<n<2kp n=1
/—Lm‘i’/—LnZO /—Lm*/—’ln:O
(3.2.33)

The power of N coming from the products in the second line of (3.2.33) is determined

by the size of the following sets:

Ak = {(m,n) : 1 <m <n <2kB, piy + pn = 0}, (3.2.34)

and

Bigi = {(m,n) : 1 <m <n <2kB, i — p, = 0}. (3.2.35)
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Using the definition of yu, in (3.2.17), we have that

k
[Akgal =) ln(28 = L) (3.2.36)
m=1

since for each m € {1,...,k}, there are [,,, of the p,’s equal to 6,, and 25 — [, of

the u,’s equal to —0,,. Also, we have

\Akga| + [Brgal = [{(m,n) : 1 <m <n <2kB, pi, = pi}| =kB(26 —1), (3.2.37)

and so
k

Brgal = kB28 = 1)+ > Ll — 2). (3.2.38)

m=1

In particular, the power of N in the second line of (3.2.33) is

—| Akl = 2|Brgia| = |Axpal — 2kB(28 —1). (3.2.39)

Therefore, the integrand of Jy 5(0;1) as N — oo is

k

(1+0(2)) (1)=mertn I1 <1 _ e—‘”’”ﬁ”’”—i(umwn))l

2k
2 7 1<m<n<2kp
i 2k
) 2
x N Zm=itn f(u: 1) T don, (3.2.40)
n=1

where
H1§m<ns2§6(vn + Um) H1Sm<n§2186(vn — V)’ "
flw;l) = — L= o —iin = eXnc1 vn 3.2.41)
( 2 (
denotes the terms which do not depend on 6y, ..., 0. Hence, by using the expression

for the integrand of Ji 5(6,1) in (3.2.40) and returning to (3.2.12), we have that as
N — oo,

28 VB I
( 1) m=1 Cé(k,ﬂ) Ay | ANSZEB
I 5(Sp(2N),0) ~ g @i (20 ), N AR g2l gIN 22520 1
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2k

« / / H (1 B e_(’l!m]«\l;vn)—i(/ﬁm‘i‘//'n))_ (v;1) Hdvm
Co Co

1<m<n<2kpB
(3.2.42)
as claimed. O]
We can now obtain an asymptotic formula for MoMg, @ (k, 5).
Proposition 3.2.4. As N — oo, we have
MoMgpan) (k, B) ~ vsp(k, ) NFFERETL =k (3.2.43)

where yg,(k, B) is given in the form of an integral and is defined on the proof, see
(3.2.58).

Proof. By recalling (3.2.3) and using Lemma 3.2.3, we have

MOMSp(QN) (ka 5)
2

1 2

2ﬁ s ™
1 ( 1)kﬂ+zm 117"01 k B N|Akﬁl|/2 /2 zNZikﬁll‘n

~J

(27r)k ,,,,, o (2m0)2k8 (2K 5)!
f jqf _ 6—7“””5”")—“%%0)_ flu:l ﬁ dv H d6,,. (3.2.44)
Co Co 1<m<n<2ks !

Changing the order of integration, we have that

28
(D trak B) s,
2 T mi P kD) s ?{ et b

2 2 _
/ / H 1 - e*7<vm§”")*i(um+un)) !

1<m<n<2kfS
#m"‘#n?’éo

2kp3

N o an H b, Hdvn, (3.2.45)

and we now seek to determine the N dependence of the inner integrals over 61, ..., 0.

The first step is to write the integrand explicitly in terms of 6, ..., 60, using the
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definition of fu, ..., pors. For instance, the exponential term is

2k k
exp (iNZ,un> = exp <2iN Z(lm - ﬁ)8m> : (3.2.46)

m=1

For the product of (1 — e *»7*n)~1 terms, we define the set

Tepr = {(m,n): 1 <m <n < 2kB, fiy + pn # 0}
={(m,n): 1 <m <n<2kB}\ Ak (3.2.47)

and the following disjoint subsets of T 5, for 1 <o <7 < k:

U =1{(m,n) € Tepa: tn + in = b5 +0-}, (3.2.48)
Uy g =1m,n) € Tyt pm + pin = — (05 + 07)}, (3.2.49)
and
Vi =A0m,n) € Trpy: ftm + pin = 05 — 0}, (3.2.50)
Vo = {(m,n) € Tepu: pom + ptn = —(0, — 0;)}. (3.2.51)
Note that V), =V, , = @ for ¢ = 7. The product of (1 —e~*"~**)~" terms can

then be written as

[T (1 tmmm)

1<m<n<2kp

Hm~+pn7F#0
= 11 1T (1 -~ e(”m#”)i(@awf))_l I1 (1 - 6W+i(9o+9T>>_l
1<o<7<k (m,n)EL{;’T;L (mn)eU, .,
< I] (1 - e—(“mﬁv"’—i(ea—ea)l 11 (1 - e—(”mﬁ”")“(@a—@f))l.
(m,n)EV;:T;A (m,n)GVG_,T;A

(3.2.52)

Now, we make the change of variables t,, = N6,,. As N — oo, by the Laurent

expansion of (1 —e~*)~! about s = 0, the above product is then
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H <1 — 6_ (vm;vn>_i(“m+ﬂn)>_1

1<m<n<2kp

N N
~ H H U + Up +i(ty + ;) H U + Uy — it + 1;)

1<o<t<k (m,n)GU;:Ti (m,n)EZ/{;T;l
N N
X . (3.2.53
H U + Un + 1(te — ;) H U + U — i(ty — L) ( )
(m,n)GV:,T;L (m,n)EV;T;L
The power of N coming from this product is

| Tl = kB(2KB + 1) — | Ag gyl. (3.2.54)

We therefore have that as N — oo, the integrals over 6y, ..., 0 are

27 27 (omtvn) - -1 oks k
/ - / H <1 _ e—T—z(um—&-un)) ezN Domq H do,,
0 0

1<m<n<2kg m=1

2N 2N L
- / . NRBKBAD) k| Ax gl 26 5E (=B}t
0 0

H H(m,n)EU;T_Z<Um +Un t i(tﬂ + tT))_l H(m,n)EZ/l;_r,l (/Um +Un — i(to' + tT))_l
X —= - — -
I<o<r<h H(m,n)GV:T;L(Um + v, F ity —tr)) H(mm)g}; (Um +vp — ity — 1))

Tl

X dty - - - dty,
~ NFPERSHD k= Aoal g o (p: ), (3.2.55)

where

Uy s(v;l) == / / o2 e (Im=B)tm
0 0

y H H(m,n)euj’w(vm +on ity + 1)) H(m,n)EM;T;L(Um + v, =ity +1,))7"
1<o<r<k H(m,n)ev(jml(vm + Up + i(ta - tf)) H(m,n)ev;w(“m + Up — i(ta - tT))

x dty - - diy. (3.2.56)

Returning now to (3.2.45) and using (3.2.55), we have that

MoMgp(an) (K, 8) ~ ysp(k, B)N*FFEHIHDE, (3.2.57)
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where

28 kB+E N U 2k8
( ]_) m=1 Cl
k,B) = Hw 0| | do,,
/VSP( aﬁ) l zl: . (27T) (27TZ 2k,6’ 2]’65 o o f kﬁ V3 r{ (V)
10y k= n
(3.2.58)
and this completes the proof. O]

Proof of theorem 3.1.7. To complete the proof of Theorem 3.1.7, we compare the
asymptotic formula in Proposition 3.2.4 to that of Theorem 3.1.5 to show that
Ysp(k, B) # 0. We see that as MoMg,n)(k, 3) is a polynomial in N, we must have
that vs,(k,3) = csp(k,3) > 0 and that the error is certainly O(N®SGk5+1)=k-1)
which concludes the proof.

0

3.2.2 Moments of moments of symplectic L-functions

An example of a symplectic family of L-functions considered by Bailey and Keating
in [BK21] is the family of quadratic Dirichlet L-functions L(s, x4) defined in Section
1.5.1. We recall that for d a fundamental discriminant, yq(n) = (£) denotes the
quadratic character defined by the Kronecker symbol. The associated L-function is
defined for Re(s) > 1 by

— xa(n)

ns
n=1

L(57 Xd> =

: (3.2.59)

and has an analytic continuation to C. The L-function satisfies the functional

equation

L(Sa Xd) = Xd(S)L(l - S?Xd)v (3260)

where X,(s) = |d|/>7*X (s,a) with a =0if d >0 and a = 1 if d < 0, and

X(s,a) = m°" 3D (1 +g ) T (8 i “)1. (3.2.61)

2

The moments of moments of the family of quadratic Dirichlet L-functions are defined

as

1 « 1 27 . k
MoMLXd(k,/@)ZﬁZ (%/0 L(§+z9,Xd)25d9) : (3.2.62)

|d|<D
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where the sum is only over fundamental discriminants and D* is the number of terms
in the sum. As this is a symplectic family of L-functions, the moments of moments
are conjectured to behave analogously to the moments of moments of characteristic

polynomials over Sp(2N).

Conjecture 3.2.5 (Bailey-Keating [BK21]|). For k,5 € N, as D — oo,

MoMy,  (k,B) = n(k, B)esy(k, 8)(log D)kBEkBT)—k (1 + Oy p(log ™" D)) . (3.2.63)

where cg,(k, B) corresponds to the leading order coefficient in (3.1.13) and n(k, 5)

contains the arithmetic information.

By adapting the proof of Theorem 3.1.7, we can relatively easily prove that
Conjecture 3.2.5 follows from the shifted moment conjecture of [CFKT05]. Assuming

k € N, changing the order of integration and summation gives

27r1

MoMy,,, (k, B) = mo Xd) > dby . .. d6y, (3.2.64)

|d|<D m=1

and the relevant shifted moment conjecture is the following.

Conjecture 3.2.6 (Conrey et al. [CFK'05]). Let k, 5 € N and let = (64,...,0;) €
RE. Then,

. 1 . _
ms Xd)zg = D~ (% + 29m>ﬂQk,B(log |d|’Q> + O(D 6)a
|d]<D m=1 |d|<D m=1
(3.2.65)
for some § > 0, where
Ouna.0) = 1)kBo2k6 f }{ (21, .. zsz)A(z%, . zgkﬁ) H%ﬁ Zn
k ) L
h (2m 2% (2kp)! 1 (20 = 10,)28 (2, + 16,,)28
X €8 X0 dzy L dzgg, (3.2.66)

in which the path of integration encloses the poles at +i60,, for 1 < m < k. Also,
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2k
G(zl,...,z%ﬁ):Akﬁ(zl,...,z%ﬁ)HX(%+zn,a)_% H C(1 4 2z + 2n),
n=1

1<m<n<2kpB

(3.2.67)
where Ayp is the Euler product, absolutely convergent for |Re(z,)| < 1/2, defined by

1 !
Aklg(zl,...,ZQk/g):H H (1—m> (1+—)
p 1 <n<2kpB p p

<m
2k 1 2kB —1
1 < 1 ) ( 1 > ) 1)
% | = 1——— ) =+ H 1+—— + =
1/24zp 1/242zp
(2 (n:l p /2 n=1 p /2 p
(3.2.68)

We therefore define

1 27 2 L _ k

MoMg, (D) := @) / / 2 1 Xa(5 +i6,)°Qus(10g |d], 0) ] db;,
0 0 |[d|[<D m=1 j=1

(3.2.69)

which should approximate MoM,, (k, ) up to a power saving in D and we can

prove the following proposition.

Proposition 3.2.7. For k,f € N, as D — oo

log D) kB(2kB+1)—k

MOMQkyﬁ;(D) = Akg(o, R 70>75'p(k'; ﬂ) < 9

(1 + O(log™ D)) ,
(3.2.70)

where vs,(k, B) is the same coefficient appearing in Theorem 3.1.7.

Proof. As mentioned earlier, the proof follows from modifying the proof of Theorem
3.1.7 and so we will point out the adjustments that need to be made. Comparing
the integral Qy s(z, ) with the integral expression for I;3(Sp(2N),0) in (3.2.5), we
immediately see the similarity on identifying N with x/2. In particular, the product
of ¢(1+ 2, + 2,) terms replaces the product of (1 —e*m7*»)~! terms with both
having the same analytic structure, namely simple poles at z,, + 2z, = 0. This means
that the same analysis we applied to I;3(Sp(2NN), 8) can be applied to Qi (z, ) to
yield an asymptotic formula for MoMg, ,(D). The difference is that the function

G(z1, ..., 2zp) also contains arithmetic information in the Euler product Ayp and
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the X (s, a) factors. However, these factors do not present any additional difficulties.
By following the proof of Lemma 3.2.3 and using the facts that Ayg is analytic in a
neighbourhood of zero and X (s, a) is analytic around s = 1/2 and X (3,a) =1, one

can show that

1 . 10g|d\ kB(2kB+1)—k
MoMa, , (D) ~ Ags (0., 0)ysp(k B) 752 D (T)

|d|<D

log D\ FB@EB+1)—k
o8 > (1 + O(log_1 D)) ,

= Aus(0, ..., 0)ys, (K, B) ( 2

(3.2.71)

where g, (k, 5) is as defined in (3.2.58). O

Thus, MoMg, , (D) satisfies the asymptotic formula conjectured for MoMy,_ (k, B)

in Conjecture 3.2.5.

3.3 The special orthogonal group SO(2N)

3.3.1 Proof of Theorem 3.1.8

In this section we turn to the orthogonal case and prove Theorem 3.1.8. Here we
assume that k, 5 € N with k£, # not both 1. As in the symplectic case, the eigenvalues
of matrices in SO(2N) lie on the unit circle and come in complex conjugate pairs so

Ax(e=®) = Ax(e"), (3.3.1)

for all X € SO(2N). Then, as before, we change the order of integration to write

1 21 21
MoMsoen (k. ) = o /0 /0 Tes(SO2N), 01, .., 00) dbr - dBy, (3.3.2)

where
k
I,5(SO(2N), ) = / [T Ax(e7%) Ax(e)? dX. (3.3.3)
SO(2N) ;5

In this case, using Theorem 1.1.5 allows us to express Iy 3, (SO(2N), ) as
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1)kB2k8
I, 5(SO(2N), 0) = (2m W 22k6 j{ % [ (e

1<m<n<2kp
2k8
y A(Zl, .. ng;ﬁ) Hn 14n eNZi’g anzl . .dZQkﬁ,
Hik:ﬁl m=1(2n = 1052)?% (2 + 10,,)2°
(3.3.4)

where again the contours enclose the poles at +:6,, for 1 < m < k. We note the sim-
ilarity between the above expression for I;, 3(SO(2N), ) and that for I}, s5(Sp(2N), 6)
n (3.2.5). Specifically, the only difference is in the product of (1 —e=#m~#)~! terms;
in the symplectic case, the product is over m < n rather than m < n. The proof
of Theorem 3.1.8 will therefore mirror that of Theorem 3.1.7 but with this one
difference.

First, by decomposing I, s(SO(2N), ) as in (3.2.6), using Lemma 3.2.2 and then
following the proof of Lemma 3.2.3, we get that

28 kB+5F i
] o k .
Lp(S0@N)0) ~ 3 D U i £

(27128 (2k )]
I1,...,lg=0
( : 2k
vm+vn .
% 7{ j{ H (1 B —Z(um+un)) (v:1) Hdvn7
Co Co 1 <m<n<2kp
(3.3.5)

where the p,,, the set Ay 5, and the function f(v;[) are as defined in (3.2.17), (3.2.34)
and (3.2.41) respectively. We then proceed as in the proof of Proposition 3.2.4 with
the change being that we will replace the set 7 g,; by

Trsa = {(m.n) 1 1 < m <n < 2B, iy + fin # 0}
={(m,n) : 1 <m <n <2kB}\ Ay gy, (3.3.6)

and for 1 < o < 7 < k, we define the subsets

~+ ~
UW;L = {(m,n) c Tk,ﬁ;l Sl A+ o, = 05 + 97} (337)

= {(m.n) € Tapa: ftm + pin = —(65 +6,)}, (3:3.8)

AN
Q
\]
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and

~t
Vorg i =1(m, n)eTkgl P, + i, = 0, — 0.} (3.3.9)

VU,T;l = {(m7 n) € Tk,ﬁ;l D T = _(90' - 97’)} (3310)

After making the same change of variables t,, = N#6,,, the product of (1 —e™#m=n)~1

terms will be

H <1 — e_<vm;vn)_i(um+un)>

1<m<n<2kp

m+n 70
Um Un, 1 (tcr t’T) o Um Un, ? (tcr tT)

1<o<7<k ~+

(m,n)elx{aml (m,n)EUG’T;L
N N
X . (3.3.11
l_IN+ U + v + 1(te — L) l_IN_ U + vp — ity — t;) ( )
(m7n)eva,T;L (m7n)evo,T;L

The power of N coming from this product is

Tl = kB(2KB — 1) — | Ag pal. (3.3.12)

Taking into account this difference and proceeding exactly as in the proof of

Proposition 3.2.4, we see that in this case, we will obtain

MoMgo ) (k, B) ~ vso(k, B)N*FE-D=E (3.3.13)
where
25 KB+ K Im 2k
(—1) m=1'mc)(k
’ySO(k?ﬁ) : Z (271') (27T’L ng 2]{:5 f V3 l Qkﬁ v; l Hd'l}n,
Il =0
(3.3.14)

Qi p(v;l) = / / 25k (ln—B)tm
0 0
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I1 ~t (vm—i-vn—l—i(tg—i-tT))_lH( (U v — ity + )

% H (m7n)€ua,7;L )Gua,T;L
(U o Filty —t)) 1 = (U + v —i(te — 1))

]-SUSTSk (m,n)evamé (mvn)evo',f;l

X dty - - dty,. (3.3.15)

Finally, comparing the asymptotic formula (3.3.13) to the result of Theorem 3.1.6
shows that vs0(k, ) = cso(k, ) > 0 which completes the proof of Theorem 3.1.8.

3.3.2 Moments of moments of an orthogonal family of L-

functions

For a family of L-functions with orthogonal symmetry, we consider the quadratic
twists of an elliptic curve L-function defined in Section 1.5.2. Let E be an elliptic
curve defined over Q with conductor Mg. Recall that the L-function attached to FE
is defined for Re(s) > 1 by

Lg(s) = Z —niq/Q = H (1 —app_s_%)_l H (1 —app_s_% —|—p_28)_1 = Hﬁp(p_s),
n=1 plM ptM P

(3.3.16)
where the a, are related to the number of points on the reduction of £ mod p.
Moreover, Lg(s) can be analytically continued to C and satisfies the functional
equation

Lg(s) =wgY (s)Lp(l —s), (3.3.17)

where wg = +£1 is the sign of the functional equation and

vo= (0E) e (2o r(Les) B3.18)

2T

For d a fundamental discriminant with (d, M) = 1, the twist of Lg(s) by the quadratic
character x4(n) = (£) is defined for Re(s) > 1 by

[e.9]

Lp(s,xa) = Y anXa(n) (3.3.19)

nst1/2

n=1
These twisted L-functions can also be analytically continued to C and they satisfy

the functional equation

Lg(s, xa) = wexa(—MEg)Ya(s)Le(1 — s, xa), (3.3.20)
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where Y;(s) = |d|'72*Y (s). The set of Lg(s, xq) for which the sign wgxqs(—MEg) of
the functional equation equals +1 forms a family with even orthogonal symmetry
and so we use the special orthogonal group SO(2N) for comparison.

The moments of moments of this family are defined as

k

1 . L[
MoMy,, (k, B) = D > (—/ LE(§+¢0,Xd)25d9> : (3.3.21)
0

2
|d|<D
wexd(—Mg)=1

where the sum is only over fundamental discriminants and D* is the number of terms
in the sum. The conjecture made in [BK21] for this family, based on Theorem 3.1.6,

is the following.

Conjecture 3.3.1 (Bailey and Keating). For k,8 € N and k, not both 1, as
D — oo,

MoMy,, (k, 8) = &(k, B)eso(k, 8)(log D)FCH=D7k(1 4+ Oy 5(log™' D)), (3.3.22)

where cso(k, B) corresponds to the leading order coefficient in (3.1.15) and &(k, 5)

contains the arithmetic information.

For the sake of simplicity, we will assume that the conductor Mg is square-free

and odd. The sign of the functional equation of the L-function Lg(s, xaq)

wEXd<_ME> = wEXd(_1>Xd(ME) (3-3-23)

depends on x4(—1) and x4(Mg). The factor x4(—1) is determined by the sign of d (it
is +1if d > 0 and —1 if d < 0) and with our assumptions on the conductor Mg, the
factor x4(Mg) is determined by d (mod Mpg). Thus, we will restrict our attention to
the moments of moments over negative discriminants d with d = a (mod M) such
that wexs(—Mg) = +1 and define

k

B 1 % 1 2 .
MoMy, (k. Bi0) == 5 > <%/O LE(%+ZH,Xd)2Bd6) . (3.3.24)
dECL_(anOCfi<](\)4E)

Once again, for £ € N, we may change the order of integration and summation

to write
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2w 1

MoM, (k, B3; D Z HLE L6, xa)?Pd0y - - - dby,

—D<d<0 m=1
=a (mod MEg)

(3.3.25)
and we have the following conjecture from the recipe of [CFK105| for the shifted

moments in the integrand.

Conjecture 3.3.2 (Conrey et al.). Let k, 3 € N and let § = (6, ...,0;) € RF. Then,

k
2 T Bt it )

—D<d<0 m=1
d=a (mod MEg)

k
1 * . ~
~ D Yo T Ya +i60)"Tig(logldl, 0) + O(D™), (3.3.26)
—D<d<0 m=1
d=a (mod MEg)

for some & > 0, where

Tea(z.6) = 1)kB92k5 ]{ 7{ (21, .. szg)A(zf, e Z5)° 12 2
B (2m %ﬁ (2k)! T2 T1E (20 = 100)2 (2 + 16,2
x 2 Xnh dzy ... dzokg, (3.3.27)

in which the path of integration encloses the poles at +i60,, for 1 < m < k. Also,

2kB
H(z,. . zp) = Brs(onozg) [[ Y Gz) ™2 [ C(zmtzn), (3.3.28)
n=1 1<m<n<L2kp

where Byp o is the Euler product, absolutely convergent for szﬁ |zn| < 1/2, defined
by

Brga(21, ..., 22k8) = H H (1 - ﬁ)

ptME 1<m<n<2kp3

1 (25 1 2k5 1 1 1\ !
- (5 (gﬁ (pl/zm) +H£ (p1/2+z">> +5) (Hz_?)
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< 11 (ﬁﬁ ( mm)). (3.3.29)

p|ME n=1

Naturally, we define

271'1

k
ST el + 6’

D<d<0 m=1
=a (mod Mg)

MoMy, ,(D;

k
x Yy.(log |d|, ) H (3.3.30)

which should approximate MoM} _(k, 3;a) up to a power saving in D. Similarly to
the symplectic case considered earlier, we can clearly see the similarity between the
integral expressions for T, 5(z, §) above and I}, 3(SO(2N), 0) in (3.3.4) on identifying
x with N. Therefore, by following the proof of Theorem 3.1.8 and taking into account
the arithmetic factors just as in the case of the quadratic Dirichlet L-functions, one

can show that

- 1 % o
MoMy, ,(D;a) NBkg,a(O,...,O)’Vso(/f,ﬂ)F Z (log |d])##(@#—D~k

*
—D<d<0
d=a (mod Mg)

= Bipa(0,...,0)vs0(k, B)(log D)kﬂ(%ﬁ_l)_k(l + O(log™ D)).
(3.3.31)

As a consequence, Conjecture 3.3.1 also follows from the shifted moment conjec-
tures of [CFKT05].
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Chapter 4

Joint moments of characteristic
polynomials of random symplectic

and orthogonal matrices

In this chapter we obtain asymptotic formulae for the joint moments

/a<2N) (Ag?l)m)kl (Ag?g)“))kg dX (4.0.1)

of derivatives of the characteristic polynomials, where G(2N) is one the matrix en-
sembles Sp(2N), SO(2N) or O~ (2N). Our main results give two explicit expressions
for the leading order coefficients for each of the matrix ensembles under consideration
and are detailed in section 4.2. We use our results to motivate conjectures for the
analogous joint moments of derivatives of families of L-functions with symplectic
or orthogonal symmetry. We also show that the prediction of our conjectures agree

with known results in the function field setting.

4.1 Moments of derivatives of characteristic polyno-

mials

In [CRS06], Conrey, Rubinstein and Snaith considered the problem of obtaining an

exact formula for the moments

/ [N (1) dX (4.1.1)
U(N)

of the derivative of the characteristic polynomial over U(N). In particular, one would
like to have a formula valid for & € C with Re(k) > —1/2. The complex moments of
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the derivatives are of interest as they can be used to infer information on the zeros of
the derivatives via Jensen’s formula. Another motivation is the link between random
matrix theory and the study of families of L-functions and their value distributions in
analytic number theory. Specifically, one can use formulae obtained for characteristic
polynomials of the various matrix ensembles to predict formulae for the corresponding
quantities for L-functions with the same symmetry type. For results on the radial
distribution of the zeros of the derivative of characteristic polynomials and on the
horizontal distribution of the zeros of the derivative of the Riemann zeta function,
see, for example, [DFF*10, Mez03] and [Sou98, Zha01], respectively.

For the ensemble of random unitary matrices U(N), Conrey, Rubinstein and
Snaith [CRS06] proved that for integer £ > 1, as N — oo,

/Uw) A (L) dX ~ o NF42%, (4.1.2)

where

. (4.1.3)

cp = (—1)k(HD/2 i (Z) (%) k+h (e_%_kQ/Q gxelg ([Ml(g\/;)))

h=0

z=0

with 7,,(x) denoting the modified Bessel function of the first kind. Also proven in
[CRS06] is a similar asymptotic formula for the 2k-th moment of the derivative of
Zx(s) at s = 1, where recall that Zx(s) is equal to the characteristic polynomial
Ax(s) multiplied by a suitable factor so that Zx(e~") is real for § € R. As an
application, the authors use their result to conjecture asymptotic formulae for the 2k-
th moments of the derivative of the Riemann zeta function and of Hardy’s Z-function
on the critical line. Forrester and Witte [FWO06] have given alternate expressions for
the leading order coefficients obtained in [CRS06| in terms of solutions to Painlevé
III differential equations.

Significant progress was made towards a formula for the non-integer moments of
the derivative by Alvarez [Alv22| who showed that for k£ € N, the moments factor as

[P = [ AP ax v, (4.1.4)
U(N) U(N)

where f(N;k) is a polynomial of degree 2k expressed as a double multinomial sum
of determinants. See also the recent work of Alvarez, Conrey, Rubinstein and Snaith

[ACRS24] where they obtain several formulae for the moments
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/ |A (z)]** dX (4.1.5)
U(N)

for both x on the unit circle and general = € C.
Also of interest are the joint moments of the characteristic polynomial and its

derivative. For instance, in the unitary case, one is interested in the quantities

[ NP AP ax, (4.16)
U(N)
and
Fn(M, k) ;:/ |IZL(D))PM | Zx (1)) 2M a X, (4.1.7)
U(N)

Hughes [Hug01] was able to show that the limit

) 1

exists when k£ and M are integers and conjectured expressions for the limit for all
real, suitable k£ and M. Dehaye [Deh08| gave an alternate proof of Hughes’ result
with the limit expressed as a certain combinatorial sum. In [Winl2|, Winn expressed
Fn(h,k) in terms of sums over partitions which is also valid for non-integer M of
the form (2m — 1)/2 with m € N. Hughes’ conjecture for the case of real exponents
k and M was proven by Assiotis, Keating and Warren in [AKW22| with an explicit
expression given for the limit in terms of the expectation of a certain random variable.
The characteristic function of this random variable was shown to be connected to a
Painlevé III differential equation in the full range of real M and integer k by Assiotis
et al. in [ABGS21]. In [AGS22|, Assiotis, Gunes and Soor extend the results of
[AKW22]| to the more general case of the circular Jacobi /5 ensemble. An asymptotic
formula for (4.1.6) when k£ > M are both non-negative integers was obtained by
Bailey et al. [BBB119a]. Basor et al. [BBBT19b] study the joint moments of Zx(s),
the analogue of Hardy’s Z-function, for integer k, M and establish a connection
between these and the o-Painlevé V equation. We note that these joint moments
also exhibit a factorisation similar to (4.1.4). Namely, Theorem 4.8 in [Alv22] states
that

/ N (DPMAx (DM dX = / Ax(DPFdX x f(N:k, M), (4.1.9)
U(N) U(N)
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where f(N;k, M) is a polynomial in N of degree 2M.

More recently, there has been considerable interest in the joint moments

/ |Ag1(11)(1)|2M|Ag?2)<1)‘2k72M dX <4.1.10)
U(N)

of higher order derivatives. In the case of general ny, ny, Barhoumi-Andréani [BA20]
gave an asymptotic formula for (4.1.10) for integer k and M with k > M and k > 2,
where the leading order coefficient is given in the form of a certain (k — 1)-fold real
integral. Keating and Wei [KW24a| have obtained asymptotic formulae for (4.1.10)
and for the joint moments of the n;-th and no-th derivatives of Zx(s) for all integers
k> M > 0. They give two explicit expressions for the leading order coefficients,
one in terms of derivatives of determinants involving the modified Bessel function
similarly to (4.1.3), and the other as combinatorial sums involving partitions. They
also use their results to motivate conjectures for the joint moments of the n;-th and
no-th derivatives of the Riemann zeta function and of the Z-function. The conjectures
made in [KW24a| are shown to agree with the known results of Hall [Hal99, Hal04]
and Ingham [Ing27]. In [KW24b], Keating and Wei further explore the structure and
properties of their leading order coefficients. They establish recursive relations that
the coefficients satisfy and also build a connection to a solution of the o-Painlevé
IIT" equation. Recently, Assiotis, Gunes, Keating and Wei [AGKW24| proved the
convergence of the joint moments for the general case of an arbitrary number of
derivatives and real exponents. Specifically, the proved that for n; non-negative

integers and h; positive reals for j = 1,...,k, the limit

lim / H V& (0))2 dX (4.1.11)

N—o0 Ns2+2 1 h

exists, where s = Z?Zl h; and where they define the characteristic polynomial slightly
differently as

Vx(0) = det(I — e X). (4.1.12)

Similarly to [AKW22|, the limit is given explicitly in terms of the expectations of

certain random variables.

4.1.1 The symplectic and orthogonal case

Extending the results of [CRS06| to the symplectic and orthogonal ensembles, Altug
et al. [ABPT14] considered the moments of the m-th derivative
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M(G(2N), m) == / (Ag@u))k dXx. (4.1.13)
G(2N)

They prove asymptotic formulae for M (G(2N),m) as N — oo for integer k£ > 1 when
G(2N) = Sp(2N) or G(2N) = SO(2N) and m = 2, and when G(2N) = O~ (2N)
with m = 3. Recall that for X € Sp(2N) or SO(2N), the characteristic polynomial

is of the form

N N
=[Ja- )(1 = se'™) = [J(1+ s* = 2scos ;). (4.1.14)
J=1

Jj=1
A consequence of the form of the characteristic polynomial is that A’ (1) may be

simply expressed in terms of Ax(1). Specifically, we have that
N N
= 2(28—2(3080]')H(1+82 — 2scos O), (4.1.15)
j=1 k=1
k#j

and so

Il
WE
=

ANy (1) (2—2cos0;) | | (2—2cosby)
j=1 k=1
k#j
N N
= Z (2 — 2cosb)
7=1 k=1
= NAx(1). (4.1.16)

Thus, the moments of the first derivative can be computed exactly using the result of
Keating and Snaith [KS00a] on the moments of Ax(1). Therefore one is interested in
the moments of A% (1) and higher order derivatives. If X € O7(2N), then Ax(1) =0
and A’ (1) has as simple expression in terms of A’y (1). Hence, in this case, it is the
moments of A’/(1) and higher derivatives that are of interest.

The leading order coefficients obtained in [ABP*14] are given in terms of deriv-
atives of determinants involving hypergeometric functions. These determinants are
shown to satisfy a differential recurrence relation similar to a Toda lattice equation
connected to 7-function theory in the study of Painlevé differential equations. An in-
teresting question put forward in [ABP*14] is whether there is a differential equation
in the symplectic and orthogonal cases which plays a part analogous to Painlevé 111

in the unitary setting. Gharakhloo and Witte [GW23] have made promising progress
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in this direction in their study of 27 — k and j — 2k bi-orthogonal polynomial systems
on the unit circle.

The authors of [ABPT14] also use their results to make conjectures for the
asymptotic behaviour of the moments of derivatives at the central point of L-
functions with symplectic or orthogonal symmetry. After stating our results in
section 4.2, we will extend these to give general conjectures for the joint moments of
the derivatives of families of L-functions with these symmetry types.

Finally, one may also consider the characteristic polynomials on the unit circle
and study the moments of derivatives of A4(f) := Ax(e ™). In this case, Gunes

|Gun24| has studied the joint moments

[ RO ix, )
Sp(2N)

and obtained an asymptotic formula as N — oo in the range «(s + g) > h >0,
where a(x) denotes the greatest integer strictly less than z. The leading order
coefficient for (4.1.17) is given in terms of the expectation of a non-trivial random
variable. Moreover, a link between this coefficient and the o-Painlevé I1I equation is
established and a conjecture for the analogous joint moments of quadratic Dirichlet

L-functions is made.

4.2 Statement of results

4.2.1 Notation

For any w = (wy, ..., w;) € C*, the Vandermonde determinant is denoted by
e J—1y o
Aw) =det(w! ) =TT (wy—w), (4.2.1)
1<i<j<k

and we write w? = (w?);<;<x. We will also make use of Vandermonde determinants

of differential operators, written as

d di=t d d
Al — | :=det A = _—— . 4.2.2
(@)=t (am) - I (75 -a) 22

1<i<j<k
Lastly, for u € C and m € Z, we let
1 6w+u/w2
m = — d
9m (1) 271 w0
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1 m m+1 u
- R =41 2.2, 4.2.3
T(m+1)° 2(’2+ T ’4) (4.2.3)

These hypergeometric functions will play the role that the modified Bessel function
plays in the unitary case. For negative m, say m = —[, one should interpret the

above expression as the limit as m — —I.

4.2.2 Main results

Our first two theorems give an asymptotic formula for the joint moments of derivatives

of characteristic polynomials of matrices over Sp(2N).

Theorem 4.2.1. Let 0 < ny < ny be integers and let ki, ky be non-negative integers,
not both 0. Set k = ki + ko. Then, we have

/Sp(2N) <Ag?1)(1))kl (Agzm)(l))b dX

=07, (ny, ng) - (2N)FEFD/2HRmtRnz (1 4 O(NT)) | (4.2.4)

where

( 1)k1n1+k2n2

— k k
Sp _ 1 2
) = g L () 2 o)

up+-tup=ky v1+-tvg =k
(na!)™ (na!)*

X
Hf) 1( ) (H[n1/2]jz 1“1‘113) H ( ) ) (H[ng/Q]]Z 2 v ”)
na/2] w
W, d 1
) Z H (Ts,la s 7rs,k) <%) gX]E <92Z J+22[n2/2 Srs,i(w)>

k =
2ie1Ts,i=Ws §=2

Y

=0

5=2,...,[n2/2]
(4.2.5)
and, more explicitly,
[n2/2] w
Wi d\
. 11 — | det (9 o ylnz/) (!E))
Ts1y---3Tsk dx kxk 2i—j+23 .55 " s
SE e =W 5=2 o o =0
5=2,....[n2/2]
(4.2.6)
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= (—DFEDE N (ﬁ (7"51,---7 sk>)

Tiiyrsi=Ws \s=1
8:17"'7[77‘2/2]

[n2/2] [n2/2]

k
><H ! H Zsrsj 22357’5z 27+ 2

(2k +23 .2 el srsj+1—2j)! 1<i<j<k

]:1
(4.2.7)
Here, we define P to be the number of distinct tuples a; := (a; 0, @1, - - -, Qin,/2) Of
integers satisfying
[n1/2]
a;; > 0 and a;o + 2 Z Jjai; = ni,
j=1
and let ai,...,ap be these such tuples. In other words, the tuples a; correspond to

the partitions of ny whose parts are all even or equal to 1 and P s the number of
these such partitions. Similarly, Q) is defined to be the number of distinct tuples
b; = (bio,bi1, .., bijnyy2)) of integers satisfying

[n2/2]
bi,j 2 0 and bi,O +2 Z jbi,j = Na,
j=1
and we let by,...,bg be these tuples. We define a;! := Hg@gm a; ;! and b;! =
HEZ(P] bi ;. Finally, W; := Zle w;a; j + Z?:l v;ib;j for j=1,...,[n1/2] and W; :=
ZiQ:l Uibiﬂ' fOT’j = [n1/2] -+ 1, RN [TLQ/Q]

Theorem 4.2.2. Let 0 < ny < ng be integers and let ki, ky be non-negative integers,
not both 0. Set k = ki + ky. Then, we have

/Sp(2N) <Ag?1)(1))kl (Ag?ﬂﬂ))ka dx

= By () - (N)MEFD R (14 (N (4.28)
where
P (_1)k(k—1)/2+k1n1+k’2n2 . .
Doy iy (M1, 112) = ok(kt1)/2+kini+hans (na!)™ (na!)™ Z Z
23k i j<ni 23k ma<ng
i=1,...,k1 i=1,....ks
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1 1 ko 1
: (E (m -2, lm’)!> (E (no—230 mm)!)
<] L [T vi-vi-2j+2i). (429

Here V; =28 1+ 2502 m,; forj=1,... k.

Our next two theorems give an asymptotic formula for the joint moments over

SO(2N).

Theorem 4.2.3. With notation as in Theorem 4.2.1, we have

ni kl n kz
[ () (ae) ax
SO(2N)
= bglo,kg (nh n2) . (2N)k(k71)/2+k1n1+k2n2 (1 + O(Nfl)) : (4.2.10)

where

1 k k
SO _ 1 2
bkl,kg (nh n2) - 2k(k—3)/2+k’1n1+k2n2 Z (Ul o 7UP) Z <Ul o 7UQ)

ui+-tup=ky v1+-tvg=ke
()™ (no!)*:

X
[T (@t (T2 2 o) T2 () (T2 5 o)
[n2/2] 4%
Wi d !
X Z H (rs,ly o 7rs,k) <%) gSIE <92Z j— 1+2Z[n2/2 STs,i(l’))

Y

Zf—lTs,i: s 5=2 x=0
s=2,...,[n2/2]
(4.2.11)
and, more explicitly,
[n2/2] W, d Wld
Z H sy Tsk dx oo <92i7171+22[;22/2] srs,i@))
Z?:l rsi=Ws 5=2 i e x=0
$=2,...,[n2/2]
(4.2.12)
n WS
= (e Y (H( , ))
Z?:l T‘s,i:Ws s=1 sby sk
s=1,...,[n2/2]
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k [n2/2] [n2/2]

X L H 225r57j—225r57,~—2j+2i

j=1 (2k + 22[n2/2 srsj — 27)! 1<i<j<k s=1 s=1
(4.2.13)
Theorem 4.2.4. With notation as in Theorem 4.2.2, we have
) ) (A2 1))
[ ()" (P m) " ax
SO(2N)
— bgf?kg (nhn2) . (2N)k:(k—1)/2+k1n1+k2n2 (1 + O(N_l)) 7 (4'2'14)
where
(_Dk(k—l)/z
bglo,kZ (nl’ n2) - 9k(k—3)/2+kin1+kana <n1!)k1 (n2!)k2 Z Z
22] 1l i< 22] 1My <na
i=1,....,k1 i=1,...,k2
kl k2
1 1
X k k )
<H (n1 — Qijl lm’ﬂ) (H (ng —23 5 my;)!
k
V=V, =25+ 2i). 4.2.15

Our final theorem gives an asymptotic formula for the joint moments over O~ (2N)

with the leading order coefficient expressed in terms of bfﬁ kQ(nl, na).

Theorem 4.2.5. Let 1 < ny < ny be integers and let ki, ky be non-negative integers,
not both 0. Set k = ki + ky. Then, we have

/ (A(”l)(1)>k1 (A<"2>(1))'” X
X X
O—(2N)
_ bg;kz)(nh n2) . (QN)k(k+1)/2+k1(m—1)+k2(n2—1) (1 + O(N’l)) : (4.2.16)

where

b0 (1, m2) = (1)1 =Dkl b2 g, () — 1,m — 1),
with bgﬁkz (n1,n2) as defined in Theorems 4.2.1 and 4.2.2.

Our Theorems 4.2.1 and 4.2.3 exhibit the same structure as the asymptotic

formulae obtained in [ABP*14]. Namely, the leading order coefficients are expressed
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in terms of derivatives of determinants of the hypergeometric functions g,,(u). As
mentioned earlier, these determinants were shown to satisfy a differential recurrence
relation [ABP*14, Theorem 1.5]. Explicitly, define

Tea(u) = (kif;g (g2i—j41(w)) (4.2.17)

for K > 1 and [ € Z. Then the differential recurrence relation that these determinants

satisfy is the following.

Theorem 4.2.6 (Altug et al.). Let k > 1 be an integer and | € Z. Then

Trerra (W) Trm1,(w) = 2(uTa (@) T (w) + Tra(w) Ty (w) — w(Tiy(w)?). (4.2.18)

This recurrence relation allows for the expressions for the leading order coefficients
in Theorems 4.2.1 and 4.2.3 to be computed much more quickly as ki, ks get large.
However, similarly to the unitary case considered in [KW24a|, the formulae given for
the leading order coefficients in Theorems 4.2.1 and 4.2.3 may not be computationally
efficient when nq, ny are large since one has to compute the tuples a; and b,. This
requires computing all of the partitions of n; and ny whose parts are all even or
equal to 1 and this is computationally demanding if nq,ny are large. One also has to
compute all the partitions of k; and ks into P and () parts respectively. This task
also increases quickly in complexity as ni,ns and hence P, () grow large. We note
that by taking n;y =0, ny =2 and ky =0, ks = k in Theorems 4.2.1 and 4.2.3, we
indeed recover the statements of Theorems 1.1 and 1.2 in [ABP*14].

Aside from giving an alternate expression for the leading order coefficients, which
are interesting in their own right, one advantage of Theorems 4.2.1 and 4.2.3 is that
the formulae are more computationally effective when nq, ny are large and kq, ko are
small. This is because the formulae for the coefficients in Theorems 4.2.1 and 4.2.3
require the computation of the even partitions, into k parts, of the integers less than
or equal to nq,ny. This problem grows quickly in complexity as ki, ks get large and
so the formulae of Theorems 4.2.1 and 4.2.3 are preferable in the case that one wants
to compute numerical values of the leading coefficients with large nq, ns.

Lastly, in the case of the first moment of the n-th derivative of the characteristic

polynomial, we obtain the following simple expressions for the leading order coefficient.

Proposition 4.2.7. For n > 1 an integer, we have that

(="
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Also, for n > 1, we have

bgf((),n) = 1.

4.2.3 Conjectures for moments of derivatives of L-functions

Using the standard random matrix philosophy allows us to make conjectures based
on our results for the joint moments of derivatives of L-functions with symmetry
type Sp, SO or O~ in the sense of [KS99b|. We give an example conjecture for the
family of quadratic Dirichlet L-functions at s = 1/2 below. This is an example of a

family with symplectic symmetry so we use our results for Sp(2/V) as a model.

Conjecture 4.2.8. Let D(X) = {d a fundamental discriminant : |d| < X}, and let
L(s, xq) be the Dirichlet L-function attached to the quadratic character xq. Then, for
0 <ny <ng and ki, ke > 0 integers with ki, ko not both 0, we have that as X — oo,

1

[D(X)] D LG xa) LI (5, xa)® ~ @byl (04, ng) (log X )FIFD/2HRimathanz
deD(X)
(4.2.19)

where k = ki + ky and bfﬁ,@ (ny,n9) is the random matrix theory coefficient defined
in Theorems 4.2.1 and 4.2.2. Also,

ap =

(1—1/p)kv2 (1 -1/p) "+ (1 +1/yp)7" 1
11 1+1/p ( 5 +];), (4.2.20)

1s an arithmetic factor depending on the family of L-functions. In particular, ay is

the same coefficient appearing in Conjecture 1.5.1 for the moments of L(%, Xd)-

One can naturally use our Theorems 4.2.1-4.2.5 to make analogous conjectures
for the joint moments of derivatives at the central point for any family of L-functions
with symplectic or orthogonal symmetry.

To the best of our knowledge, there are no results on the moments of derivatives
of these quadratic Dirichlet L-functions over number fields. However, the moments of
derivatives of the analogous quadratic Dirichlet L-functions over function fields have
been investigated. We will discuss the known results in the function field setting in
Chapter 7 where we find good agreement with the conjecture based on our results in

this chapter.
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4.3 Strategy for the proofs

Our strategy is to obtain the joint moments by differentiating the corresponding
shifted moments with respect to the shifts. Recall that we define the shifted moments

as

HGE@N): 2, .. 2) = /G o M) Ax(Eax, (4.3.1)

for G(2N) € {Sp(2N), SO(2N), O~ (2N)}. To illustrate the idea, we consider the
case of the k-th moment of the n-th derivative. As discussed in [ABP*14], a direct

calculation gives

k
" " “~ (n) ¢
I(G(2N);e ... e = (-1 ”k/ {,}A(J) 1 dX,

Jo e G) oo =07 [ (Z v
(4.3.2)

where {?} denotes a Stirling number of the second kind. Then, one can show by

induction that the term corresponding to the n-th derivative Ag?)(l) gives the leading

order term in the sum in (4.3.2) as N — oo. In other words,

/ (Ag?)(l))kdX — ddnn d" I(G(QN);Q_(M?"‘76_ak){a-:0 (1+O(N_1)> ‘
G(2N) « J
(4.3.3)

A similar argument also applies to the joint moments of derivatives and so the

starting point for the proofs of Theorems 4.2.1-4.2.5 is the formula

= ﬁ (i)n | ﬁ (%)m L(GEN)e™™, .. e™)|, _, (1+O(NT).
i o (4.3.4)

We will then use the multiple contour integral expressions of Conrey et al. [CFK*03|
for the shifted moments I(G(2N);e~*1, ... e “) and evaluate the derivatives with
respect to the shifts a;. In fact, we will obtain two alternate expressions for the
derivatives and in both cases, we will compute the resulting contour integral explicitly.
This leads to the two expressions for the leading order coefficients bk?GLkQ (n1,n9) in

Theorems 4.2.1-4.2.5. Lastly, our method of proof can also be applied to more general
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joint moments of the form

o (570)" (1700 43

for any positive integer m. In particular, the technical lemmas and propositions that
we cover in the next section are sufficient to obtain an asymptotic formula in the

more general case.

4.4 Preliminary lemmas and propositions

We begin with the following two lemmas concerning Vandermonde determinants of
differential operators. The first is quoted from [ABP*14, Lemma 2.8] and follows

from the definition.

Lemma 4.4.1. Let fi(z),..., fr(x) be k — 1 times differentiable. Then

(dw>Hf” dot (£770() (4.4.1)

Lemma 4.4.2. Let fi(z,y),..., fu(x,y) be k — 1 times differentiable in x and y.
Then

NEAVWNEAY: d drs Xy
(%) (d_y> Hfi(xiuyi) $1:-~~:xk:X,_ kfg (wa)( ; ))

e

(4.4.2)

In particular, when f; =--- = fi = f, we have

d d k di+j—2
Al — Al — Ui =kldet | ———f(X,Y) ).
(dl’) (dy) ];!f(xzvyl) o1y X, kSk (dXz—ldY]—l f( ) ))
. ==y =Y

(4.4.3)

Proof. The case when f; = --- = fp = f is the result of [ABP"14, Lemma 2.9] and

the proof of the general case follows the same lines. By Lemma 4.4.1, we have

d\ 1 &t dH)—
A (%) Hfz(ivmyz) gxeg (d = 1f7, Liy Yi ) Z 81gn H . u(z fz( “yi)’

HESK
(4.4.4)
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where Sy is the set of permutations on {1,...,k} and the second equality follows
from the Leibniz formula for the determinant. Then, by Lemma 4.4.1 again, we have
that

AP +5—2
- Z sign(pu )det (qu gy fi(X, Y))

di+]—2
HESk

where we have interchanged the rows of the matrix to obtain the final line. O]
We next express a certain contour integral in terms of the hypergeometric functions
gm(u).

Lemma 4.4.3. Let k € Z and let n > 1 be an integer. Then, for complex numbers

Uy, ..., Uy,, we have

1 ] n u;nj
270 Sy 1eXp (w ™ Z w2]> oF Z (H m) Grr2sr, jm; (U1),

ma,...,mp=0 \j=2 7’

where g, (u) is the hypergeometric function defined in (4.2.3).

Proof. We compute the integral by determining the coefficient of w* in the exponential
factor of the integrand and then using the residue theorem. So, let a, (k) be the
coefficient of w* in exp(w + Y77 u;/w*). Then,

o (w325 ) o (25 (w52 25)
(S (Ee)

m=—0oQ
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From this it follows that

oo n m;
- > (I
B mj'

=2

)m (k+2§mj>.

We then see that by definition, ai(k + 23 7_, jm;) = grya s, jm; (u1) and hence

00 n Umj
an(k) = Z (H niﬂ) Grt2 o, jm; (u1),

as required. O

The next lemma is Lemma 2.5 in [KW24a| which allows us to take higher order

derivatives of determinants of functions.

Lemma 4.4.4. Let s > 0, k > 1 be integers and a; j(x) be s-th differentiable functions
of x. Then

() g = (") g (o),

(k) () means that we take the l;-th derivative of a; ;(x).

where a; ;

We also have the following lemma that allows us to explicitly evaluate certain

determinants whose entries are reciprocals of the Gamma function.

Lemma 4.4.5. Let k > 1 and m; > 0 be integers for j =1,..., k. Then, we have

1

= I my—mi =25+ 20).

k
= T 1<i<j<k

1
(let <F(2k+mi—2i—j+2)) —

7=1

Proof. With our notation, equation (4.13) in [Nor04| can be written as

. 1 :A(zl,...,zk)
gﬁ(r@—jﬂ)) [ T(z)

Jj=1

We take z; =2k +m; —2i+ 1 for i =1,..., k. Then, we have that
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k
1
det = |2k — 24+ 1)1
kSk(F(Qk—{—mi—Qi—j—l-Q)) [ 7@k +m —2i+1)

i=1

x [ (my—2j—mi+2i).  (44.6)

1<i<j<k

Since 2k+m;—2i+1 > 1for 1 < i < k, we have that ['(2k+m; —2i+1) = (2k+m;—2i)!
which completes the proof.
[

Now, for the shifted moments

HGEN): 2, . ) = /G@N) Ax(1) - Ax(z) dX

of the characteristic polynomials, we will use the multiple contour integral expressions
due to Conrey et al. [CFKT03]. In fact, we will use the following approximate versions
of their formulae which follow easily from the results of [CFK*03] and the fact that
(1—e®)t=z"14+0(1) for small z.

Lemma 4.4.6 (Corollary 2.4 in [ABP14]). Let o, ..., ax be complex numbers such
that |oj| < 1/N for j=1,2,... k. Then

(Sp(2N );e e )

1)k 1/27{ % w?) e N Y (wis az)Hd |+ O(N- ))
wZ +
2m k! |wi|=1 Hl<z]<k( ;= aj)
(4.4.7)

Lemma 4.4.7 (Corollary 2.5 in [ABPT14]). Let a, ..., ax be complex numbers such
that |a;| < 1/N for j=1,2,..., k. Then

(SO(ZN) e~ )
k(k 1)/22k7{ 7{ 2)(1—[5 1wz)
N 27r2 kE! |wi|=1 H1<”<k( - g2)

% N i (wita) Hdwi 1+O(NY). (4.4.8)

=1
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Lemma 4.4.8 (Corollary 2.6 in [ABP14]). Let av, ..., ax be complex numbers such
that |a;| < 1/N for j=1,2,..., k. Then

I(O~(2N);e e )
_(—1)ktn/2ge 2y Aw) [T 00
B 2772 C2m)RE 7{ %wl =1 H1<”<k( ;- aj)

x NV Dzt (witai) Hdwi (1+O(N ). (4.4.9)

=1

As mentioned earlier, we obtain a formula for the joint moments by taking the
derivatives of the shifted moments. The next two lemmas give us two expressions
for the derivatives of the above contour integral expressions for the shifted moments

with respect to the shifts o;.

Lemma 4.4.9. Letn >0 and k > 1 be integers. Then

)R e 5 1

=1

dm e—Na

da™ TT, (w} — a?)

=1

l j even

(4.4.10)

Proof. The derivative is computed using the product rule and follows from the proof
of Lemma 2.7 in [ABP*14] where we have corrected a typo. Specifically, in our
notation, it is written in the proof of [ABP*14, Lemma 2.7| that

d" e_Na : - n—m _ —Na«a d ‘
do TTE, (w? — a?) (_N> € Z H wh
=1 ) Z=1 0 I+ +lk m =1

l; even

(4.4.11)

where it should read

k

d" e Ne E1\ & (n 1
n—m —Na
. — H—2 < )(—N) m!e Z H I
dam TTE, (w? — a?) ( w; ) m bt Hl=m i=1 Wi
j even

(4.4.12)
0

Lemma 4.4.10. Let n > 0 and k > 1 be integers. Then

94



bl n!
:<Hw_%> 2l

mi4+2matdnmy=n

ma=ms=--=0
m2 g k™
j=1 i=1 i
Proof. The proof is similar to that of Lemma 2.1 in [KW24a|. First, we have
d 6—No¢ e—Na
T TR 5 =T 5 5 fi(a), (4.4.14)
oo, (wi—a?) i (wi —a?)
where
o
file) = =N +2a) s (4.4.15)
i=1 ¢
We can then write
dm e—Na e—Na
= — 5 fula), (4.4.16)

dom Hf:l(wi2 —a?) [l (w? —a?)

where f,(a) is defined recursively by

fo1(@) = fula) fila) + fo(a). (4.4.17)

Now, let g(«) be a function such that ¢'(a) = fi(«). Then, we have that
dT'L
da™

But, by Faa di Bruno’s formula, we also have that

9@ = 9 £ (). (4.4.18)

d"n 29(@) _ po() 3 e H
dor .

) :
mi +2m2+---+nmn—n

= () > 'H< - 1)( )> ]. (4.4.19)

m1+2m2+---+nmn—n J=

<
—_

n
n

—_

Comparing the above two expressions for (d/da)"e ™) we see that

n! u U=D(q "
fala) = > ml!--'-mn!Hl<fl ],!( >> . (4.4.20)

mi1+2ma+-+nmp=n
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One can check that for j > 1, we have

(4.4.21)

Hence, we have that

nl AT\
fn(0) = Z m‘—mn'(_N)ml H (; Z F) ) (4.4.22)

mi1+2mo+--+nmup=n L Jj=1
mz=ms=---=0

Evaluating (4.4.16) at a = 0 using this expression for f,(0) yields the desired
result. O

In the following two propositions we will compute the main contour integrals that

we need to evaluate.

Proposition 4.4.11. Let k > 1 and n > 1 be integers. Also, let (my,...,my,) be a

tuple of non-negative integers. Then, we have

1 o NS E “ US| "k dw;
el s 1(E ) T

=1 \i=t Wi i=1 i

— (—1\Ek=1)/2 ) NR(k+1) /242375 jm .
(-1) ; > (I, 7
Z?:l Ts,i=Ms 5=2 ) ,

d\™
. (@) (]3515 (QQi_j+2Z;L:2 STs,i(u))

u=0

and, more explicitly,

n k mj
! 2 Nzkﬂ Wi 1 dwl
SR RTTEE (GO ©
— EINFEFD/242370, jm; M
Z H 7”8717 . 7rs,kz



k n n
1
X — - H 2237"57j—2237“5,i—2j+2i>.
j=1 (2k +25 2y 5755 +1 = 27)! 1<i<j<k ( s=1 s=1
(4.4.24)
Also, we have
;j{% A(w)A(w2)€NZ§1wiﬁ zk:i mjﬁﬂ
(27Ti)k |wi|=1 j=1 \i=1 w?] i=1 w?k_l
_ (_1)RR=1)/2 ) nTR(k=1) /242 557 m; M
( ) ’ & Z H Tsiy--+yTsk
g
d\™
X (@) gxelg (92i—j—1+2zg:2 o (1)) N (4.4.25)
and, more explicitly,
n k mi ok
1 j{ 7{ N _ 1 dw;
— .- A(w)A(w?) eN Ziz i —
(27TZ)k |w;|=1 ]1:[1 ; wl-zj E ’LUz-Qkil
_ I NRk1)/242 500 my Z H Ms
Zk - =1 Ts,1, y Vs ke
k 1 n n
< |1 . | (225rm—zzsrs,i—2j+2z’>.
j=1 (2k +23 0y 5755 — 2))! 1<i<j<k \ s=1 s=1
(4.4.26)
Proof. First, note that
d k
A(uﬂ) — (d_X> exp (Z wZZX1> , (4.4.27)
=1 X;=0
and
‘ d .
A(w) eNEimwi = A <d_Y> exp (Z in) (4.4.28)
i=1 Y;=N

We may also write
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n my n d mj n k 1
I1 (Z 2j> — (d_tj) exp ( thF) (4.4.29)
7j=1 = ”L 7j=1 7j=1 =1 7 tj:()
Then, we have that
- G . dw
NZZ 1 Wi _— i
e f o (35 10
- (d )2 (& ) Il ( )
7j=1
1 b "t o dw
2 7 7
X i) f fexp (Z (wi Xi +wY; + Z F)) H W | xmo,
=1 Jj=1 "1 =1 Y;=N,
t;=0
T d N\ d d
= — Al —= A —
(i) =) ()
7j=1
k n
1 9 t dw
% - X; Y; ] =
11 <2m fwl:l exp <w +wY; + Z w23> w2k> X;=0,
1= ]_1 K:Nv
t;=0
n d m]
— ! a4
I1(7)
7j=1
dti=2 1 ) "t dw
—_— X Y — | —¢
x S,SIE (dX’ldYﬂl 2 7{U|:1 P (w Twr Z w2 | w || x=0’
=1 Y=N,
tl=0
(4.4.30)
where the last line is by Lemma 4.4.2. Now,
dti—2 1 9 "4\ dw
—_— — X Y —
dXidYi T 2 f{eXp (w A +;w2l w® |,
- Y=N
1 - tl dw
=5 pexp (wN + ; @) T T
N2k72ifj+2 N2ltl dw
-5 ]{exp (w + lzlz Tl T e (4.4.31)

Therefore, we have
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n k
1 dw
NZ’L w'b ¢
27m ]{ ]{ 1 (Z 23) .

=1 l

n d \™ N 2k—2i—j+2 ltz dw
=k _
W rll (dt]) (kif;g ( 271 feXp ( Z w2k 2i—j+3
]:

=1

t;=0

n d \ "™ 1 " N
i nk(k+1)/2 l
— LI NFE+D/ H <d_t]> ilxelg <%74exp < Z w2 ) w2k—2 J+3>

7j=1 =1

t;=0

—RINA D24 2 T (i) ’
du]'

j=1

1 = Uup dw
x get (z—mfexp <w+zﬁ> w—>

Uj:(]
woo o [ d O\
—(—1 k(k—l)/?k!Nk(k-l-l)/Q-i-Zj:l 2jm; v
7=1
d L 4.4.32
X kf}; 2 exp w+z w21 J+1 ’ ( 4.3 )
u; =0

where we have used the fact that detj.x(N =2 7a; ;) = N=3**+D/2 dety .y (a; ;). Also,
the fourth line follows from the change of variables u; = N%/¢;, and in the last line
we have interchanged the rows of the matrix by mapping i — k + 1 — 2. Next, by

Lemma 4.4.3, the contour integral appearing in the determinant is

1 o
i exp (w—l— w25> w2t Z (H l l) Goi—jra iy st (U1)-

l2,...,ln=0
(4.4.33)

We use Lemma 4.4.4 to carry out the differentiation of the determinant with respect

to ug, ..., u, which gives us

u ;=0
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d Tt s n ulss
(du ) Z (H l_') 92i—j+237_, Sls(u1)>
s ! _ N

s=2 2,000 ln=0 \5=2 ;=0
- m d\™
= ° T det i—j " STs. .
k Z (HQ (rs,la cee ars,k’)> (du) kSk (g2 T S,Z(U)) u=0
Zi: Ts,i=—Ms §=
s=2,...,n
(4.4.34)

Putting it all together and using (4.4.34) in (4.4.32) yields (4.4.23). We obtain the
more explicit expression of (4.4.24) by performing the final derivative with respect

to v and computing the resulting determinant. By Lemma 4.4.4 again,

“ Mg d\™
> (0" ) () ooz

a i d T1,4
) Z (1_[1 <7’3,1, s 7r8,k>> gsg ((@) 92i—j+2370 5 575 (u))

Z]'C:l Ts,i=Ms 8= u=0

(4.4.35)

By definition, for 7 > 0 we have that

d J 1 ew+u/w2
(@) gm(u) = 2_7” 7{4421 de = gm+2j(u), (4.4.36)
and
1 e’ 1

m(0) = 5= dw = —. 4.4.37
g ( ) 211 lw|=1 wmtl v F(m—l— 1) ( )

Thus, the sum in (4.4.34) is equal to

B det . (44,
Z (H <7”s,17 o ,r&k)) kSk (F(Qi —Jj+2 22:1 ST + 1)> (4.4.38)

We evaluate the determinant above by first making the change of variables ¢ — k+1—i

and defining 75 ; = 5 ;41— so that the sum becomes.
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S (H( | e ))

1
det . 4.4.39
e (F(2kz—2i—j+222218fs,i+3)) ( )

Note that since Zle Tsi = Zle Tsi, we may drop the tildes and then apply Lemma
4.4.5 to the determinant. Using the resulting expression for the sum in (4.4.34) yields
(4.4.24). The proofs of (4.4.25) and (4.4.26) are similar. O

Proposition 4.4.12. Let k > 1 and m; be integers for j =1,..., k. Then, we have

1 A(w)A(w?) eN Tz p
rip § e VL
™ |w;| =1 | [

j=1W; i=1

N2k+mﬂ(1)_21_]+2
= det — : 4.4.40
l;SkkSk (F(2k+mu(i)—2@—j+3)> ( )
Proof. As in the proof of Proposition 4.4.11, we write
A(w)A(wz) eNZf:ﬂUi = A (i) A (i) exp inX + w,;Y,
dX dy — ‘ X;=0,
Y;=N
(4.4.41)
Then, we have that
1 A(w)A(w?) N iz v - p
(ri)f J T, w2t [[du
j=1W; i=1
BNEAIWEAY, e e
dX dy ) L300 -
V=N
where
1 €(w2Xi+in)
(X, Ys) = 5= ———duw. 4.4.43
fi ) =5 7{”1 W ( )

So, by Lemma 4.4.2, we have
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di+i—2
=2 (dXildel Fuy (X, Y)) x=0, (4.4.44)
ne Y=N
Now,
di+jf2 1 er
dXi-1qyi—1 fuiy (X, Y)ki% ~ ori i W2k —2i—j+3 dw
N2k+mu<i)—2i—j+2
= , 4.4.45
L2k +my@ —2i —j +3) ( )
and the proposition follows. n

4.5 Proofs of the main results

In this section we will present the proofs of our main results. Following the strategy
outlined in Section 4.3, we obtain a formula the joint moments by differentiating the
corresponding shifted moments with respect to the shifts. Hence, we begin with the
fact that

_ ﬁl <d%j>m ﬁ | (%)nz HGEN) ™, . e)| _ (1+O(N).,

Jj= Jj=ki+

(4.5.1)

where k = ki + ko. Also, the error terms in Lemmas 4.4.6-4.4.8 are uniform in « so

we do indeed obtain an asymptotic formula after performing the differentiation.

4.5.1 The symplectic group Sp(2N)

Here we consider the symplectic case and prove Theorems 4.2.1 and 4.2.2.

Proof of Theorem 4.2.1. By (4.5.1) and Lemma 4.4.6, we have that
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ny k1 n k2 (_1)k(k_1)/2 —
/ (AW (A (1) X = e, (1) (14 O(N )
Sp(2N) :
(4.5.2)
where
k k
1 d ni d no
ik (n1,72) H (E) (@)
j=1 J j=k1+1 J
1 A(w)A(w?) eV Tim(wima) X
(2mi) lwi|=1 ngi,jgk(wi - aj) iy ;=0
(4.5.3)

What remains is to evaluate the integral J,i’jkz (ny,n2). We use Lemma 4.4.10 to

carry out the differentiation and obtain

Sp w;
Jkl ko (nh n2 271_2 % % NZZ b

nl! [n1/2]
X Z alg...am!(_N)l ;

a1+2a2+-~-+n1an1:n1 7j=1 =1
az=asz=--=0
[n2/2] baj \ ko
8 ( 2 i til i | (‘-Z—zj
b1+2ba+--+n2bny=n2 1 n2’ j=1 J i=1 Wi

by=bs=--=0

x H dwl (4.5.4)

Recall the definition of the tuples a; and b; defined in the statement of the theorem.

Then, we can expand the brackets in the integrand of J,fl P (N1, m2) as

! m2 ko N\
N

a1+2a5+ -+ n1an, =ny j=1 i=1 Wi
az=az=---=0
& [n1/2] k il uidi
- < ky ) ()" o (12 1 )
= E : P ) 2; )
ULy, U ug
uit-+up==ki L » P Hi:l(al') j=1 J I=1 wy

(4.5.5)
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with a similar expression for the bracket to the power of ks in the integrand. Using

. . Sp
these expansions, our expression for J;'") (n1,ng) becomes

k (ny!)k1 (= N)Zizr wiaio
S 1 1
Tl (nme) = ) <U1 up) [1: ' P2

ur+--+up=ki i=1 (ai!>ul (Hg’ﬂ;l/Q] jzi:l uiai‘j)
X Z ( " > (n2)* (= N)ZiQ—lvibiO
- va) TIZ, (bt ([T j=E o)

v1+-tvg=ks
s (5 ) e
NZZ 1 Wi [ i
27 k?
27” j=1 \i=1 wy’ i=1 wy
(4.5.6)

where W; := Zil i ; + Z?:1 vb;j for j=1,...,[n1/2] and W; := 252:1 v;b; ; for
Jj=[n1/2]+1,...,[n2/2]. We now apply Proposition 4.4.11 to the contour integral
above with m; = W;. In particular, using (4.4.23) gives us that

s
kakQ (n1,n2)

P S
_ (_1>k(k71)/2k|Nk(k+1)/2 Z kl (nll)kl(—N)Zizluz i,0
Up, ..., Up HP

u; n1/2] SP 4.
ur+-tup=ki i:l(ai!) Z(nglf ]]lel ¢ ”)

Q b
% Z < kQ ) (TLQ!)kQ(—N)Zi:l ibi,0 ‘ NQ Zgn_zl/Z] iw;
(T H

) n2/2] -S°Q  4op. s
Vit tvg=ka ?zl(bz')”'(ngj{ ]]21:1 lb”)

[n2/2]

W, d\™
. Z H (Ts,la e 7rs’k) (%) gsg <g2@7-]+2 ZLEQ/2] STs,i (:C)>

i_c:l rs,i:VVs 5=2
2, [n2/2]

(4.5.7)

Using the definition of W;, we compute the power of N in the summand as

[n2/2] [n1/2]
Zuza10+zvz ZO+QZJW Zuz a10+22ja’2j
Q [n2/2]
+ZUz‘ 10+22]b,j
=1
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—nlzumtnaz

i=1
= kml —+ kzng. (458)

Also, since a;9 = ny (mod 2) and b; g = ny (mod 2) for all 4, the factor of (—1) in

the summand is

(_1)211-3:1 uiai 0+ vibio _ (—1)™ S uitne S v (_1)k1n1+k2n2‘ (4.5.9)

Combining these two observations with our expression for J,fl ", (n1,m2) and using
(4.5.2) yields the statement of the theorem. [

Proof of Theorem 4.2.2. We begin as in the proof of Theorem 4.2.1 with (4.5.2) and

(4.5.3). We use Lemma 4.4.9 for the derivatives in this case which gives us that

k )
J]fl kQ(?’Ll,ng 7T2) % % ‘1 )GNZi:1wz
[w;
ni

(% (ﬂi><—N>’“ % 1)

) lj even - .
x( (Zj)(—]\f}mmm! ST ) [

m=0 L+ +lg=m i= 1
lj even

(4.5.10)

Rather than expand the brackets in the integrand, we write them as

(B (e 3 T

" lj even
k k1
1
i ( > () (Z lﬂ>'H_l)
J
Sr i< =11 j=1 j=1 Wj
lj even
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5 e )

(4.5.11)

and use a similar expression for the second bracket to the ks. We then have that

‘]kilj]Q (nl ) n2)

> H( 7“ihwgzg%)eiyao

22] 1l j<n1 ® 1
i=1,...,k1

-----

( ) NZ’L 1 Wi k d
27?2 j{ 7{% 11—[ 2k+22 i 423502 my ll_I w;

1

k k
= E E (nll)kl(ngl) 2(— V)R thanz=2 3551 (i Lyt 22 mig)
22? 1 lii<ma 22] 1M <na
i=1,...,k1 i=1,....ka

k1 1 ko 1
‘ (H (m—2Y% lm‘)!) <ZHl (no—2)% 1mi,j)!)

k
A (w?) eV S
dw;. 4.5.12
2m ]{ ?{wl 11—[ 2k+22 202 m 11;1 v ( )

1

We now set V; = 22’“ li; + QZfil m;; for j = 1,...,k. Then, by Proposition

4.4.12, the contour integral in the last line above is equal to

j{ ]{ (w?) e Xt |k| d
w.
2k+V; i
2m lws|=1 w; ,

j 1 i=1
N2k+ (i) —2i—j+2
:Zm( ,,)
e kxk F(Zk‘ + V,u(i) — 21 — 7+ 3)
1
— NFGHD/2435, V; . 4.5.13
Z ik ['(2k + Ve — 20— j + 3) ( )

. Sp
Hence, our expression for Jior ko (n1,n2) becomes
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J}fﬁka (n1’n2) — (_1)k1n1+k2n2 (nl!)kl <n2!)k2Nk(k+1)/2+k1n1+k2n2

k1 1
DD 2.\l S
T (ng—2) 5 )]
”GS’CQZ?ﬂ li,j§n122?:1mi,j§n2 i=1 ( 1 Z]_l z,J)
i=1,....k1 i=1,....ks

ko
1 1
X det . . .
<’LH1 (n2 —2 2]?_1 mi,j>!) ok (F<2k + Ve —20—J + 3))
(4.5.14)

By an argument similar to that given at the end of the proof of [KW24a, Theorem
3.5], we have that the sums over [;; and m;; do not depend on the choice of

permutation p. Explicitly, given a permutation p € Sy, we can make the change of

variables l~2] = l; u(j) and m; j = m; (). Then we have that Z?Zl ZZ] = Z§:1 lij and
Z;?:l mij = 2521 m; ;. Also, we have
k1 ) k k
VH(]’) =2 Z li,,u(j) + 2 Z My () = 2 Z ij+2 Z My j- (4.5.15)
i=1 i=1 i=1 i=1

Thus, we may take p to be the identity and replace the sum over u € Sy by k!. To

finish, we apply Lemma 4.4.5 to the last determinant which gives us

Jksllij (nb n?)

_ (—1)k1n1+k2n2/€!(n1!)k1 (n2!)k2 Nk(k+1)/2+k1n1+k2n2

k1 1 ko 1
" Z Z (E (1 —2 Z?:l li,j)l) (g (ng —2 Z?:l mz}j)!)

k k
231l S 2300 my 5 <no
i=1,...k1 i=1,...,ks

k
|
V-2 + 20). 4.5.1
XH(2k+Vj—2j+1)! Il vi-vi-2j+2) (4.5.16)

1<i<j<k

The theorem follows on using this final expression for J,fl ", (n1,n2) in (4.5.2).

4.5.2 The special orthogonal group SO(2N) and O~ (2N)

In this section we will give the proofs of Theorems 4.2.3-4.2.5. The proofs are similar

to those in the symplectic case covered earlier and so we will briefly discuss any
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differences.

4.5.2.1 Proof of Theorem 4.2.3

The proof follows the same lines as that of Theorem 4.2.1, the difference being that
we now use Lemma 4.4.7 for the shifted moments. We again use Lemma 4.4.10 for
the derivatives and now make use of (4.4.25) and (4.4.26) in Proposition 4.4.11 for

the resulting contour integral.

4.5.2.2 Proof of Theorem 4.2.4

In this case we follow the proof of 4.2.2, again using Lemma 4.4.7 for the shifted
moments. We then use Lemma 4.4.9 for the derivatives and apply Proposition 4.4.12

to the resulting contour integral. We conclude the proof similarly using Lemma 4.4.5.

4.5.2.3 Proof of Theorem 4.2.5

By using (4.5.1) and Lemma 4.4.8, we have that

- k1 o kg _)k(k=1)/29k )
/ (A7) (A% ) ax = %Jﬁ,@(nl,m) (1+O0(N ),
0~ (2N) '

(4.5.17)
where
k k
B 1 d ni d no
o)
atmed =11(5) " 11 (35)
J=1 j=k1+1
Eowita) K
L AmAW)(ITE, a) eVt
271k L (w?-aQ.) Wi
( 7”) ngz,jgk A j i=1 ;=0
(4.5.18)
Now, for the derivatives, we use the fact that for n > 1,
dn O{GNa dnfl 6Noz
da™ k 2 2 - nda/n—l k ) 2 (4519>
[im (wf = o?) =0 [Timi (wf — ?) =0

Hence, we have that
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B kl d n1—1 k TL2—1
o=t () 11 ()
J k14 ]

J=1

1 A(w)A(w) MR o
% (QWi)kf j{ ngmgk(wi _a2) Ud Z

J

This integral expression is very similar to the expression for J,fl P gy (M1 — 1,m9 — 1)

given by (4.5.3). Indeed, by making the change of variables a; — —a;, we have that

_ k1 d ni—1 k d ng—1
i ma) = (1) e T <a> I ()
J j=k1+1 J

k

NZZ 1(w’b al)
dwi
27” f j{ H1<1]<k Wy _042) 11

? a;=0
(4.5.21)
from which we see that
T e (n,ng) = (—1)Fm=Dthainz=lpin k?J,flpkz( —1,np—1). (4.5.22)

Thus, using (4.5.22) in (4.5.17) and recalling (4.5.2) gives us that

(A¢2) " (a2 ax
O~ (2N) X X
k k
— (_1)k1(n11)+k2(n21)n11€1n]2€22k/ <Ag?171)(1)) 1 <Ag?271)(1)> 2 AX
Sp(2N)

x (1+O(N ). (4.5.23)

We therefore obtain the statement of the theorem by using our known asymptotic

formula for the joint moments over Sp(2NN) given in Theorems 4.2.1 and 4.2.2.

4.5.3 Proof of Proposition 4.2.7

Let n > 1 be an integer. Then, by Theorem 4.2.2, we have that
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Sp _(=1)"n! 1
bo,l(oa n) = on+1 Z (n =221 4+ 1)!

21<

n+1
Qnﬂnﬂ.z(mﬂ)

2[<n

s (50 2 60)

_ (=
s (4.5.24)

where we have used standard properties of the binomial coefficient. In the same

manner, by Theorem 4.2.4, we have

1
bSO 0 21 n,|
01 (0,n) =277l ; (n — 20)1(20)!
_ ol—m n
—2 Y ()
2l<n

(2 ()2 ()

_ 21_n"i <n z_ 1)

=0

=1. (4.5.25)

4.6 Numerical values for bf | (n1,7n;)

Below we give some numerical values for bfﬁ ko (111, m2) and b9, (n1,ny). Values of
b%: 4, (11, n2) follow from Theorem 4.2.5 so are omitted. Numerical values for bg”,’c((), 2)
and 05%(0,2) for k < 10 are given in [ABP*14, Section 4].

The following are bgf,’g(O, 3) for k=1,...,4:

23
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23
21.3.5-7

1
28.52.7-11

233
218.34.53.72. 11

boh(0,4) for k=1,...,4:

1
2.5
251
21.32.52.7.11

89 - 13103
29.35.53.72.11-13- 17

1627 - 693731
210.35.55.73.112.132-17-19-23

We also have bfﬁ(nl, 1) for ny =0, 1:

1 1
48" 96°
bih (ny,2) for ny =0,1,2:

1 1 19

80" 160" 5040°
bfﬁ(n4,3) forn; =0,1,2,3:
_L ot 23
1207 240" 67207 13440°
bfﬁ(nl,l) for ny =0, 1:

1 1
115207 23040

bi%(ni,2) for ny =0,1,2:

103 103 487
3628800° 7257600 59875200

bi@(nq,3) for ny =0,1,2,3:
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1 1 19 1
89600 179200 5913600 492800

The following are bgg(o, 3) for k=1,2,3,4:

1613
29.3-52.72.11-13°

b39(0,4) for k =1,2,3,4:

71
2-32.5-7

23 - 2657
2-3%.53.72.11-13

7159 - 316201
26.35.54.73.112.13-17-19°
We also have 79 (nq,1) for ny =0, 1:

079 (n1,2) for ny = 0,1,2:

679 (ny,3) for ny = 0,1,2,3:

b79(n1,1) for ny =0, 1:

112



b79(n1,2) for ny = 0,1,2:

19 19 26
6307 1260° 2835
b79(n1,3) for ny = 0,1,2,3:

23 23 43 1
16807 3360° 10080 336
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Chapter 5

Improving the error in the Ratios

Conjecture

5.1 The Ratios Conjecture

As discussed in the introductory chapter, the Ratios Conjecture is a powerful conjec-
ture with applications to a large number of problems in analytic number theory. In
this chapter we are concerned with the conjecture for quadratic Dirichlet L-functions
in the function field setting. In this case, the Ratios Conjecture was formulated by
Andrade and Keating in [AK14] and we state it below.

Conjecture 5.1.1 (The Ratios Conjecture). For |Re(q;)| < 1/4 and 1/g <
Re(B;) < 1/4 for 1 < j <k, we have, as g — oo,

1 Z H?:l L(% +Oéj7XD)

k
[ Hag 1] perm 11 L(5 + Bj, xp)

k
= Z H qg(ejajiaj)y(ﬁoﬂ, coepags ) A(eoa, . oY) + O(qiég), (5.1.1)

eje{~1,1} j=1

for some d > 0, where

_ ngz‘gjgk: C(1+ a; + ) H1§i<j§k Co(1+vi + 5;)
ngi,jgk C(1+ i + By) ’

Y (a;7) (5.1.2)

and
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ngigjgk (1 - |p|1++1+0{7> H1§i<j§k (1 - |]D|1++i+ﬁj>
Alain) = 1] .
PEP [Li<ij< (1 - ‘P‘u—aﬂa]>
k 1 k 1
Pl (1= (1‘W)+1Hj—1 <1+W>+ !

X
Pl+1\ 2k 217" P
1Pl + [T (1 - |P‘1/++a]> - <1 + |P|1/++a]> 7]
(5.1.3)

Recently, Bui, Florea and Keating [BFK23| have proven the above conjecture for

k < 3 in certain ranges of the parameters with the following result.

Theorem 5.1.2 (Bui, Florea and Keating). Let 0 < Re(8;) < 1/2 for 1 < j <k.
Denote o = max{|Re(a)],...,|Re(ag)|} and f = min{Re(p1),...,Re(Br)}. Then
Congecture 5.1.1 holds for 1 < k < 3 with the error term E}, where

g 9BB+20)+e98 £ () < Re(a) < 1/2 and B> g~ V/**e,
F <. () / (5.1.4)
q98B—A)+e98 i 1/2 < Re(a) < 0 and B> g~ V/%+=,

and

By <. ¢ PmnUns w5 190 i o < 1/4 and B> g7/t (5.1.5)
/ a 1/ a
By <. quﬁmm{l T e YegB if < 1/16 and B> g~ V/0*t=. (5.1.6)

Our goal in this chapter is to improve the bound on the error term E, in Theorem

5.1.2 and increase the range of allowable av. We will do this with the theorem below.

Theorem 5.1.3. With notation as in Theorem 5.1.2, suppose o < 1/2 and >

g~ V/*te. Then, the error term E, satisfies

q*295(1+2min{Re(al),Re(az)})%gﬁ if Re(ay), Re(az) >0,
By <. { q-2op-2max{iRe(an)|Re(a2) D+05 if Re(ay), Re(as) < 0,
g 29801 +2min{0.Re(ar+az)})+egh if Re(;) > 0 and Re(a;) < 0 for i # j.
(5.1.7)
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The purpose of improving the bound on the error term can be seen when con-
sidering applications of the Ratios Conjecture such as the one-level density. For
instance, it is shown in [CS07] that if one assumes the conjecture in the full ranges,
one may obtain a formula for the one-level density of a family of L-functions with
no restriction on the support of the Fourier transform of the test function. Since
Theorem 5.1.2 does not allow one to take Re(3;) > 1/g, when the one-level density
of the family of quadratic L-functions is computed in [BFK23, Section 6|, the support
of the Fourier transform of the test function needs to be restricted. In particular,
the restriction on the support is determined by the size of the bound of the error
term F;. The conclusion is that if one cannot take the real parts of the shifts in
the denominator to be as small as the conjecture suggests, then it is the size of the
error term that dictates how strong a result one may obtain. We will see a concrete
example of this idea in Chapter 6 on mollified moments where by using the improved
bound for the error Fy in Theorem 5.1.3, we are able to take a longer mollifier than

if we used the bound in Theorem 5.1.2.

5.2 The strategy of Bui, Florea and Keating

In this section we will go over the method of proof of Theorem 5.1.2 in [BFK23].
The strategy used is to first expand the L-functions in the denominator using their

Dirichlet series and write

1 Hg 1L( + aj, Xp)
|%2g+1| DeHag11 Hj:l (5 + /6]7 XD)
[ ur) 1 ( S :
- Z - : Z HL<§+aj7XD)>XD<Hfj>'
Py Hj:l |fj|1/2+6g |7‘[29+1| DeHagsr \j=1 j=1

(5.2.1)

They then truncate this series and set

k k
Sax= 2 HIfWWJIHng! 2 (HL(%”J"XD))XD(QE)’

firofr€EM<x j=1 DeHogy1 S j=1
(5.2.2)

where X is a parameter to be chosen. Also, Si~x is defined to be the sum of the

terms in (5.2.1) where at least one of the f;’s has degree larger than X. Then, by
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proving upper bounds for negative moments of these L-functions, it is shown in
[BFK23| that

Skox Ko q T (5.2.3)

for > g~'/?**¢. Also proven in [BFK23| are asymptotic formulae for the twisted,
shifted moments appearing in (5.2.1) for & < 3. Inserting the main terms of these
formulae into Sy <x, extending the sums over f; to be over all f; € M (which
introduces a negligible error) and then performing an Euler product computation
yields the main terms as predicted by the Ratios Conjecture.

For the contribution of the error terms in the twisted moment formulae to Sy <x
in the case k = 2 or k = 3, Bui, Florea and Keating use their overall bounds for the
error and bound the sums over f; trivially. An optimum value for the parameter X
is then chosen to yield the bound on the error terms Ey and F3 in Theorem 5.1.2.
However, for £ = 1, they keep the error terms in the first twisted moment explicit
and make use of the cancellation coming from the Md&bius function. This leads to a
better error term and a wider range for the shift parameter a. We will carry out

this procedure of more carefully bounding the error term in the case k = 2.

5.2.1 Preliminaries

Here we will cover the necessary notation and set out the method of proof of Theorem
5.1.3. For C = {71, ..., Y%}, we let

C™={-7:y€C}, ¢¥C=g¥Tiam,

pe(f) =
f=f1fx

W) (o) ) !
|f1|’71 o |fk|'7k and TC(f) - f:%;fk |f1|’yl—- - |fk|’yk, (524)

where (f) is the Mébius function on F,[t]. Note that |uc(f)] < |f|~mintRetulir (f)

where 75,(f) is the k-fold divisor function. We denote the degree of a polynomial

/e Fq[t] by d(f).
Below we state the technical lemmas needed in the proof of Theorem 5.1.3. The
first is Lemma 2.2 in [Flo17c].

Lemma 5.2.1. For f € M we have

o)=Y D xwm=ad D> x),

DeHagt1 C|fo° reMagi1_24(0) C|f*e reMaog_1_24(c)

where the summations over C' are over monic polynomials C' whose prime factors
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are among the prime factors of f.

The generalized Gauss sum is defined as

GV = Y xwe(F). (525)

u (mod f) f

where the exponential was introduced by Hayes in [Hay66]. For a € F,((1)), it is
defined by

e(a) = > Mm@/, (5.2.6)

where a; is the coefficient of 1/x in the Laurent expansion of a. The next two lemmas

are Proposition 3.1 and Lemma 3.2 in [Flo17¢].

Lemma 5.2.2. Let f € M,,. If n is even then

ZXf(T):%<G(OaXf)+q > GVixp— D G(V,Xf)>,

reEMm VeMcn_m—2 VeMan_m-1
otherwise
qm+1/2
Z xs(r) = NIn Z G(V, xy)-
TEM'm VEMn—m—l

Lemma 5.2.3. 1. If (f,h) =1, then G(V,xsm) = G(V, x5)G(V, xn).

2. Write V.=V, P* where P { V). Then

(O if 1 <« and j odd,
o(P7) if j < a and j even,

G(V.xps) = 4 —|PP! if j =a+1 and j even,
xp(V)|PP~Y2 ifj =a+1 and j odd,
0 ifj>a+2.

\

Note that G(0, x ) is non-zero if and only if f is a square, in which case G(0, x¢) =
©(f) where ¢(f) is the Euler totient function on F,[t].

We will frequently use the following function field version of Perron’s formula, the
proof of which follows from applying the residue theorem and the geometric series

formula.

Lemma 5.2.4 (Perron’s formula). Suppose that the power series
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H(u) =Y a(fju'V (5.2.7)

N alf) = ! Hw) (5.2.8)

and

> a(f) = ! AW (5.2.9)

Fere, N 211 lu|=R (1 — U)UnJrl

We also include the final twisted moments formulae and upper bounds for negative

moments of the quadratic L-functions proven in [BFK23|.
Theorem 5.2.5. Let h = hyh3 with d(h) < g and hy a square-free monic polynomial

and let A = {ay,q9,...,a;}. For a = max{|Re(a1)|,...,|Re(ax)|} < 1/2 we have

k

1 ( H 1 1 2R G E
S (TG o0 o) = 3 ¢ S n ) + B
‘%29+1| DeHagir =1 ’ |h1| Rca

Here if C ={m,...,7}, then

Sc(h) = Ac(WBc(h;1) [ ¢+ +7),

1<i<j<k

where

Aow) =TT TI (1 _ %) 1T (1 + (1 + %)_1i%¢j)u2ﬁd(m)

PeP 1<i<j<k PeP 7=1
(5.2.10)
and
1 o0 P2] ‘ -1
Be(h;u) = H (1 + 1z + Z TciDj )u2jd(P)>
in [Pl = P
— Tc(PYH) 2jd(P) — 7c(P¥) 2jd(P)
Plhy ~ j=0 Pthy > j=0
P|hs
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Also,

Ey = Eoy (b g) + 4" E—a, (h;g — 1)
—|—O (’h’1/2 (3/2— a)ngsg) +O (‘h ’1/4 (3/2— 2a)g+sg) (5212)

where E. (h; N) is given explicitly in [BFK23, (3.20)] and satisfies

E’Yl (h, N) — |h1’1/6q74g/37gRe('y1)+5 + |h1’1/6+Re(’yl)/3q74g/372gRe(71)/3+5

i particular, and

B, <. |n|'/2q=(—2@)gteg | g~ (1-da)gteg (5.2.19)
E3 <. |h|1/2q (1/2— 4a)g+sg+q (1-6a) g+€g+|h | 3/4 (1/4— 4a)g+€g

Theorem 5.2.6. Let k be a positive integer and m > 0 such that 2km > 1. Let
0 < Re(8;) <1/2 for 1 < j < k. For 8 = min{Re(81),...,Re(Bp)} > g~ zn =, we

have

|/H29+1‘ H |L 1/2"‘@ +Zt]?XD)|

DeHoy

1\ k2m?2/2 1 1y-m/2
< <_> Hmm{ } (log g)Fmlm+1/2,
EVA ¥ AT

where t = min{t mod 27, 27 — (¢t mod 27)}.

5.2.2 Breakdown of proof of Theorem 5.2.5

By the functional equation

L(s,xp) = (¢"*)'L(1 — s, xp), (5.2.14)
we may write
k . k
TTL2G+ajxp) = g2 2=19% ] L(3 + €505, xp), (5.2.15)
Jj=1 j=1
where a; = 0 and ¢; = 1 if Re(e;) > 0, and a; = 1 and ¢; = —1 if Re(a;) < 0.

Consequently, in what follows, one may assume that Re(a;) > 0 for every 1 <
j < k. Then by the approximate functional equation |[BFK23, Lemma 2.1], for

A ={ay,...,a;}, we have
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k

(H L(5 + oy, XD))XD(h) = Sa(h;kg) +q 22 Ss-(h;kg = 1).

DeHagr1 ~j=1

1
|H29+1’

(5.2.16)
Here, it C = {v,...,v} with Re(y;) > 0 for every 1 < j < k or Re(y;) < 0 for
every 1 < 7 <k, then

1 Tc(f)xn(fh)
Sc(h; N CJADVT 5.2.17
( )= |H29+1| DeHagi1 d(%g:N il ( )

for N € {kg,kg — 1}. Using Lemma 5.2.1, Sc(h; N) is first written as

Sc(h;N) = Sca(h; N) — ¢Sca(h; N), (5.2.18)
where
1
Sa(h:N) = SRy X w629
‘,H2g+1’ | C|(fh OOTeMgngl 24(C)
and

> > xml). (5.2.20)

C| (fh)>° reMay_1_24(c)

1
Sco(h; N
C; 2( ) |H2g+1’ d(fz;N /—

Next, we write

Sca(h; N) = S (h; N) + S¢.1(h; N) (5.2.21)

according to whether the degree of the product fh is even or odd, respectively. By
Lemmas 5.2.2 and 5.2.3, it then follows that

Se(hi N) = My (b N) + S (hs N3 V £ 0), (5.2.22)
where
q Tc(f)e(fh) 1
G DI 2o PR A T
fh=0 d(C)<g
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5&1(h;N;V7éO):L Z c(f) > ﬁ

1 1£13/2
(a— D PR o
(fh) even d(C)<g
X <q > GV, xsn) — > G(V, th))7
VeMca(sh)—2g-3+2d(0) VeMca(sn)—2g-2+24(C)
(5.2.24)
and
q3/2
S%;l(h;N> ( )| | Z |f|3/2 Z | Z G(Kth)
d(f)<N Cl(fh)>= VEM(sn)—2g—2+24(0)
d(fh) odd d(C)<g
(5.2.25)
Also, we have
8o (hi N3V #£0) = S, (b NiV = 0) + S5, (s N:V £0),  (5.2.26)

corresponding to whether V' is a square or not. We do the same for Sc.2(h; N) and
define Mcp(h; V), Sgo(h; N) and Sg.o(h; N;V =), Sg.o(h; N3V # 0) similarly.
Finally, set

Mc(h; N) = Mca(h; N) — gMc2(h; N) (5.2.27)

and

Se(h; N;V =0) = Sg., (h; N; V =0) — ¢Sg.,(h; N; V =10). (5.2.28)
For Sg.,(h; N) and Sg.,(h; N), the summations over V' are over odd degree polyno-
mials, so V' # [ necessarily. Let
Sc(h; N;V #0) = (Sgu(hs N) = ¢Sga(h; N))
+ (g (s N3V #0) = ¢Sg(h; N;V #0)) - (5.2.29)

be the total contribution from V' # [J terms.
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The terms Mc(h; N), S&(h; N;V =0) and Sc(h; N; V # 0) are treated in Sec-
tions 3.2, 3.3 and 3.4 in [BFK23|, respectively. We note that the term Sg(h; N;V = 0O)

contributes to the main terms of the twisted moments for £ > 2.

5.3 Proof of Theorem 5.1.3

5.3.1 Beginning the proof

To prove Theorem 5.1.3, we adopt a slightly different approach to that used by Bui,
Florea and Keating for the case k = 1 and begin by rewriting (5.2.1) as

1 H] 1L( +O‘mXD)
2

’H29+1‘D€7‘[2 H] 1L( +6J7XD)
k

ps(h) 1 Z (HL(%—FQ’]',XD))XDUL)’ (5.3.1)

1/2
(A2 [Hag| &\

heM

where B = {fy,..., Br}. We then truncate this series at d(h) < X < g and define

k
Rix — pe(h) 1 Z (HL(% + aj,XD))XD(h)

1/2
hEMSX |h| |H2g+1| D€H29+1 j=1

k
= —1 1 ,uB(h)
= Toms] Z <H L(5 + aj, XD)) 72 xp(h), (5.3.2)
DeHagi1 hGMSX

j=1

and let Ry ~x denote the terms in (5.3.1) with d(h) > X. Working with a single
Dirichlet series rather than a multiple series simplifies the forthcoming argument.
We bound Ry~ x similarly to Sy ~x. Explicitly, we consider the generating series

of the sum over h, namely

k 1
s (h 212 —
Z |h|1/2 H ( 1/2+45, ’XD> : (5.3.3)

hem =

Applying Perron’s formula to H(u) gives us

pB(h 1 H(u)
= — ——d 3.4
Z |h]1/2 © 2mi 7{ (1 —w)uX+t “ (5:34)
heM< Jul=r

where 7 < 1 is such that the series H(u) converges absolutely for |u| < r. Note that
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the expression for H(u) as a product of reciprocals of L-functions immediately gives
us a meromorphic continuation of H(u) to the complex plane, with poles arising from
the zeros of the L-functions. In particular, these poles are on the circles |u| = ¢*e(%)
for j = 1,...,k and so we have that H(u) is analytic in the region |u| < ¢” where
B =min{Re(31),...,Re(B:)}. We may therefore enlarge the contour to r’ = ¢"1=9)8,
encountering the simple pole at u = 1 only. The residue at u =1 1is —H (1) so we

then have

MB 1 H(u)
Z !h!1/2 - Tm]{ mduﬂ[fﬂ)- (5.3.5)
hGM |u|=r"

Denote the set of monic polynomials of degree greater than X by M~ x. Then

,UB MB )
Z \h|1/2 Z ]h[l/Q (5'3'6)

h€M<X heM-

and by definition,

k

1 MB )
R R — L(i : . 5.3.7
ox = ¥ (I[MG+anm) ¥ 200 gan)

DeHogr1 ~j=1 heMs x

So, using (5.3.5), we may write

R ! 3 (ﬁL( +ay,x )) ! f Hw) o,
k, = T4 1 ; X1/ 1N
X [ Hog+1] Déti N PAP) ) o s U (1 — 1)

J=1

k 1
1 j{ 1 Hj:l L(§ + aj, XD) du (5.3.8)
Jul

21 — ’HQngl’ DeHzy1 H?:l 5((11/2+ﬁ], XD) uX+1(u — 1)

Now, using Holder’s inequality, we bound the sum over D in the integrand by

Z H] 1L( + aj, Xp)

DeHaogt1 Hj:l L (mv XD)

€ 1

k _1 1+e 1+e
< Z H’L(%+aj7XD)‘1JEFE Z H (1/2+B>XD)

DeHag41 j=1 DeHagi1 j=1

(5.3.9)

124



By Corollary 2.8 in |[Flo17al, we may bound the shifted moments above by

_£€
1+e

k
S OT[IEG + e < giEgh (), (5.3.10)

DeHagt1 j=1

For the negative moments, observe that for r = ¢1'=9# we have

|q—%—ﬂju| - q—%+(1—€)B—Re(ﬂj) < q_%_eﬂ. (5.3.11)

So, for 5> g_ﬁﬁ, we may use Theorem 5.2.6 to obtain

1
1+€ 1+4e

S

DeHagy1 j=1

k
1 §(k(1+€)+1)
< g ( Oég) . (5.3.12)

-1
u
L (ql/zwj ) XD)

By bounding the integral in (5.3.8) using the above two bounds, we then have

—(1-e)XB (1) 1 5(k(1+e)+1)
Risx < ngg(k #24) (%) . (5.3.13)

Next, just as in [BFK23|, applying the twisted moment formulae of Theorem
5.2.5 to (5.3.2), extending the sum over all h € M and then writing the main terms
as an Euler product yields the formula predicted by the Ratios Conjecture. So, to
prove Theorem 5.1.3, we are left to evaluate the contribution of the error term in
Theorem 5.2.5 for k = 2 to Ry <x. We want to keep the errors terms explicit so we
now turn to bounding the errors arising from the terms Mc(h; N), Sg(h; N;V = 0)
and Sc(h; N;V # 0O) in the proof of Theorem 5.2.5 given in [BFK23|. We now
specialise to the case k = 2, set C = {71,712} and v = min{Re(71), Re(y2)}, and
recall that = min{Re(5;), Re(52)}.

5.3.2 The error from Mc¢(h; N)

In [BFK23, (3.8)], the main term M., ,(h; N) is expressed as a contour integral

Moy (B N) = — o 7{ Ay s (W)By, (s ) du
772 % 7] 270 Sy uN =IO — ) [T, o (1 — g~ 0 F1)02)
O (¢, (5.3.14)
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where 7 < 1 and h = hyh3 with hy, hy monic and h; square-free. Also, the products

A, ~,(u) and B, -, (h;u) are given by

4 24(P) 1\ ¢
=11 ) 1+ )
P

24(P) 1 2, 24(P) 2, 24(P)
. (1 BT W(l - |P|1+2w) (1 - |P|1+2w)>’ (5.3.15)

and

14(P) 1 224(P) 229(P) -1
Bacntis) =TT (1+ fpss + 7 (1= ) (1 o))

Plh
1 1 u2d(P)
<11 (|P|w * |P|w> 11 <1 * |P|1+w+w) ' (5.3.16)
i A

For the contribution of the big O term in (5.3.14) to Ry <x, we trivially bound

the sum over h which gives us an error of size

Mﬁlﬁ2(h) N/2—N~vy—2g+eg —g—2g7+eg T<h)
|h|—1/205(q )| <q Z Th[1/247

heM<x heMc<x

X
< q Ity Z g 1/2+0) Z 7(h)

n=0 hEMn

X
< q—g—297+€g Z nqn(l/Q—B)

n=0

< ¢X1/2=0)=9=207+2g. (5.3.17)

where we have used the fact that .\, 7(f) < ng".

From [BFK23, Section 3.2|, we have that the Euler product A, ., (u) converges
absolutely for |u| < ¢'/>*7 and so the contour in (5.3.14) is enlarged to |u| = ¢'/?*7~=.
The residues from the poles encountered all contribute to the main terms in the
twisted moment so we may disregard them here. For the error term, rather than
bound the new integral trivially, we keep it as is and introduce the sum over h in
Ry <x. Let E<x ., ~,(N;V =0) be this error term:
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Hp1,B2 (h) 1

ESX,’YL’YQ (Na V= 0) =

A2 [ha |12
hGMSX
% i Ay 7o (W) By 5y (B u) du
270 Jjy|=gt/247< ulN=dh)+1(1 — o) H1§i§j§2(1 — g~ 0it)y2)’
(5.3.18)
The generating series for the sum over A is
Hs1,8 i d(hi), d(h

Fore(t9) Z |h|1/12|71 |1/2 B, o, (h; w)u®y ). (5.3.19)

The function pg, g,(h) and the product B,, ., (h;u) are multiplicative functions of h
and so the series F,, ., (u,y) may be expressed as an Euler product. Using the facts

that for a prime polynomial P, we have,

1 1

MﬁlﬂQ(P) = = ’P|Bl - ’P’BQ, (5320)

1
2

and g, ,(P?) = 0 for j > 2, the generating series has the Euler product

L Heum(P)
Fuvali) =TT (14 258505, P )
P

1.5, (P2
+ B1 ’B;ﬁ )B’Yl,’YQ (PZ; u)y2d(P))

B X X 24(P) 1 . 224(P) X 224(P) -1
- 1;[ o + | P+t + W - | P[+em - | P[+2

(L) N (uy)* ™) L1
|P|1+,31 |P|1+52 |P|71 |P|72

y2(P) 4, 24(P)
~ paE (1 + m) )) (5:3:22)
For |u| < ¢*/**7, we have
24(P) 1 u24(P) u24(P) -1
(v e 71 (= ) (i) ) <2 09
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as d(P) — oco. Hence, in this region, we have that

(uy)d(P) y2d(P) (uy)zd(P)
Fustecn = L1 (10 (855 + () + (s )

’ (5.3.24)

Here and throughout the chapter, we will use the standard fact that an Euler product

of the form

[]a+ap) (5.3.25)

P

converges absolutely if and only if the corresponding sum ), ap does. In particular,
this series converges absolutely if |ap| < |P|7'17¢ for some € > 0. So, in this case we
see that F., -, (u,y) converges absolutely for |u| < ¢'/**, |y| < ¢® and |uy| < ¢°*7.

Hence, by Perron’s formula, we have

E<X7172 N V_O

]{ j{ "4’717’72 (u)f%ﬁz (u, y) du dy
27” yl=r Jjuj=qt/2t7—< WYX (L —u)(1 = y) [T)cicjcn(l — q~Oity2)’

(5.3.26)

where we may take r = ¢~/2*8. The products A, ,,(u) and F,, ., (u, y) are absolutely
convergent and hence uniformly bounded on the region of integration. Hence,

bounding the integral using the estimation lemma, we obtain the bound

du dy
E NV =0) < j{ j{ [N+ [ X+1
SX771172( ) € |y|:q71/2+3 ‘u‘:q1/2+"/78 |/u/|]\[—"_1|:y|)(-"_1

<. X/2=9)=N(1/247)+eg. (5.3.27)

5.3.3 The error from Sg(h; N;V =0)

In Section 3.3.2. of [BFK23|, the term S _ (h; N;V = ) is expressed as

1,72

“/172( o ) (q_l ‘hl 1/2 27”’ %M =q~'te 7{“’ =r2

C’Yl ’72(u w)D'Yl ’YQ(h u, ’LU
(I —=u)(1 =g mw)(l—gw)(l —uw?)(1 - ¢ ?Muw?)(1 — ¢~ 2uw?)
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x dwdu o), (5.3.29)

R W E

where ro < 1,

waP) wdP) wP) (1 _ ud(P))
st = I (1= g ) (1= s ) (e

PeP
N wd(P)(l — ud(P)) N (uwZ)d(P) - (uw2)d(P) - (uw2)d(P)
|P|1+’YQ |P|1+71+72 |P|2+2W1 |P|2+272
(uw2)d(P) 1 w2d(P) w2d(P) (uw2)2d(P)

- |P|2+’y1+72 B |P|2ud(P) + |P|3+2W1 T ’P|3+2W2 |P|3+271+2’Y2

(uw4)d(P)
B |P|4+271+272 ’ <5329)
and D., -, (h;u,w) is given by
. wP) (1 _ ud(P)) wP) (1 _ ud(P)) (uw2)d(P) 1 (uw2)d(P)
g + | P|1+m * | P+ [P+ [PRud®) P2+
(uw?)dP)  (qw?)d®) w2d(P) w2d(P) (uw?)24(P) (uw*)d(P) -1
- |P|2+272 o |P|2+71+72 + |P|3+271 + |P|3+272 + |P|3+2”/1+272 o |P|4+271+2~/2)
e, ) @) @) ()
L= e e e e
1
., (uaw?)dP) (1 _ ud(P))
|P|1+71+W2

. 1 wiP) (1 — ud(P)) wiP) (1 — ud(P)) (uw?)4P) (uw?)4P)

% H “ip T P+ + P+ Plltvitre  |[Pl2tnte )
=y 1P| 1P| 1P| 1P| 1P|

P‘hz

(5.3.30)

For the contribution of the big O term in (5.3.28) to Ry <x, we bound the sum over h
trivially which, similarly to (5.3.17), gives us an error of size <, ¢X(1/2=8)—9-29v+sg,

Next, it is given in [BFK23, Section 3.3.2] that the product C,, -, (u, w) converges
absolutely for |u| > 1/q, |w| < ¢/, luw| < ¢ and |uw?| < ¢®™1#72). The w-
contour in (5.3.28) is enlarged to |w| = ¢*/>¥7=¢ | encountering the simple poles at
w = ¢ and w = ¢ arising from the factors (1 — ¢ w)™! and (1 — ¢~ 2w)~! in
the integrand. In the proof of Theorem 5.2.5, the residues from these poles both
contribute to the main term of the twisted moment so we are only concerned with

the error term. For the new integral, we keep it explicit and introduce the sum over
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h. Let E<x ., (N;V = 0) denote this error term:

q Fgr, 52
E NV =0 =-
Sxmm( ) (q—1) he; |h|1/2|h1 1/2 (271)2 ful e ?{wl g/

C% Y2 (u7 w)DM Y2 (h7 u, w)

X (1 —u)(1 - g mw)(1 — g r2w)(l —uww?)(1 — ¢ 2 uw?)(1 — ¢~ 2ruw?)
dw du
x u[@] wN_Q [M] +d(h1)+1 : (5331)

The generating series for the sum over A is

U w y ]h]lﬂlh ‘1/2 ’Yl Y2 U, w ud(hl)/Q’ +Je

which, as D,, -, (h;u, w) is a multiplicative function of h, has the Euler product

P d(P) P2 2d(P)
H (1 + Nﬁl,ﬁz( )y D’}q,’yz (P; u, w) + :u51752( )y D'Yl;’YZ (PZ; u, w))
P

[Pl [P
_ H (1 wi®) (1 _ ud(P)) N wiP) (1 _ ud(P)) (uw?)dP) B 1
- | P|1+m | P|t+ |P|tmtrz | Pl2yd®P)
(uw2)d(P) (uwQ)d(P) (uwz)d(P) w2d(P) w2d(P) (uw2)2d(P)
- | P|2t2n o | P22 o |P[2+n+r T | P32n + |P[3+2e | P3tnt2e

uw)d®) N\ 1 d(P) d(P) d(P)
_L) (( y + y )/>(1_U(P)+L

| P[++2m+27 | P[5 d(P)/2 | P[iHh2qd(P)/2 PP
(uw)d(P) (uw)d(P) (uw)d(P) (uw2)d(P) (1 _ ud(P))) - ygd(P) (

PR [P PR [P Pl
L) )t )

|P| | P|t+n | P|1+ |P|i+n+rz | P2t
(5.3.33)

For |u| = ¢7'*° and |w| = ¢'/**7~¢, we have that

wP) (1 — ud(P)) wP) (1 — ud(P)) (uwz)d(P) 1 (uw2)d(P)
1+ + — —
| P|1+m | P+ |P|tmtrz | P|2yd®) | P|2+2m
(uw2>d(P) (uwZ)d(P) w2d(P) w2d(P) (uw2)2d(P) (uw4)d(P) -1
o | P[22 - [P+ PPt T PR PPt o | P|++2m+27 ’
(5.3.34)
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is bounded by O(1) since every term other than the 1 is tending to 0 as d(P) — oo.
Thus, in this region, the local P-factor of G(u,w,y) is

d(P) 1/2, \d(P) 1/2 d(P)
TG (R e WY Cluie ki WY Call ) e
|P|1+Bud(P)/2 |p|1+5 |p|1+6+w
<u1/2w2y)d(P) (u3/2w2y)d(P) y2d(P) (wa)d(P)
+0|—4—7++—)+0|——F7—|+0 + 0| —%F—
|p|1+5+27 |p|1+ﬂ+2w ‘p‘1+2ﬁ |p’2+2ﬂ+v

+0 (—WwyZ)d(P)) +0 <—<“w292)d(m) . (5.3.35)

|p‘2+2,8+7 ‘P|2+2/5+2’y

Similarly to the product F,, ,(u,y) considered earlier, we have that G(u,w,y) will
converge absolutely if all of the big O terms above are < |P|~'7¢. Hence, we see
that G(u,w,y) converges absolutely for |u| = ¢~ '+, Jw| = ¢/>77¢, |y| < ¢°|u'/?|,
W2y] < ¢, [ Pwyl < P, [ Puty) < @B, uuty] < @yl < P
lwy?| < ¢ TP Juwy?| < ¢ and Juw?y?| < ¢ With |u| = ¢t and
lw| = ¢*/>777¢, we may take |y| = ¢~*/?>7%7¢ and these conditions are all satisfied.
Using Perron’s formula for the sum over h just as before, we therefore write
E<x 4, (N;V =0) as a triple integral where the integration in y is over the circle
ly| = ¢~ /?*=¢. We bound this integral using the estimation lemma, using the fact
that the products C,, ,(u, w) and G(u, w,y) are uniformly bounded on the region of

integration. This gives us the bound

du dw dy

Ecxmym(V;V =0) L ]{ j{ |N+1| X1
lul=g=1+e J|w|=q1/2H7=5 J|y|=q—1/2+B—< Y

<. X1/2-8)-N(/24)+eg. (5.3.36)

Remark 5.3.1. By factoring out the appropriate zeta factors to give an analytic
continuation of the generating series F, ,(u,y) and G(u,w,y), one could possibly
improve on the error bounds in (5.3.27) and (5.3.36). However, we still obtain other
errors of size O(qX(/2=#)=9=297+29) 50 this does not lead to an improvement of the
result of Theorem 5.1.85.

5.3.4 The error from Sc(h; N;V # 0O)

We let E<x(N;V # 0O) denote the error term in Ry <x corresponding to the term
Sc(h; N;V # 0O) after introducing the sum over h. We denote by E<x 1(N;V # 0)
the error term corresponding to Sg,,(N;V # 0). We will bound E<x;(N;V # 0O)
below with the bound for E<x(N;V # 0O) following similarly. Using the integral
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expression for Sg,(N;V # 0) given in [BFK23, (3.37)] and introducing the sum
over h, we have that E<x ;(N;V # O) may be written as

3/2 g
q Hpy, 52
E<X,1(N; V # D) = f j[
- (6-1),52, "”3/2 @mi)* Juj=g=e Jjuj=gr/2ea-< ; g
= n+d(h) odd
iy dw du
Y Y Y ek
TSn—i—d(h)—Clig—i—Qj—Q VoM (ntd(h)y—r)/2—g+j—1 Vi€EHr
(5.3.37)

Here, for V =V, V> with V; square-free, we have that

H(Visu,w) =[] (1 +) XV1|P|1M (1- ud(P))l), (5.3.38)

P)(V1 yeC

and

— 1c(P)G(V, X pi+orap ) Jw 4 d(p)y~1
) =TT (3 e (e

T (1 30 TG )

Pth j=1 [Pl
PV
xvi (P)w™® d(P)\—1 B
< [ (1+Z|P|—lﬂ(1—u< ) . (5.3.39)
PtV C
P‘Jlfﬂiz 7

It is given in Section 3.4 of [BFK23| that H(Vi;u,w) is convergent for |u| < 1 and
‘w‘ < q1/2+7_6-

We consider the generating series of the sum over A in (5.3.37) as follows. For
the product K(V, h;u, w), we let Ap(V;u,w) be the local Euler factor over primes
Plh, we let Bp(V;u,w) denote the second Euler factor over primes Pt h and P|V,
and let Cp(V;u,w)™" denote the final Euler factor over primes P { Vi and P|hV5.
By Lemma 5.2.3, if Pt V and ordp(h) = 1, then G(V, X pjtorapm) = 0 for j > 1.

Thus, in this case,

Ap(Viu,w) = xp(V)|PIV? (1 =u™) ™ = x (P)PI2(1 = u'®) ™, (5.3.40)
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where we have used the fact that ¢ = 1 (mod 4) so xp(V1) = x1, (P). Similarly, if
P 1V and ordp(h) = 2, then Ap(V;u,w) = 0. Consequently, we have

MﬁlﬁQ(h),C(V b w)yd(h)

|h|3/2
heM
P2
= H (BP(V;u,w) + %AP(V u, w)y d(P) 4 —’uﬂlﬁ;fg )AP(V;u,w)de(P))
PVi
X H Cp(V;u, w)_l(Bp(V;u, w) + MT}’%S? )AP(V u,w)y d(P)
PJ[V1
P|Vs
HB1,8 (P?) ) 2d(P
+ |;|3 AP(V,u,w)y (P)
1181, (P) L ap
X H (1—|— IZEE TR A (Viu, w)Cp (Vi u, w) ™ty ))
PV
= HBP(V;u,w) H Cp(Viu,w)™*
PV PIVy
P|Va
(P) yd(P) de(P)

. . —1
<1l ( <|Pl3/2””1 + |P[3/2+6: yp’3+ﬁ1+ﬂ2)AP(V7U7w)BP(V,u, w) )
PV

y H (1 B (le(P)yd(P) N XVl(P)yd(P))cp(V;u,w)_l(l B ud(P))—l)_

PP P

(5.3.41)

Using this and observing that H(V1;u, w) = [[pp, Cp(V;u, w), we further write

h
M) 3 Ly gy

3/2
pem Y
yAP) yAP) 2d(P)
— H (BP(V;U,w) - (|P|3/2+B1 + P — ‘p‘3+51+ﬁ2>AP(V;U7w>)
PV
: X (P)y™? xn (P)y"" a(pyy—1
x H (Cp(Vm,w) - ( | P[5 + | P[5 (1 =u"?)
P
. xvi (P)y™™®) xy, (P)y ™) apn 1)
X H (CP(V’U’M) - < | P|1+5 + | P[1+62 (1—u'™)
PV,
PV
=T (Vi;u,w) H Ep(V;u,w) H Fp(V;u,w), (5.3.42)
PV Py
PlVa
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where

A(P) yA(P) 2d(P)
Ep(Viu,w) = (BP(V?% w) — (|p|3/2+,81 T |P/2B |p|3+61+,82)AP(V;u’w))’
(5.3.43)

yAP) A(P) 20(P)
Fp(Viu,w) :(BP(V;u,w) B <|p|3/2+,81 + EEEZ |p|3+/31+,82>AP(V;u’w))

X (P)yd®) vy, (P)yd™) )
X (CP(V;U,w) - ( |P’1+61 T |P|1+52 (1 _ud(P)) ’

(5.3.44)

and

J(Viiu,w) =[] <CP(V;u,w) - (X“(P)yd(m n XVl(P)?Jd(P)> (1- ud(P))—1>

pte |P|1+5s | P|1+52
— H 1+ XWi (P)wd(P) Xwi (P)wd(P) . XV1(P)yd(P)
o i | P|1+m | P|t+2 | P[5
P)yi?) _
- %) (1 —ui®) 1). (5.3.45)

Now, following the argument in [BFK23, Section 4.1], let ¢ be minimal such that
lu'w] < ¢7 and |u'y| < ¢°. Such an i exists since |u| = ¢~ < 1. By writing (1 —
ul) =1 = P w/4P) and factoring out the appropriate L-functions corresponding

to the zero and polar terms of the product J(Vi;u, w), we may write

W) H (ﬁ(;%,le)ﬁ(%,le) LM )
U, W) = P
i £(b v ) £ (ot ) -+ L (5 )

J=1

)U(Vl;u,w),
(5.3.46)

where the product U(V3;u,w) is absolutely convergent and hence analytic in the
region |u| < ¢7¢, |w| < ¢"/** and |y| < ¢*/**#. Note that the L-functions in the
above expression for 7 (V7;u,w) do not have any poles or zeros in this region as they
satisfy the Riemann hypothesis. We refer to the expository article [Alb24] for further
details on the factorisation method for obtaining a meromorphic continuation of an

Euler product. Using Perron’s formula for the sum over h, we then have
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g
= )OEDDED DR DR
lul=g=¢ Jlwl=r1 Jlyl=r2 e X  n<N =0 r<ntm—2¢+2j—2
n+m odd r odd
dy dw du

X E E j(‘/l, u, w) H EP<V; u, w) H FP(V; u, UJ) uj+1wn+1ym+1 )
VoeM (ntm—r) - ViEH, PIV1 Pivy
7 T9tiTl PV,

(5.3.47)

where 71 = ¢'/?*77¢ and we may take |y| = ¢'/>*F~=.
We are now ready to bound E<x1(N;V # 0O). Following the argument in [BFK23,
Section 4.1], we first apply the Cauchy-Schwarz inequality to get

Z J (Vi u,w) H Ep(V;u,w) H Fp(V;u,w)

VieH, PV Pivi
P|V2
1/2 1/2
<<(Zu<v1;u,w>|2) (ZH\Ep<v;u,w>\2H|Fp<v;u,w>|2> .
VieH, VieH, Py P

PV

(5.3.48)

The factors Ep(V;u,w) and Fp(V;u,w) may be bounded trivially and for the L-
functions in the numerator of J(V;;u,w) in (5.3.46), we use the Lindel6f bound
[BCD*17, Theorem 20]:

L(u, xv,) < W, (5.3.49)

—-1/2

which is valid for |u| < ¢~'/%. Then, for the L-functions in the denominator, we use

Theorem 5.2.6 to bound the sum over V;. It follows that

> TWisuw) [ Er(Viuw) [T Fe(Viuw) <. ¢ (5.3.50)
VieH, PV Py
P|V;

We bound the integral expression for E<x 1(/N;V # ) using absolute values and

using the above bound for the sum over V;, we have
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ESX,I(N; V 7& \:\)

—924
< %M:q—a \%wlqu/QJ’*'ya \ﬁ;y:ql/2+ﬁ5 Z Z Z Z q J

n<N j=0 r<n+m—2g+2j—2
n+m odd r odd

dy dw du
r+er
x > T (5.3.51)

V2€M(n+m—'r)/2—g+j—1

Applying the triangle inequality to the remaining sums, we bound the integrand on

the contours of integration by

Z q m(1/2+B—¢ Z q n(1/2+v— E)anj 2j Z qr+ar Z

m<X n<N r<n+m—2g+2j—2 VoeEM (nym—r) )
n+m odd r odd =2 —gti—l
g
m(1/2+p—¢ —n(l/24vy—¢ ej—2j n+m+r)/2—g+j+er
<. E q 1/ E q (1/2+v—¢) E q § q( )/
m<X n<N 7=0 r<n4+m-—2g+2j—2
n+m odd r odd
g
m(1/2+ —n(1/24~vy—¢ n+m—2g+e(n+m—2g+3j
<. § q (1/2+B—e€ § q (1/2+v—¢) E q g+e( g-+37)
m<X n<N 7=0
n+m odd
—m(1/2+p—¢ n(l/2—v)+m—2g+e(2n+m-+
<. E q (1/2+B—¢) E q (1/2—) g+¢( 9)
m<X n<N
n+m odd
1/2— N(1/2—~)—2 2N+2
<o 3 qr/-AENG 22N )
m<X

<. qX(1/27,6’)+N(1/27'y)72g+5(2N+2X+g)

<. XO/2=D+N(1/2-7)-2g+eg. (5.3.52)

The length of the contours is of size 1 as g — 0o so by the estimation lemma, we
therefore have the bound

E<x1(N;V #0) <. /20N 20t (5.3.53)

The other terms in E<x(N;V # O) may be bounded similarly. Consequently, for
N € {2¢g,2g — 1}, we have that

E_x(N;V #0) <, ¢*V/2P-9-207+eg (5.3.54)
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5.3.5 Completing the proof

To finish the proof of Theorem 5.1.3, we collect the bounds for the error terms in
(5.3.17), (5.3.27), (5.3.36) and (5.3.54) and choose a suitable value for X. First, if
Re(a1), Re(az) > 0, the contribution of the error in Sa (h;2g) to R <x will be

<. qX(l/Q—,B)—g—Qg min{Re(a1),Re(a2)}+eg (5355)

Similarly, the contribution of the error in the second piece of the approximate

functional equation q=294S - (h;2g — 1) will be

<. q—QgRe(a1+a2)+X(1/2—B)—g—29min{—Re(al)y—Re(W)}*‘SQ

<. qX(l/Q—ﬁ)—g—Qgmin{Re(al),Re(oag)}-i-ag. (5356)

Recalling the bound for Ry~ in (5.3.13), we choose X = 2042 min{(}l{f(;‘ﬁlg)’Re(”)}*E)
which proves Theorem 5.1.3 in this case with the error

E2 <. q72g,8(1+2min{Re(al),Re(az)})Jrsg,B' (5357)

If Re(a1), Re(ay) < 0, then by additionally using (5.2.15), we have that the error

in R27§X will be

<. q_zgRe(a1+a2)qX(1/2—B)—g—2g min{—Re(a1),—Re(az)}+eg

<. ¢X1/2-8)—g+2g max{[Re(oa) | [Re(a) |} g (5.3.58)
In this case we take X = 29(1_2max{'ge_(;éig7‘Re(a2)‘}_a) and obtain the bound
Ey <, ¢ 298(—2max{|Re(a1)l[Re(az)|})+e95 (5.3.59)

Finally, if Re(ay) < 0 and Re(az) > 0, the error in Ry <x will be

&, g 2Re(en) g X(1/2-p)~g—2g min{~Re(a1),Re(a2)}+eg

<. qX(1/2—B)—g—29 min{O,Re(oal—i—az)}—i—ag‘ (5360)

Choosing X = 20U+2 min({log%(gﬁm)}*s) then finishes the proof with the bound

E, <. q—2g5(1+2 min{O,Re(a1+a2)})+egB‘ (5361)
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The case Re(a1) > 0 and Re(az) < 0 is similar.
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Chapter 6

Mollified moments of quadratic

Dirichlet L-functions over function
fields

6.1 The mollification method

Mollifying L-functions is a very useful technique for obtaining information about
their zeros. We demonstrate the general idea in the case of the Riemann zeta function.
Recall Conjecture 1.4.6 which states that the 2k-th moment of zeta should satisfy

1

7| I it~ ke tos ), (6.1.1)

for a certain arithmetic factor a¢(k) and a precise value for the constant c¢(k) put
forward by Keating and Snaith [KS00b]. The purpose of a mollifier is to dampen the
large values of ((1 + it) and thus save the factor of (log T)¥ in the 2k-th moment.
More specifically, the mollifier is a Dirichlet polynomial that should approximate
(3 +1t)~*. Since, for Re(s) > 1/2 assuming the Riemann Hypothesis, the reciprocal

of the zeta function has the Dirichlet series

1 &)
O _; e (6.1.2)

the natural choice of mollifier stems from truncating this series. The most common

choice of mollifier for the zeta function is

My (s, P) = 1) p (log(N/”)) , (6.1.3)

= ns log N
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were P(z) is a polynomial satisfying P(0) = 0. The mollified moments should then
satisfy

1 T
f/ IC(E +it) My (3 +it, P)[P* dt < 1, (6.1.4)
0

as T" — oo.

Mollifying the zeta function was first performed successfully by Selberg [Sel42]
who showed that a positive (but small) proportion of the non-trivial zeros of ((s)
lie on the critical line Re(s) = 1/2. Later, Levinson [Lev74| showed how mollifying
the second moment of zeta can yield a lower bound on the proportion of non-trivial
zeros on the critical line. In particular, with P(x) = x and the length of the mollifier
taken to be N = T? with 0 < § < 1/2, Levinson proved that

1 /T 1
1[G oM+ it PP~ 1 g (6.1.5)
0

He used this result to infer that at least 1/3 of the non-trivial zeros of ((s) are in fact
on the critical line. Subsequently, Conrey [Con89| considered the case of a general

polynomial P and showed that

%/OT IC(3 + it)Mypo (3 +it, P)|*dt ~ |[P(1)]* + % /01 P'(t)*dt (6.1.6)
for 6 < 4/7. From this Conrey was able to deduce that the proportion of zeros on
the line is at least 2/5.

The case of the zeta function highlights the key point when it comes to working
with mollifiers. If one wants to obtain stronger results then one needs to increase the
length of the mollifier but this is in general very difficult. There have been slight
improvements in the proportion of zeros on the line by taking different (but not
longer) mollifiers to > 0.4105 in [BCY11] and > 0.417293 in [PRZZ20].

Farmer |Far93| conjectured that (6.1.5) holds for all # > 0 and this is the so
called # = oo conjecture. Farmer also proved that this conjecture would imply that
100% of the non-trivial zeros are on the critical line. It has also been shown by
Radziwilt [Rad12| that Mye(s, P) is in a sense the optimal mollifier of length 77
and that Levinson’s method can give a proportion of 100% only if one can take 6
arbitrarily large. In [BG17|, Bettin and Gonek showed that the § = 0o conjecture in
fact implies the Riemann hypothesis and more specifically that if one can obtain the
bound

140



1 T
?/ IC(3 +it)Mpo (2 +it, P)P dt <. T° (6.1.7)
0

for all € > 0 and some # > 0, then ((s) has no zeros in the half plane Re(s) > 1 + 5.

The method of mollifying may also be applied to derivatives of L-functions as
well. For instance, it is known that RH implies that all the zeros of £*)(s), where
&(s) is Riemann’s ¢-function, lie on the line Re(s) = 1/2. By considering the second
mollified moment of ¢*)(s), Conrey [Con83| showed that the proportion of zeros of
£®)(s) on the critical line is 1 + O(k~2) as k — oo. Importantly, this result does not

require an arbitrarily long mollifier to be used.

6.1.1 Non-vanishing of L-functions

In [Cho65], Chowla conjectured that L(3, x) # 0 for all Dirichlet L-functions. This
conjecture remains open and it is now widely believed that an L-function should not
vanish at the central point unless there is some specific reason for it. For example,
the sign of the functional equation may be —1 or there may be some arithmetic
reason why the L-function vanishes.

Another application of the mollifier method is to obtain non-vanishing results for
L-functions at the central point. Here we consider the family of quadratic Dirichlet
L-functions to illustrate the setup. Asymptotic formulae for the first and second

moments were obtained by Jutila [Jut81] who showed that as X — oo,

S L3, xa) ~ 1 X log X (6.1.8)
0<d<X
and
Y LG xa)® ~ e2X (log X)*, (6.1.9)
0<d<X

for certain constants ¢y, ¢; and where the sum is only over fundamental discriminants.

By the Cauchy-Schwarz inequality, one then has that

Z* 1> (Z 0<d<X L<§’Xd)) X

= - > '
L(L xq)?  logX
0<d<X . Xd
L(1/<27>Zd)750 Z 0<d<X ‘2

(6.1.10)

This shows that the proportion of discriminants 0 < d < X such that L(%, Xa) # 0 1is
> (log X)~!. Letting X — oo, the proportion of L(%, Xa) 7 0 is then at least 0%.

To obtain a positive proportion of non-vanishing for L(%, Xa), the mollifier method
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can be applied. Similarly to the case of the Riemann zeta function, the mollifier is
a Dirichlet polynomial that should approximate L(3, x4) ' This is the approach
employed by Soundararajan in [Sou00]. He takes a mollifier roughly of the form

My(xa) = M, (6.1.11)

nl/2
n<N

where N = X For § < 1/2, Soundararajan shows that the mollified first and second

moments satisfy

> LS xa) Mo (xa)| ~ ¢, X, (6.1.12)
0<d<X
and
> LG xa) Mo (xa)|” ~ X (6.1.13)
0<d<X

for some ¢, ¢;. Applying the Cauchy-Schwarz inequality here then gives

" 2
* (§ : |L<%’Xd)MX‘9(Xd>|)
E 1> *0<d§X 1 = X. (6.1.14)
|L(3, xa) Mxo (xa)|?
L((1)/<2§5);o Z 0<d<X 2 X

This yields a positive and computable proportion of non-vanishing depending on 6.
The proportion tends to 1 as # — oo so again, one wants to take the mollifier to
be as long as possible. With 6 < 1/2, Soundararajan gets that at least 87.5% of
L(%, xa) # 0. Assuming GRH, Ozliik and Snyder [OC99] computed the one-level
density of zeros of this family when the support of the Fourier transform of the
test function is in (—2,2). Their result implies that at least 15/16 = 93.75% of
L(s, xa) do not vanish at s = 1/2. We note that while Soundararajan’s non-vanishing
proportion is smaller, the approach using the mollified moments does not require
GRH to be assumed.

A similar approach can be used to yield non-vanishing results on the derivatives
of L-functions at the central point. In [KMV00], Kowalski, Michel and VanderKam
gave asymptotic formulae for the mollified first and second moments of the derivatives
(L f) where &(s, f) is the completed L-function attached to a primitive Hecke
eigenform f of weight 2. This is an orthogonal family of L-functions so half of
the family have an even functional equation and the other half odd. Consequently,
the strongest result one can hope to obtain is that 50% of 5(’“)(%, f) # 0 for any k.
The key result of [KMVO00] is that this proportion can be shown to tend to 50% as
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k — o0, regardless of the length of the mollifier. This is analogous to the result of
Conrey [Con83] on the proportion of zeros of £%¥)(s) on the critical line. Using similar
techniques, Michel and VanderKam [MV00| computed the mollified moments of the
derivatives £ (1, y) where now (s, x) is a completed Dirichlet L-function attached
to the character xy. They show that as k — oo, the proportion of non-vanishing
of f(k)(%, X) approaches 1/2 if using the “standard” mollifier and 2/3 if they use a
two-piece mollifier.

In this chapter our goal is to compute mollified moments of the family of quadratic
Dirichlet L-functions L(s, xp) in the function field setting. We will prove asymptotic
formulae for the first and second mollified moments with a sufficiently short mollifier
and show that this restriction on the mollifier may be removed if one assumes
the Ratios Conjecture. As an application, we obtain a non-vanishing result on the
derivatives of the completed L-functions £(s, xp). Our results are therefore a function
field analogue of those of [Sou00] and [KMV00, MV00].

6.2 Background and statement of results

6.2.1 The Ratios Conjecture

It was shown by Conrey and Snaith [CS07| that one may compute mollified moments
of L-functions using formulae for the averages of ratios of the L-functions. In
particular, if one assumes the Ratios Conjecture for the L-functions in question, one
may obtain the mollified moments for a mollifier of arbitrarily long length. This then
allows the strongest possible results on proportions of zeros on the critical line or
non-vanishing at the central point to be obtained.

Our approach to compute the mollified moments for the family of quadratic
Dirichlet L-functions in the function field setting will be based on that demonstrated
in [CS07] and also the ideas given in [YoulO]. Our full results will also be conditional
on the Ratios Conjecture but we obtain partial, unconditional results using the the
work of Bui, Florea and Keating [BFK23|. They prove the Ratios Conjecture for the
family of quadratic Dirichlet L-functions over function fields in certain ranges of the
parameters which allows us to make our results unconditional for sufficiently short
mollifiers.

Below we recall the Ratios Conjecture for the family L(s,xp), formulated by
Andrade and Keating in [AK14], that we will make use of subsequently.

Conjecture 6.2.1 (The Ratios Conjecture). For |Re(o;)| < 1/4 and 1/g <
Re(B;) < 1/4 for 1 < j <k, we have, as g — 00,
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1 [T;-1 LG5 + @, xp)
k
|H29+1| DEHag 41 Hj:l L(% + Bja XD)

.
= >[99 Y (qa,. .. eon; B)Aleran, . .. exag; B) + O(q™) (6.2.1)

eje{—1,1} j=1
for some 6 > 0, where

_ ngigjgk G+ i + ) H1§i<j§k C(1+Bi+B))
H1§i,j§k Cq(l + oy + ﬁ]) 7

Y (a; B)

and

H1<'<j<k (1 - p—1+1a-+aj> H1<’<j<k (1 - 1+1/3-_+/3~>
NS g EAWAS P i
Alo; B) = | | 7 i -

1
peP ngi,jfk <1 - |P|1+ai+ﬁj>

k k
P 1 Hj:l 1 - P 1/12+£j 1 Hj:l L+ P 1/12+Bj 1
1P| + 1P|

(6.2.2)

Pl+1\ 27y 2 1k
PRI (1 o) 2T (U4 e

>+|P|

(6.2.3)

The conditions on the real parts of the shifts a;; and 3; are there to ensure that

the Euler products appearing in the expected asymptotic formula are convergent.

However, the conjecture can be extended to a wider range, so long as the Euler

products are convergent. As mentioned in Chapter 5, the above conjecture has

recently been proven for certain ranges of the parameters when 1 < k < 3 in [BFK23|.

We recall their result below.

Theorem 6.2.2 (Bui, Florea and Keating). Let 0 < Re(8;) < 1/2 for 1 < j <k.
Denote o = max{|Re(c)],...,|Re(ag)|} and f = min{Re(p1),...,Re(Br)}. Then

Congecture 6.2.1 holds for 1 < k < 3 with the error term E}, where

q9PBF20)+e98 i () < Re(a) < 1/2 and B> g~V/2*,

El <<5
q98B—Ae)FedB i 1/2 < Re(a) < 0 and 3> g~ 1/%*¢,

and

—4a 1-2a

By <. q PSS s 198 if o < 1/4 and B> g VAT,
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4 da 1/2—4a

By <. q P Gt 8 i <1716 and B> g V/0F, (6.2.6)

We will make use of Theorem 6.2.2 in the cases k = 1 and k = 2. We will see
in the proofs of our main results that because Theorem 6.2.2 does not allow us to
take 5> 1/g with a power saving error as in the full conjecture, it is the size of the
bound on the error term that determines how long a mollifier we may take. This was
part of the motivation for improving the bound on the error F5 in Theorem 6.2.2 in

Chapter 5 where we obtained the following.

Theorem 6.2.3. With notation as in Theorem 6.2.2, suppose o < 1/2 and >

g4t Then, the error term E, satisfies

q72g6(1+2min{Re(al),Re(az)})+€gﬁ if Re(ozl), RG(QQ) >0,
By <. { q-2080-2max{[Re(an)lRe(a2) D205 if Re(ay), Re(as) < O,
g~ 298(1+2min{0.Re(e +az)})+egf if Re(;) > 0 and Re(a;) < 0 for i # j.
(6.2.7)

6.2.2 The mollification

For our choice of mollifier, we take the standard notion of a mollifier in the number
field setting and translate it to the function field setting in the natural way. The
mollifier is a Dirichlet polynomial whose purpose is to approximate L(%, Xp)~! so

we begin with the Dirichlet series

,u
=) e !f| , (6.2.8)

(s XD fem
which is convergent for Re(s) > 1/2. Truncating this series and multiplying by a

smoothing function leads us to the mollifier

u(f log(y/|f1)
o PY =2 !f|1/2 ( logy ) (6:2:9)

fEM
If1<y

where P is a polynomial satisfying P(0) = 0 and y = (¢29)? for § > 0. Provided
that the mollifier is not too long, i.e. € is sufficiently small, we will prove asymptotic

formulae for the first and second mollified moments
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1

[Hag ] Z L(3:x0) M, (xp. P). (6.2.10)
I DeHag+1
and
1 . ,
Hogr1] L (3. x) My (xp, PP (6.2.11)
7 DetHag+1

In fact, we obtain much more general results on mollified moments of linear combina-
tions of the derivatives (¥ (1, xp) where we recall that &(s, xp) = ¢**~V9/2L(s, xp)

is the completed L-function. These are described by our main results below.

Theorem 6.2.4. Let Q) be an even polynomial and P a polynomial satisfying P(0) = 0.
Then for 6 < 3/2, we have as g — o0,

1 d
T + o P
Q (g log q dOé) |/7LL29+1| Z g XD (XD )

DeHagt1 a=0

= POQ() + 5 P’ /Q Jdt + O(1/g). (6.2.12)

Assuming Congecture 6.2.1, the result holds for any 6 > 0.

Theorem 6.2.5. Let (), Q) be even polynomials and Py, Py polynomials satisfying
P;(0) = Pj(0) = 0 for j = 1,2. Then for 6 < 1/2, we have as g — oo,

1 d 1 d
O (glogq@) @ (glogq@)

1
X 5(% + CY,XD)ﬁ( + 67XD) (XD, Pl)My(XD7P2)
|H2g+1| DEHag i1

/ / < P/ (r)Q1(u) — 40P, (r) Qi (u )) (%Pg’(r)@( ) — 40Py (r)Q(u >> dudr

+1 (RO + 2R ) (GO + 2700 +00/9)
(6.2.13)

a=£=0

where

- / o) dt. (6.2.14)

Assuming Conjecture 6.2.1, the result holds for any 6 > 0.

146



Remark 6.2.6. 1. We only consider even polynomials Q) in Theorems 6.2.4 and

6.2.5 since by the functional equation

(s, xp) = &(1 = s,xp), (6.2.15)

we have that §¥ (3, xp) =0 if k is odd.

2. Theorem 6.2.5 is the function field analogue of Theorem 5.2 in [CS07] which
gives a formula for the mollified second moment of quadratic Dirichlet L-
functions assuming the Ratios Conjecture. Our result additionally shows that
the formula holds unconditionally for 6 < 1/2.

3. Asymptotics for the mollified moments in (6.2.10) and (6.2.11) can be recovered
by taking Q(z) = Qi1(x) = Qa2(x) = 1 in Theorems 6.2.4 and 6.2.5. In
particular, we find that

1 1
L(, xp)M,(xp, P) ~ P(1) + —P'(1), (6.2.16)
’H2g+1’ DE'HZQQ.H 2 Y 260
and
1 1 2 1 / ?
Harea| |L(3: x0)My(xp, P)I" ~ { P(1) + 55 P'(1)
29+1 DeHagt1
+ L P'(r)?dr. (6.2.17)
2463 J, ' -

The conditions on # in Theorems 6.2.4 and 6.2.5 are necessary to ensure that the
error we obtain does not dominate the main term. We will show explicitly how we
are led to these conditions in the proofs of the theorems. Similarly, the condition
that the polynomial P in the mollifier satisfies P(0) = P’(0) = 0 in Theorem 6.2.5 is
also needed to bound an error term suitably. Again, we will point out where this is

necessary in the proof.

6.2.3 Applications to non-vanishing

As an application of our results on the mollified moments, we are able to obtain
non-vanishing results on the derivatives & (2’“)(%, xp). To do this we first introduce
some notation. For Q(z) = >~ -, a,2" an even polynomial, we define the differential

operator
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~ 1 d a d"
Q:Q( —) S N 6.2.18
glogqds ,LZZO (glog q) dsm ( )

Then we define the first and second mollified moments

1 ~

$(P.Q) = pr— Q(&(s,x0)) (5) My (xp. P); (6.2.19)

DeHag+1

and

1

[Hagr1] 1Q(€(s,x0)) (5)M, (xp, P)I*. (6.2.20)

DeHag+1

S:(P,Q) =

By Theorem 6.2.4, we have that

§1(P.Q) = PINQ() + 5, P (1) + O(1/g), (6221)

Similarly, taking @ = Q1 = ()2 in Theorem 6.2.5, for a polynomial P with P(0) =
P’(0) = 0, we have

S,(P,Q) = (P<1>@<1> P10 ))

/ / (57 >—49P<T>@’<u>)2dudr+0<1/g>.
(6.2.22)

Now, by applying the Cauchy-Schwarz inequality in the usual way, we have that

1 Sl(P7 Q)2
[Hag 1] S:(P,Q)

Using the above two expressions for S;(P, Q) and Sy(P, Q) on the right-hand side of

this inequality then gives us the following general non-vanishing result.

{D € Hagi1: Q(E(s,xp)) (2) # 0} >

(6.2.23)

Theorem 6.2.7. For () an even polynomial, we have that as g — oo,

(D € Hager : Q(E(s,x0)) (1) # 0} > sup to(l), (62:24)

1 1
[Hag 1l ro 1+ R(P,Q)

where the supremum is over all polynomials P with P(0) = P'(0) = 0 and real
numbers 0 < 0 < 1/2. Also, the ratio R(P, Q) is given by
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20)71 ' [} (P"(r)Q(u) — 46 P(r)Q'(u))” du dr

-~ (6.2.25)
(20P(1)Q(1) + P'(1)Q(1))

R(P,Q) =

Remark 6.2.8. 1. The ratio R(P, Q) is non-negative and so the non-vanishing

proportion is at most 1 as expected.

2. The ratio R(P, Q) above has a very similar expression to the analogous ratio
appearing in [KMV00]. In particular, if we set A = 260, replace Q by Q and Q
by Q', we get exactly the expression given in [KMV00, (31)].

3. By the continuity of R(P,Q) in P and 6, when determining the value of the
supremum above, one may take @ = 1/2 and allow P to range over all power
series P(x) = agx®+azx®+. .. such that this series and the series for everything

up to and including P"(x)* are absolutely convergent on [0, 1].

Finally, we examine in more detail the non-vanishing of £ (2’“)(%, Xp). We denote

the proportion of non-vanishing by

D € Hogiq : E@R)(L 0
pop, = lim inf it 2901 : E7(5,xp) 7 }|. (6.2.26)
g—

o0 [ Hog+1]

By taking Q(z) = 2% in Theorem 6.2.7 and determining the optimal choice of P to

minimise R (P, 2?*), we will prove the following.

Theorem 6.2.9. For all k > 0, we have that ps, > 0. Moreover, we have pop > oy,

where Ty, satisfies
- +O(k™?) (6.2.27)
2T 62k ’ =

as k — oo. In particular, we have

po > 0.875, py > 0.9895, py > 0.9971, ps > 0.9986 and pg > 0.9991.  (6.2.28)

For the family of quadratic Dirichlet L-functions L(s, xp) over function fields, it is
known due to a result of Li [Li18] that Chowla’s conjecture does not hold. In fact, Li’s
result implies that L(%, Xp) = 0 infinitely often. However, by the density conjectures
of Katz and Sarnak [KS99b], it is predicted that we should have L(3, xp) # 0 for
almost all, i.e. 100%, of discriminants D. Bui and Florea [BF18|, by computing

the one-level density of zeros, have shown that the proportion of non-vanishing of
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L(%, xXp) is > 94%. In [ELS20|, Ellenberg, Li and Shusterman obtained an upper
bound, depending on ¢, on the proportion of L(s, xp) which vanish at s = 1/2. Their
bound tends to 0 as ¢ — oo and thus improves upon the bound given in [BF18]| for
sufficiently large q.

Our lower bound on this proportion py of 0.875 is therefore not an improvement
but shows a clear analogy between our results and those of Soundararajan in [Sou00].
Our Theorem 6.2.9 is also a function field analogue of [KMV00, Theorem 1.2]
and [MV00, Theorem 1] and shows that L-functions L(s, xp) with a high order of

vanishing at s = 1/2 are rare.

6.3 The mollified first moment

In this section we will prove Theorem 6.2.4. We begin with the shifted mollified first

moment

1
’H2g+1‘

Proposition 6.3.1. For § < 3/2, we have

M(a, P) = > L+ a,xp)My(xp, P), (6.3.1)

DeHagi1

1 + q—2ga ) 1 — q—ngc

M(a, P) = 5

Salogy P'(1) 4+ 0O(1/g), (6.3.2)

uniformly for o« < 1/g. Assuming Conjecture 6.2.1, the result holds for any 6 > 0.

Proof. We begin by writing the mollifier in the form of a contour integral by using
the fact that for [f| <y and n € N,

s\l 1 [ g\ de
( log y ) _(10gy)"2_m‘/(c) (m) prESE (6.3.3)

where ¢ > 0. This can be seen by moving the contour to —oo and computing the

residue of the pole at z = 0. Therefore, by writing P(x) = anl P, we have

pn /vL Yy © dz
y(xp; P Z Z |f\1/2 27”/ (\f!) S (6.3.4)

If\Sy

Now, if |f| > y, by moving the contour far to the right we see that the contour
integral above vanishes. Thus, we may drop the condition that |f| < y from the sum

over f. Then, since Re(z) > 0, the resulting series converges and we have

P! y® dz
log™ y2m o 2"V L(3 + 2,xp)’

n>1
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Using this expression for the mollifier in (6.3.1) yields

pon! 1 y? 1 L(% + a,xp)
M(a, P) = —— ———dz. 6.3.6
( ) = log" y 2mi J (o 2" [Hagia] Z L(% +2,XD) ( )

DeHagt1

By Theorem 6.2.2, for |Re(a)| < 1/2 and g~'/?*¢ < ¢ < 1/2, the mean value of the

ratio of L-functions appearing in the integrand is given by

L(i —
1 (21 taxp) _ G(l+2a) Alas2) + Q—MMA(—CM; z)
Hogr] p o L+ zxw)  Gll+a+2) Gl —a+s)
+ O(q—gc(3—4|Re(a)D+€Cg)7 (637>

where A(q; z) is the Euler product defined in (6.2.3). As y = ¢* and a < 1/g, by
bounding the integral by absolute values, the contribution of the error term above to

(6.3.6) will be

<&, 93t (6.3.8)

This error is <. ¢~ if and only if § < 3/2. On the other hand, if we assume the
Ratios Conjecture, then (6.3.7) holds for 1/g < ¢ < 1/2 with an error that is O(¢~%9)
uniformly. In this case, we may take ¢ < 1/¢g and then the contribution of the error
term to (6.3.6) will be <. ¢~ for any 6 > 0. Thus, unconditionally for § < 3/2 and

conditionally for any 6 > 0, we may write

M(a, P) = I(a, P) + ¢ #*I(—a, P) + O(q™%9), (6.3.9)
where
I(o, P) = Gy(1420) > b’)’”‘—f!Ja(y), (6.3.10)
~— log"y
with _
Jo(y) . v Ale2) (6.3.11)

~ 2mi (0 2" Gl + o+ 2)

By moving the contour to Re(z) = —d, where 6 > 0 is sufficiently small so that the
Euler product is absolutely convergent, we have that J,(y) is given by the residue
at z = 0 plus the new integral along the line Re(z) = —J. We write the residue at

z = 0 as an integral where the contour is a circle around zero and we bound the new
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integral by absolute values to obtain

1 y* A(a; z)
P 1 dz
21 J_gy 2" (1 + o+ 2)

1 <1
< y‘;/(_é) |Z|T+1dz < yé/_oolt\T“dt’
(6.3.12)
where we have used that fact that the product A(a; z) is absolutely convergent on
the line Re(z) = —d and so the factor A(a; 2)(, (1 + a+ 2)~! is uniformly bounded.
As n > 1, the last integral over t converges and so the integral over Re(z) = —§ is

bounded by % <« ¢~%9. We therefore have that

_ 1 [y Alaz) e
Joly) = 21 }{ 21+ a+2) dz+0(q), (6.3.13)

where the contour is now a circle of radius < 1/g around zero. On this circular

contour, for a, z < 1/g, we use the Taylor expansion

Afa; 2)
Gl+a+z)
From the definition in (6.2.3), we have that A(0;0) = 1 which gives us

= (a + 2)A(0;0)log g + O(g7?). (6.3.14)

Ja(y)zlogqf Y ((a+2)+ 0 ) dz:logqf Y (a1 2)dz + O(" ),

2718 zntl 271 zntl
(6.3.15)

where we have used the estimation lemma to bound the integral of the error term by

—2
g y*

— d
2mi f ol F

Next, by computing the residue at z = 0, we have that for n > 1,

< g2 (6.3.16)

z

1 y log" y

— dz = : 3.1
omi | s n! (6:3.17)
Therefore
= P(1 6.3.18
Z log y 2mi f z"“ ;p ( )
and
Ppn! y? 1 1 ,
= n = P(1). 6.3.19
= log" y2m : logy ;np logy (1) ( )

Therefore, by combining (6.3.10), (6.3.15), (6.3.18) and (6.3.19), we have
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1
logy

Lastly, for a < 1/g, we have the Laurent expansion

I(a; P) = (,(1 +2a)logq (aP(l) + P'(1) + O(g2)> . (6.3.20)

14+ 2a) = 1) = .3.21
G(1+20) = 5 +0(1) = 0). (63.21)
and so we have
oy 1 , 1
I(o; P) = 2P(l) + °a logyP (1)+0(g ), (6.3.22)

uniformly on any fixed annulus |«| < 1/g. Plugging this back into (6.3.9) yields

1 + q72ga 1 — q72ga

M(a; P) = 5 P(1) + P'(1)+0(g™), (6.3.23)

2aclogy

with the assumption that oo < 1/¢. But since M(«; P) and the main term above are
holomorphic for @ < 1/g, the error term is also holomorphic in this region. By the
maximum modulus principle, the bound on the error term also holds uniformly for

a < 1/g which completes the proof. O]

6.3.1 Proof of Theorem 6.2.4

We define

1
N(a;P)=—— > &3 +a,xp)M,(xp, P). (6.3.24)
|H29+1’ DeHogt1

By definition, £(3 + o, xp) = ¢**L(% + a, xp) and so by Proposition 6.3.1, we have

N(a; P) 5

P(1) + P'(1)+0(g7"), (6.3.25)

a
glogq®

uniformly for o < 1/g. We now write oo = Then, as y = (¢*9)?, the above can

be rewritten as

inh
N (glzgq; P) — P(1) cosha + P'(1)512na6“ +0(g7h). (6.3.26)
For an even polynomial (), we have that
d
Q Ta coshal,_, = Q(1), (6.3.27)

and
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d \ sinha
@ <d_) .

Thus, we have

d a
() ¥ (o ?)

d 1
=Q (—) / cosh at dt
. da ) J,

= /1 Q(t) dt. (6.3.28)

— POYQ(L) + 2—19]3’(1) /01 Qt)dt + O(g™). (6.3.29)

a=0
By noting that % = gligq%, we see that this is precisely the statement of Theorem

6.2.4.

6.4 The mollified second moment

In this section we will prove Theorem 6.2.5 on the mollified second moment. Similarly
to the mollified first moment, we will first obtain a formula for the shifted mollified

moment

1
M(%ﬁ; P, Py) =

= on] Z L(3+ o, xp)L(3 + B, xp)My(xp, P1)My(xD, P2).

DeHag+1

(6.4.1)

Proposition 6.4.1. For polynomials Py, P, satisfying P;(0) = P;(0) = 0 for j = 1,2,
and for 0 < 1/2, we have

M(a, B; Py, Py)
(0 re) | o - ) togy 01 PA(r)Pa(r)dr
+ i(l +q ) (14 ¢%9P) /01 (Pi(r)Py(r) + P{(r)Pa(r))dr
N T
(L ) L (R0 + B P
LR [ (BP0 + PP
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+

1 (1 — g~ 29(ath) N g 2> — q29,3> 1

1
" /! —1
i\ ai s ) o [ PP 0l

(6.4.2)

uniformly for o, 5 < 1/g. Assuming Conjecture 6.2.1, the result holds for all 6 > 0.

Proof. We write Pi(z) = >, ~op1m2™ and Py(x) = Y o, p2,z™ and use (6.3.5)

which gives us

: _ prmmIpan! 1 ot
M(a, B; Py, Py) = Z log™ "y (27m0)? /(C) /@W

m,n>2
1 L(% +047XD)L(% + B,xp)
[ Hag+1] L(3 +w,xp)L(5 + 2, XD)

X dwdz, (6.4.3)

DeHagt1

where ¢ > 0. For o, 8 < 1/g and ¢g~'/*** < ¢ < 1/2, Proposition 6.2.3 gives us that
the average of the ratio of L-functions in the integrand is given by Conjecture 6.2.1
with an error that is <. ¢~2%9+*%9. By bounding the integral with absolute values,
the contribution of this error to (6.4.3) will be

<. gty o (2eo(20-142/2) (6.4.4)

For § < 1/2, we may bound this error by O(¢~%Y) for sufficiently small ¢ > 0.
Assuming Conjecture 6.2.1, the error in the ratio of L-functions is <. ¢7%9 and we
may take ¢ < 1/g. This allows us to bound the error in (6.4.3) by O(¢~%9) for any
6 > 0. In either case, by inserting the main terms of the Ratios Conjecture into
(6.4.3), we write

M(a, B; Py, Po) = I(e, B) + ¢ *°I(=a, B) + ¢ > I(a, =) + ¢ 2P (—a, - )
+0(¢), (6.4.5)

where

me!plnn!

I(0,8) = 1+ 20)G(1+ 2061 +a+8) 3 et

m,n>2

Jap(y), (6.4.6)

with
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w+z
Ja,ﬁ 271_2 /c) / merlszrl

Cq(l + w + Z)A(O(, 67 U), Z)
Gl+a+w)(,1+a+2)Gl+8+w)((l+5+2)

dwdz. (6.4.7)

To evaluate the contour integral J, g(y), we would like to move the contours to
the left of 0 but the factor of (,(1 + w + z) with its pole at w + 2z = 0 makes this
somewhat tricky. To deal with this, we use the fact that for Re(w + z) > 0, we may

write

w2z Y d
A / w2 (6.4.8)
0

Thus, we have

w—l—z
Ja,5(
75 27rz //(C/ wm+1zn+1

(w+2)G(1+w+ 2)A(a, f;w, 2) d_u
A ratw)Gtat G0+ ptwGiisrs W

(6.4.9)

with the integration in u only over 1 < u < y since if u < 1, we can move the contours
far to the right to see that the integrals in w and z vanish. As (w+ 2)(,(14+w+ 2) is
analytic at w + z = 0, the poles of the integrand are now at w = 0 or z = 0 only. So,
by moving the contours to Re(w) = Re(z) = —d where § > 0 is sufficiently small to
ensure that the Euler product is absolutely convergent, we get that J, g(y) is given
by the residue at w = z = 0 plus the new integral over the lines Re(w) = Re(z) = —4.
The residue at w = 2z = 0 may be written as an integral with the contours being
circles around zero and the new integral may be bounded by absolute values similarly

0 (6.3.12). Using the fact that the Euler product and zeta factors are uniformly

bounded on the lines of integration, we have

w+z
] s

(w+2)G(1 +w+2)Aa, Biw, 2) du
Xg“q1+a+w§q +@+z)gq(1+5+w)¢q(1+5+z)dwdzu

95 w2 du
dw dz 22
<</ / / w1zt Ty
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-2
<</ / / (\w\m\ it |w|m+1rz|n)d“’dz

<</ u <<1 (6.4.10)
1

In the second to last line above, we have used the fact that the integrals over w
and z are convergent since m,n > 2. This is why we need the condition that
P,(0) = PJ(0) = 0.

We express the residue at w = z = 0 as an integral with the contours being circles
of radius =< 1/g around the zero. Then, for w, z,«, f < 1/g, we approximate the

integrand on these contours via the Taylor expansion

(w+2)¢(1+w+ 2)A(a, B;w, 2)
G+ a+w)((1+a+2)¢(1+ 8 +w)((l+ 8+ 2)

= (a4 w)(a+ 2)(B + w)(B + 2)A(0,0;0,0)log® ¢ + O(g~?). (6.4.11)

Since A(0,0;0,0) = 1 as can be seen by the definition, this gives us

log q
a,ﬁ 271-2 wm+1zn+1
du

X ((a +w)(a+2)(B+w)(B+2)+0(g7")) dwdz—

= (lgi;% /1y (74 wﬁ‘;l (a+w)(B +w) dw) (]{ Zi‘; (a+2)(B+2) dz) CZ“‘

+0(g™m ), (6.4.12)

<

where we again use the estimation lemma to bound the integral of the error term by

w+z du y du
— m+n—>5 1/g&™ mAn—4
‘ 2mi)3 / fj[ wm gt dw dz w ‘ <9 /1 v <y . (6.4.13)

By generalising (6.3.18) and (6.3.19), for i € {0,1} and j € {0, 1,2}, we have that

Pignn! y 0
- = — P (1). 6.4.14
Z < log" y omi | 2t logly M) ( )

Hence, by combining (6.4.6), (6.4.12) and (6.4.14), we have
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I(a, B) = G(1 4+ 20)(o(1 +2B)¢(1 4+ a + ) log® ¢
Y logu a+p _, (logu 1 _, (logu
g [/1 (aﬁpl <1ogy) Flogy 1 (logy) gy (logy>)

logu a+p _, (logu 1 , (logu du 4
P P. P. —+0
- <Oéﬁ ’ <10gy) " logy ° (logy - log?y” 2 \logy u +0(g™)

(6.4.15)

By making the change of variables u = 4", the integral in the above becomes

a+p 1
Pl Pl/
PP+ o P

1
logy/o (aﬁPl(r)+

+ / 1 /!
X (CYﬁPQ(T) + OL—JPQ(T) + @PQ (7’)) dr. (6.4.16)

Now, for a, 8 < 1/g and |a + B] > 1/g, we have the Laurent expansion

1
daf(a + B)log’ q

(1 +20)G(1+28)¢(1 +a+ ) = +0(g°) = O(g°). (6.4.17)

Hence, we have that

_ logy ! at+f,,
[(aaﬁ)—m/o (aﬁpl(r)+ logy P1(7“)+10g2y

< (asrutr) + T2y +

P

1
5 Pg’(r)) dr+0(g7"), (6.4.18)
log” y

uniformly on any fixed annuli such that «, 5 < 1/g and |a + 8| > 1/g. Returning to

(6.4.5) with this formula and collecting similar terms gives us

M(a, B; Py, Py)
_ g29(atB) 200 — g208 1
_ i (@5(1 a(ig )+aﬁ(q Oj_ﬂq g ))logy 0 Py(r)Py(r)dr

+30 a0+ [(REP)+ PP r
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(a0 =) | (g )t ®)) 1
+ 1 ( 5 + - ) 10gy/0 P{(r)Py(r)dr

1/1— q*29(a+5) quQﬂ — g 200 1 1 PP PP y
r (P 2 o [ (0o + PR
(1—g2)(1—qg ) 1 !

Y oy /) (Pr(r)Py (r) + Py (r)Py(r))dr
1 (1 — g~ 29(ath) N g 2 — q—2gﬂ> 1
daf a+ a—f log” y

_|_

" tAf%@ﬂ%@Mr+0@*»

(6.4.19)

Finally, since both M(«, 3, P;, P») and the main term on the right-hand side
above are holomorphic for a, f < 1/g, the error term is also holomorphic in this
region. By the maximum modulus principle, the above formula holds uniformly for

a, f < 1/g which completes the proof of the proposition.

O
6.4.1 Proof of Theorem 6.2.5
We define
1
N(a, B; P, Py) = Z £(3 +a,xp)&(5 + B.xp)My(xp, P )M, (XD, P2).
’H29+1| DeHogt1
(6.4.20)

By the definition of the completed L-function, we have £(3 + a, xp)&(5 + B, xp) =
qg(o”rﬁ)L(% + a, XD)L(% + B, xp). Therefore, by Proposition 6.4.1, we have that

N(a7/B;P17P2)
_ log y (aﬁ(qg(oHrﬁ) —q9etB))  ap(qrB) — qg(aﬁ))) /1 o) Po(r)dr
0

4 a+f + a— [
1
+ (g% 4+ ) (¢%° + qgﬂ)/ (Pi(r)Py(r) + P{(r)Ps(r))dr
0
1 (W+WWW—W@(W—WWW+W@/“/,
Pl(r)P,

om ! + ! [ PPy
1 (qg(a+ﬁ) — q_g(a+ﬁ) qg(a_ﬁ) — qg(ﬁ_a)

4logy a+ + a—f ) /0 (Pi(r)Py(r) + Py(r)Py(r))dr

(¢" = q_ga)(qgﬂ _ q_gﬁ) 1 ' / 11 1 /
* 4af3 log? y /0 (Pl(T)P2 (r)+ P (T)Pz(r))dr

=] =
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/0 PI(r) P (r)dr + O(g™Y),
(6.4.21)

N 1 <qg(a+ﬁ)_qg(a+ﬁ) qg(ﬁa)_qg(aﬂ)> 1

+
4af a+p a—p log® y

a
gloggq

uniformly for «, 5 < 1/g. Next, we scale the variables by writing o = and

g = ﬁ. Then, as y = ¢*%°, the above can be rewritten as

L ginh au sinh bu

1 1
- - du/o P/'(r)Py (r)dr

N(@yﬁspbpz):@/o

1 sinhasinhd [!
gt [ (PR 6) + L P ar
402 «a b Jy
1 1
+ 35 i
. 1 /sinhacoshbd . sinh b cosh a
20 a b

1
cosh au cosh bu du/ (Pu(r) Py (r) + P'(r)Py(r))dr
0

/ P P

0

+ cosh a cosh b/o (Pi(r)Py(r) + P{(r)Py(r))dr

1 1
+ 20ab/ sinh au sinh bu du/ Py(r)Py(r)dr + O(g™).
0 0

(6.4.22)
We now also define
d d a b
PLPy) =Qr — s P P
M@ Qs 1, ) = O (da> @2 (db> N <glogq’ glogq’™ " 2) a=b=0
(6.4.23)
For an even polynomial (), we have
d
Q <d_) coshal,_, = Q(1), (6.4.24)
a

d \ sinhau
(i)
a a

d u
=Q (—) / cosh at dt
00 da ) J

_ / “owd,  (6.4.25)

and

d :
= QM) =Q ).  (6.420)

d . d\ d
Q (%) asinhaul,_, = Q (%) Ecoshat

a=0

160



Using the above formulae, we have

1 1 R 1

N(Ql,QQ; P, P2) = @/ Q1(U)Q2(u)du/ P{’(T)Pé’(r)dr
0

1

G [ (PP + PPy dr

S—

492
—l-%/o Ql(U)Qz(U)du/o <P1(T)P2H<7”)+P1”(7‘)P2(r))dr

+ 55 (UG + @) [ Fi)Fy(r)ar

Q) /0 (PA(r)Py(r) + PL(r) Po(r))dr

+ 26 i Q’l(u)QIQ(u)du/o Pi(r)Py(r)dr +O(g™"), (6.4.27)
where

- / “ow)d. (6.4.28)

To complete the proof we write the above expression for N (Py, P»; Q1, Q) in the
more compact form given in the statement of Theorem 6.2.5. This requires the

following identities which all follow from integration by parts:

/o1 (P(r)Po(r) + Pu(r) Py(r) dr = Pi(1) Po(1), (6.4.20)
/01 (P (r)P3(r) + Pi(r)Py (r)) dr = P{(1)Py(1), (6.4.30)
/01 P/ (r)Py(r) dr = P/(1)Py(1) — /01 P(r)Py(r) dr, (6.4.31)
and
/ Or()Qa(w) du = / Q1(u) Q2 (u (6.4.32)

where the last identity uses the fact that Q(0) = 0. Using these identities, it follows
that

N(QLQQ; Py P2)
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~2 / [ RGP dudr -+ B0 P0)Q Q0
+ 2o (RO P + FNEM 1))
([ [ (AO@@A 0G0 + P@weeew) di)

+ @@ PPy >+$ | [ Pe@r @) dudr +0(g7),
(6.4.33)

The expression on the right may then be factorised which yields the statement of
Theorem 6.2.5.

6.5 Non-vanishing of f(%)(%, XD)

In this section we will prove Theorem 6.2.9. The strategy is to take Q(z) = 2?* in

Theorem 6.2.7 and then find the optimal polynomial P = P, to minimise the ratio
R(P, z%*). Although we are ultimately taking Q(x) = 2%, much of this optimisation
works more generally so we will often leave expressions in terms of ). A similar
optimisation process was carried out in Section 7 of [KMVO00).

For any polynomial (), we denote

— /1 Q(t) dt. (6.5.1)

Recalling the expression for the ratio R(P, Q) given in Theorem 6.2.7, we see that

we need to minimize

[y ((20) 1 1(Q*) P (r)? — 401(QQ") P(r) P"(r) + 8631 (Q") P(r)?) dr

R = (20P(1)Q(1) + P'(1)Q(1))?

(6.5.2)
over all Taylor series P(x) = a2 + azz® + ... such that this series and the series
for everything up to and including P”(x)? are absolutely convergent on [0, 1].

We proceed by first assuming that there does exist a P which minimises R(P, Q).
Then, since we are at a minimum, the derivative of R(P + ¢ f, Q) with respect to &
must be zero at € = 0 for any f which satisfies the same conditions as P. By directly
taking the derivative of R(P + ¢f, Q) with respect to € at ¢ = 0, setting this equal

to zero and then collecting like terms, we find that for all such f, P must satisfy
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(20f(HQ(1) + f/(1)Q(1)) (20P(1)Q(1) + P'(HQ(1))R(P, Q)
_ /0 (20 QP P (r) — 201(0Q)P(r) dr

+ /O F(r)(86°T1(Q™)P(r) — 201(QQ")P"(r)) dr. (6.5.3)

Note that R(P, Q) is invariant if we scale P by a constant. Hence, by scaling P
suitably, we may assume that (20P(1)Q(1) + P’(l)@(l))R(P, @) = 1 in the above.
Next, let II(z) be a function with absolutely convergent Taylor series on [0, 1] such
that I1”(z) = P(x). In particular, this implies that the coefficient of #? and 2?3 in

[I(z) are zero. Then, using integration by parts twice, we may write

/f )(S01(Q)P(r) — 201(QQ')P"(r)) dr

F)(86°1(Q™)IT'(1) — 201(QQ)HII" (1 )
+ f1(1)(201(QQ"TT"(1) — 86*T(Q™)II(1))

+ [ e n@ane) - 201G e)) av (6:5.4)

where we have used the fact that f(0) = f/(0) = 0. Plugging this back into (6.5.3)

shows us that P must satisfy

20f(1)Q(1) + f(1)Q(L)
=f( )(893 (Q)IT'(1) — 201(QQ")I" (1))
F()(201(QQ"I"(1) — 86°1(Q™)II(1))

+ /0 £ (20) 7 1@ (r) — 401(QQ)IT" (1) + 86°1(Q*)IL(r)) dr. (6.5.5)

Now, we consider the expression

219[@ ™ () — 401(QQNIT" () 4 8631 (Q™)I1(x) (6.5.6)

appearing in the last integrand. Suppose, for instance, that the coefficient of 22 in
the Taylor expansion of (6.5.6) is ¢a # 0. Then the contribution of this term to the
integral in (6.5.6) will be
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o /1 f"(r)yr*dr = cof' (1) — 2¢4 /1 f'(r)yrdr =cof'(1) — 2c2f (1) + 2¢9 /1 f(r)dr.
’ ’ " (657)
For (6.5.5) to hold for all f, the coefficient of fol f(r)dr must be zero since the
coefficient is zero on the left-hand side. We therefore necessarily have ¢y = 0.
Similarly, the coefficients of all the terms z™ with n > 2 must also be zero and we
have that the expression in (6.5.6) must be of the form ¢y + c;x. Thus, to find II

and therefore P, we must solve the differential equation

% (@)™ () — 401(QQ" " () + 80°I(Q*)I(x) = co + c1, (6.5.8)

for some cq, ¢;.

In the case k = 0, we have Q(z) = 1 and Q’'(z) = 0. Consequently, the differential

equation becomes

1
@H""(m) = ¢y + 1. (6.5.9)

By integrating four times, we see that the solution to this is I1(z) given by a degree

5 polynomial, say

(x) = ap + a1z + agz* + asx®. (6.5.10)

We may then substitute this [I(z) and Q(x) = 1 back into (6.5.5) to get

1
20f(1)+ f'(1) = 6_19/ f"(r)(24as 4+ 120asr) dr
0

20&5 , 20&5
Tf (1) — Tf(l). (6.5.11)

4CL4

= Tf,(l) +

From this we read off the solution a5 = —62/10 and a4 = 6(20 + 1)/4. Differentiating
II(x) twice to obtain P(x), we find that the optimal polynomial to take in the case
k = 0 is, up to scaling by a constant,

Po(z) = 30(20 + 1)2* — 260%2°. (6.5.12)

With 6 = 1/2, the optimal choice is then Py(x) = 32% — 2%/2 and we compute that
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1
R(Py(x),1) = = (6.5.13)
This gives us the lower bound on the proportion py of 7/8 = 0.875.
Returning to the general case of k > 1, we solve the differential equation (6.5.8)

by considering its characteristic polynomial (see, for instance Chapter 4 of [TP85])

1 - .

%I(Qz)X“ —401(QQ")X? + 86°1(Q"). (6.5.14)
Using Mathematica, we may factor this polynomial and find that its roots are +a+i/3,
where

26 2 2 30!
a = ————=\/\/1(Q)1(Q"?) + 1(QQ')
21(Q?)
4k +3 4k +3

=20, | k(2k + 1) (‘/zug — o 1), (6.5.15)

and

5= %J J1@1@ - 10¢)
21(0?

43 4k +3
— 26, | k(2k + 1) (‘/41:1_41«11)' (6.5.16)

Thus, the solution to the homogeneous differential equation

2_10 (QQ)H””(I) . 40]((2@/)1—[//(1‘) + 893](62,2)1_[(5(}) -0 (6517)

is I1() equal to a linear combination of e(**#)%  The particular solution to (6.5.8)

1S

I(z) = ap + az, (6.5.18)

where a; = (8631 (Q’Q))_lcj. Adding these two solutions together gives us the general
form of a solution II(x) to (6.5.8). Differentiating II(x) twice to obtain P(x) then
eliminates the ag + a;x terms of II(x) and we conclude that P(x) must be given by

a linear combination of the terms e***#)e i e
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P(z) = 01T 4 4yelamiB)r 4 gy pelmatif)e 4y emoib)e (6.5.19)

for some vy,...,vy € C. Since we have P(0) = P'(0) = 0, we know that

V1 + Vo + U3+ Uy = 0, (6520)

and

vi(a+i0) + va(a — if) + v3(—a+ i) + va(—a — i) = 0. (6.5.21)

This allows us to eliminate the variables v and v4 and with the help of Mathematica,
we get that P(z) satisfies

BP(z) = 2sinh(az)(8(v1 + v2) cos(Bz) + if(v1 — va) sin(Bz))
+ 2a(vy + v2) sin(Bz) (sinh(ax) — cosh(ax)). (6.5.22)

We simplify this using 2(sinh(ax) — cosh(az)) = —2e~** and since we now have two
variables and only one condition for P to satisfy, namely (6.5.5), we may scale the
variables and assume that v; + v, = 1. Then we have that, up to scaling, P is of the

form

P(z) = sinh(az) ( cos(Bz) — Y sin(fz)) — %e‘a”” sin(fx), (6.5.23)

where we set Y = —i(v; — v9). We can then solve for Y by substituting this P back
into (6.5.5).

At this point we show that the P(x) we have found above is in fact the unique
choice which minimises R(P, Q). Suppose for a contradiction that there is some
function F' such that R(F, Q) < R(P, Q). Recall that our initial condition on P was
that the derivative of R(P + ef, ) must be zero at ¢ = 0 for any allowable f. In

this case, this implies that the derivative of

R(e) =R(P+¢e(F—P),Q) (6.5.24)

with respect to € is zero at € = 0 but that R(1) < R(0). As a function of ¢, we have
that by the definition of R(P, Q),

ag + aje + ase?

R(e) = (b + 12)?

(6.5.25)
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is a ratio of non-negative quadratics for certain constants a; and b;. Now, if by + b1
does not divide the numerator, then this rational function has a unique minimum
lying below its horizontal asymptote at as/b3. The location of this minimum is
given by R'(¢) = 0 but we have that R’'(0) = 0. It follows that ¢ = 0 gives the
unique minimum of R(e) and thus we cannot have R(1) < R(0). Alternatively, if
bo + b€ does divide the numerator, then R(¢) is given by a ratio of linear polynomials
and the fact that R'(0) = 0 implies that R(¢) must in fact be a constant. This
then implies that there are infinitely many distinct functions P which minimise
R(P,Q). However, we have shown that there is only one function P which satisfies
the differential equation (6.5.8) and so this cannot be the case. Consequently, we
have that R(P, Q) is indeed minimised by the P(x) found above.

We now return to solving for the variable Y to find the precise choice of P we
are after. First, we observe that since II(z) satisfies the differential equation (6.5.8),

the integral in (6.5.5) becomes

/0 J'(r)(co+err)dr = cof' (1) + e f'(1) — er f(1)
=8P1(Q"™) ((ap + a1) f'(1) — ar f(1)). (6.5.26)

On the other hand, the contribution of the ay + @iz terms in II(x) to the terms
803 1(Q") f(1)IT'(1) and —8A*I(Q™)f'(1)II(1) on the right of (6.5.5) will be

8a10°1(Q™) f(1) — 8(ag + ay)*I(Q™*) f'(1). (6.5.27)

Therefore, the total contribution of the ag + a1z terms in II(z) to (6.5.5) is zero.
Thus, when substituting P(z) back into (6.5.5), we may disregard the ag + a;x terms
of II(x). In particular, we may obtain II(x) and IT'(x) by taking indefinite integrals
of P(x) and ignoring any constants of integration.

For Q(x) = 2%, the left side of (6.5.5) is

1 !
1). 6.5.28
S 1) (6:5.28)
So, we may substitute our P(x) above back into (6.5.5) and set the ratio of the f(1)
and f'(1) coefficients on the right-hand side to be 20(2k 4 1) as well. This gives us a

single linear equation in Y and therefore a unique solution. While we do obtain an

20f(1) +

explicit formula for Y for any £ > 1 and 6 > 0 using Mathematica, the formula is
very messy and so we won’t reproduce it here. Numerically for § = 1/2, we compute
the values of Y for £ = 1,2,...,4 as —0.8827, —0.7078, —0.6537 and —0.6268.
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Evaluating R(P, z%) using these values leads to the non-vanishing proportions given
in Theorem 6.2.9.

As mentioned above, the explicit formula for Y is not concise. However, we do

obtain a very simple formula for the asymptotic behaviour of Y as k& — co. Using
Mathematica, we have that as k — oo, a = 20(2k+1)+ O(k™!) and 8 =0+ O(k™1),
and we find that Y is given asymptotically for large k£ by

~ 2af (202 + ?) cos B — (4ot + 3a?B* + ) sin 3
© 2af (202 4 32)sin B + (4at + 30232 + B4) cos B
= —tan B+ O(k™")

= —tanf +O(k™1). (6.5.29)

+O(k™)

With the optimal choice for P(z) now determined, we are ready to analyse the
rate at which R(P, %) tends to zero.

Proposition 6.5.1. For P(z) = P (x) the optimal choice of polynomial defined
above and for any 0 < 0 < 1/2, we have that

R(P, 2°%) +O(k™%), (6.5.30)

T 64k?
as k — oo.

Proof. Recall that R(P, Q) is given by

fol ((20)"'1(Q*) P"(x)? — 401(QQ")P(x) P"(z) + 86°1(Q?) P(x)?) dx.

R(P,Q) = p
e (26P(1)Q(L) + P/(1Q(1))”
(6.5.31)
With Q(z) = 2?*, the denominator of R(P, 2%*) is the square of
20P(1) + 5= P'(1). (6.5.32)

Using the expression for P(x) in (6.5.23), we have that

P(1) = sinh(a)(cos f — Ysin ) — %e_o‘ sin 3 = %(cos@ — Ysin ) + O(ae™®).
(6.5.33)

Similarly, we have that
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o « o

P'(1) = %(cosﬂ—Ysinﬁ) —%(B sin B+ 3 cos ) = %(COS B—Y sin B) +0(e%).
(6.5.34)
Therefore we have
1 , e” o .
+ O(ae™) + Ok te)
_ 2e%0 1o
Ry O(k™te®), (6.5.35)

where we have used the estimates a = 20(2k+1)+O(k™!) and Y = —tan f+O(k ™)
so that

cosf —Ysinf = @ + O(k™). (6.5.36)

This shows us that the denominator of R(P, z%) is asymptotically of size e2*.
Now we consider the numerator of R(P,z?*). As P(z) is given by a linear
combination of the terms e(®*#)? the main term of the numerator will come from
the et®® terms of P(x). In particular, the leading terms will be those with a factor
of €2® in them. Thus we may disregard the e™** terms of P(x) when analysing the
numerator of R(P, z?") since these cannot give a factor of €2*. We therefore focus

only on the contribution of

P (z) = ﬁ(cosﬁ —Y'sin 3)

2
((143Y)e@TPr 4 (1 — Y )l ")) (6.5.37)

NN

to the numerator. Specifically, we are left to evaluate

1
/ ((20) ' 1(Q*) P! (z)* — 401(QQ") Py (z) P (x) + 80°I1(Q™) Py (x)?) dw. (6.5.38)
0
By definition, £« 4 i3 are the roots of the polynomial

2%1(@2))(4 —401(QQ) X% 4 80°1(Q™), (6.5.39)
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and hence (a £ i3)? are the roots of

2—101((22))(2 —40I(QQ"X + 86°1(Q"). (6.5.40)

Consequently, if we plug one of the individual terms of P, (z) into (6.5.38) we get
zero. Hence the terms which give a non-zero contribution to (6.5.38) are those which

involve a product of the two terms of P, (x). The contribution of these terms is

14+ Y?
16

(2(20) 1 1(@)(0® + 52 = 401(QQ) ((a + iB)? + (o - iB)?)

+1693I(Q’2))/ €2 . (6.5.41)

0

As (o +i83)? are the roots of (6.5.40), we have that

10100 ) (o £ i) = (O + iB)" + SO°1(Q). (6.5.42)

—I
20
Substituting this into (6.5.41) gives us

1+Y21(Q?
16 260

(2(a® + )% = (a+iB)* — (e — iB)*) /0 e du. (6.5.43)

We write the integral as

/1 aw gy~ 0L _ € (1+0(e™>)) (6.5.44)
e xr = = — e RN
0 200 20 ’

and then simplifying our previous expression gives us

1+ Y? ~2 2 —2a
529 1(Q*)(aB)? (14 O(e™)) . (6.5.45)

Lastly, using @ = 202k + 1)+ O(k™), 8=0+O(k™'), 1+ Y? = (cos B) 2+ O(k™1)
and plugging in

1

1@ = (4k + 3)(2k + 1)2’ (6.5.46)

gives us the final expression

62a92 1 620402

—1 o
2cos? 5 (4k + 3)(2k + 1) (1+0(47)) = 16k2 cos? 3

(1+0(™")  (6.5.47)
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for the numerator of R(P, z%*). Recalling that the denominator of R(P, x?*) is given
by the square of (6.5.35), we therefore have that

R(P, 2% = 6411@2 (1+O0(k™)), (6.5.48)

as required. O

The proof of Theorem 6.2.9 is completed by recalling the statement of Theorem
6.2.7 with Q(x) = 2?* and applying the result of Proposition 6.5.1.
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Chapter 7

The mixed second moment of prime

Dirichlet L-functions over function
fields

In this chapter we study moments of derivatives of Dirichlet L-functions with prime
conductor in the function field setting. Derivatives of L-functions, and hence their
moments, are of interest for numerous reasons. For example, Speiser’s theorem
[Spe35] states that the Riemann hypothesis is equivalent to ¢’(s) having no zeros
in the region 0 < Re(s) < 1/2. For L-functions attached to arithmetic objects, the
derivatives of the L-function at the central point control the order of vanishing of
the L-function, which in turn is conjectured to contain deep arithmetic information.
For instance, consider the L-function Lg(s) associated to an elliptic curve E defined
over Q. By the Mordell-Weil Theorem, the group of Q-rational points £ (Q) on E is
finitely generated. That is,

E(Q) = E(Q)tor X ZTa

where F(Q)o; is the finite torsion subgroup of E(Q) and r > 0 is the rank of the
curve. Define the analytic rank of the L-function Lg(s) to be the order of vanishing
of the L-function at the central point s = 1/2. Then the Birch and Swinnerton-Dyer
conjecture famously asserts that the analytic rank of Lg(s) is equal to the rank of

the curve E.
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7.1 Moments of derivatives over function fields

In the function field setting, the study of moments of derivatives of L-functions has
already seen a significant amount of interest. Andrade and Yiasemides [AY21] have
obtained asymptotic formulae for the first, second and mixed fourth moment of
derivatives of Dirichlet L-functions, where the average is over all non-trivial characters
modulo a monic, irreducible @) € F,[t]. Similarly to the Riemann zeta-function, this
family of L-functions has unitary symmetry type and as such, one sees a very clear
analogy between the results of [AY21] and those of Conrey [Con88| on the zeta
function.

Andrade and Rajagopal [AR16] and Andrade and Jung [AJ21] studied the mean
values of the derivatives L(")(%, Xxp) of the quadratic Dirichlet L-functions over the
hyperelliptic ensemble Hy,41. A general formula for the first moment is given in

[AJ21, Theorem 3.1] which implies that for any integer n > 1, as g — o0,

1
[ Hog 1]

> LM, xp) ~ 22;—1)”1) CA(1) - (29 + 1)L (7.1.1)

DeHag+1

The factor A(1) is an arithmetic term given in the form of an Euler product which
also appears in the asymptotic formula for the first moment of L(%, Xxp) of Andrade
and Keating [AK12|. In [BJ19], Bae and Jung used the approach of Florea [Flo17¢| to
obtain lower order terms in the asymptotic formula for the first moment of L” (%, XD)
obtained in [AR16]. It is also shown in [BJ19] that for these quadratic L-functions,

Ll(%vXD)
—loggq
For a unitary symplectic matrix X € Sp(2N), we have that the characteristic

= gL(%,XD). (7.1.2)

polynomial satisfies A’y (1) = NAx(1) and so given that the family L(s,xp) has
symplectic symmetry, the relation (7.1.2) is not surprising. As a consequence, the
moments of L’(%, Xp) may be obtained easily from the moments of L(%, xXp). In
particular, one has all the moments of L’/ (%, Xp) up to the fourth using the results of
Florea [Flo17c, Flo17b, Flo17al.

Djankovi¢ and Poki¢ [DD21] considered the mixed second moment of L(s, xp)

and its second derivative and obtained the asymptotic formula *

! Tn [DD21], the main result is given in terms of the completed L-function rather than L(s,xp)
but, as discussed in [DD21, Remark 1.2], the formula given in (7.1.3) follows from [DD21, Theorem
1.1] and Florea’s formula for the second moment of L(3,xp) in [Flo17b].
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1 L(3, xp)L" (3, 1 B
(3:Xp) . (3, x0) o~ & (29 +1)°. (7.1.3)
| Hag1] DeHagi1 log™q 80 42)

Similarly to (7.1.1), B(1) is an arithmetic factor, given as an Euler product, also
appearing in the main term of the second moment of L(%, Xp) obtained by Florea
|[Flo17b].

The mean values of derivatives of quadratic Dirichlet L-functions over monic
and irreducible polynomials were first studied by Andrade [And19] who obtained
an asymptotic formula for the first moment of L'(3, xp) and L”(3, xp). In [Jun22|,
Jung extended the results of [And19] to give an asymptotic formula for the first
moment of L(”)(%, xp) over P,y for all integers n > 1. Jung’s result implies that

at as g — oo,

1

S (29 + 1), 7.1.4
B (29 +1) (7.14)

L Goxr) ~ 5o

PePagi1

We note the similarity between (7.1.1) and (7.1.4) as both families of L-functions

have symplectic symmetry.

7.2 Statement of results

Our main result in this chapter concerns the mixed second moment of derivatives of

quadratic Dirichlet L-functions over monic, irreducible polynomials.

Theorem 7.2.1. Let p,v > 0 be integers. Then, as g — oo,

1 LW (5, xp) LY (3, xp) (V)

>N = . ptv+3 ptv+2
|Pago1l (log q)#+ ) (2g+ 1) 4 Ot 1?), (7.2.1)

PeP2gi1

where (,(s) is the zeta-function of F,[t],

) = s (D Aor) + mz > (1) (4) e ramm),
- (7.2.2)

and

A(m,n) = m /0 (™2 =) + 2" (2 — 2)") da. (7.2.3)
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Remark 7.2.2. [t’s possible that following the approach of Bui and Florea in [BF20]
on the second moment of L(%, Xp), one could improve the error in Theorem 7.2.1

and obtain a secondary main term.

As an application of the asymptotic formula for the mixed second moment, we
are able to obtain the following simultaneous non-vanishing result on the derivatives
of the L-functions at s = 1/2.

Corollary 7.2.1. For u,v > 0 integers, we have

1
’P2g+1|

1
{P € Pagir : LW (5, xp) L (3, xp) # 0}] > pr (7.2.4)
as g — 0o.

We are not able to obtain a positive proportion of non-vanishing in Corollary
7.2.1 as we cannot compute the mollified mixed second moment in Theorem 7.2.1.
As in Chapter 6, computing the mollified moments requires a formula for the twisted
moments with a power saving error term. However, evaluating the second moment of
L(%,xp) (and therefore the twisted moment) with a power saving is beyond current
techniques.

In Chapter 4, we studied the joint moments of derivatives of characteristic
polynomials of random matrices. In the case of the unitary symplectic group Sp(2N),

for non-negative integers ki, ko and ni, ns, we proved that

k1 ko
/S @N) <Ag?l)(1)> <Ag?2)(1)> dX ~ bgf,kg (nl,ng) . (2N)k(k+1)/2+k1n2+k2n2’ (725)
(2

where k = k; + ko and the leading order coefficient bgﬁ ko (n1,m2) can be written
explicitly in the form of a combinatorial sum over partitions. Using our asymptotic
formula (7.2.5), we made conjectures for the corresponding mixed moments of L-
functions with symplectic symmetry. In particular, for the family L(s,xp), the

conjecture is that

1 L(nl)(%aXP>k1L(n2)(%7XP)k2
|Pagi1] (log g)m+n2

~ kagikg(”h na) - (29 + 1)k(k+l)/2+kml+k2n2a (7.2.6)

PePagyi1

where 7, is a certain arithmetic factor in the form of an Euler product. More

specifically, 7, is the same arithmetic factor present in the conjectural asymptotic
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formula for the k-th moment of L(3, xp) due to Andrade, Jung and Shamesaldeen
[AJ21]. See Conjecture 2.2 and Theorem 4.1 in [AJ21]| for further details on their
conjecture and the arithmetic term. A similar formula is also conjectured to hold for
the family L(s, xp) over Hagi1 with a corresponding arithmetic factor. The results
of (7.1.1), (7.1.3) and (7.1.4) all agree with the prediction of the conjecture based on
random matrix theory since we have from Chapter 4 that
b5(0,n) = % and b%%(0,2) = 8_10 (7.2.7)
In the case of the mixed second moment considered in Theorem 7.2.1, we see that
the main term is of the correct size as predicted by the conjecture. The conjecture

also states that the factor ¢(u, ) in the leading order coefficient should satisfy

c(ny,ng) = bi’i(nl,ng), (7.2.8)

since 12 = (,(2)7! is the relevant arithmetic factor for the second moment. By

Theorem 4.2.2, the random matrix theory coefficient bfﬁ(nl, ng) is given by

Sp B (_1)n1+n2 1
by (ny,ny) = W(m!)(ngl) Z Z (ny — 21y — 21,)!

20142l2<n1 2m1+2ma<nsg

1 (2[2 + 27712 - 2[1 - 2m1 - 2)
X . (7.2.9)

where the sum is over non-negative integers [y, ls and mq, my. We do not currently
have a proof of (7.2.8) for all ny,ny here but we have checked using Mathematica
that it does indeed hold for nqy, ny < 20.

Remark 7.2.3. By a change of variables x — 2x, we have that

2m+n+1

A(m,n) = (B(3;m+2,n+1)+B(3;n+2,m+1)) (7.2.10)

m-+n+3

where

B(x;a,b):/ N1 — ) tat (7.2.11)
0

1s the incomplete beta function. Recall that the beta function is given by

B(a,b) = /01 N1 =) dt = T(ath) (7.2.12)
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and the reqularised beta function is defined as

B(z;a,b)

I(x;a,b) = B(a.0)

(7.2.13)

For m,n positive integers and 0 < x < 1, the reqularised beta function satisfies [AS72,
Eq. 6.6.4]

n n . . al n . .
I(z;m,n—m+1) = ) (1—2)" 7 = , 2T (1—x) ™ (7.2.14
( =3 () = 2 (1, )i a2

Jj=m J=

Hence, taking x = 1/2, we have that

1 'n' - m+n+2

and we have a similar expression for B(%; n+2,m+ 1). Therefore, we may write

A(m,n) as

min! e /m+n+2 S m+n+2
Alm,n) = 2(m +n + 3)! <(m+1)j0 <j+m+2> +(n+1>jzo(j+n+2)>'
(7.2.16)

Thus, the claim (7.2.8) may be viewed as a certain identity of combinatorial sums.

We also have the following result on the twisted first moment of L(k>(%, X p) which
generalises Jung’s result [Jun22, Theorem 2.1]. Before stating the result, we need

some additional notation. For any integers k,n > 0, we let

=) m" (7.2.17)
m=1
Faulhaber’s formula (see, for instance [CG96, p. 107]), states that

k
_ 1 k+1 + ., k+1-m

where B; are the second Bernoulli numbers. In particular, Ji(n) is a polynomial in

n of degree k + 1 with zero constant term.

Theorem 7.2.4. Let k > 0 be an integer. Also, let | € M and write | = 1,13 with
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l1,lo € M and l; square-free. Then, as g — oo,

1 3 L® (5, xp)xr(l)

k
Pogil p&pr,, (loga)

|111/2Z() 0y (1))

+0 (¢792g"d(1), (7.2.19)

where d(f) denotes the degree of the polynomial f.

7.2.1 Preliminaries for the proofs

We denote the divisor function on IF,[t] by 7(f) which satisfies

)=+ 1" (7.2.20)
feEMn
For a, 5 € C, we let
. 7.2.21
ol = 2 TR T (r2.21)

Also, for integers m,n > 0 we will denote

aern
") = g oo = (g™ 3 d() (7222
and note that we have the bound
[T Y A < (N (7.2.23)

f=rf2
Lastly, we have the following Weil bound for character sums over monic, irreducible

polynomials.

Lemma 7.2.5. For f € M not a square, as g — o0,

1
’P2g+1|

ST welf) < qd(h).

PePagt1
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Proof. This follows from equation (2.5) in [Rud10] and the Prime Polynomial The-

oremnl. n

7.3 The twisted moment of the k-th derivative

Here we will prove Theorem 7.2.4 following the approach used in [Jun22|. Let [ € M
and write [ = [;12 with l1,1l; € M and [; square-free. For h € {g,g — 1}, we define

the sum

Sp(m;l) = Z )1 Z xp(f1)

1/2
fGM ‘fl / |,P2!]+1’ P€P2g+1
_Z” Y |7> ’ > xelfD), (7.3.1)
feM, 29+1 PePagia

and compute an asymptotic formula for Sy (m;![) in the following lemma.

Lemma 7.3.1. For an integer m > 0 and h € {g,g9 — 1}, we have that as g — oo,

)+ 0 (g792gm (1)) . (7.3.2)

L= (M i vmei 7 o1 hed(ly)
SmsD) = (7 )2atr=a
=0

Proof. We split the sum Sy(m;l) = Si(m;l)g + Si(m; )0 according to whether
fl = O or fl # 0. For the contribution of non-squares, we use Lemma 7.2.5 to

obtain

g9
1
[Su(m; Dgol < Y _n™g ™2 Y > xe(fD)
|7D29+1|

n=0 feEM, PePagi1
fl£0
<o S g
feMy,

L q 9(g+d(l Z n™q /2
< g 92g™ (g +d(1)). (7.3.3)

For the contribution of the squares in Sj,(m;1)g, we use the facts that yp(f?) =
xp(f)? and since d(f) < g, we have that Pt f for all P € Py,,;. Thus, for fl =0
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we have

S oxe(f= Y 1 S 1=(Pyul +0(). (7.3.4)

PePogia PePogia PePogi1
P|l

Now, as fl = 0, we write f = Iy f with f, monic. Then, since d(f) = d(l;)+2d(f1) <
h, we can rewrite the sum over f; with d(f;) < (h —d(l1))/2 which gives us that

h
Sp(m; U)o = anqinm Z 7)1 Z xp(f1)
n=0

fEMy, | Qngl‘ PePogia

fl=0
_Z m—n/ZZl O Zm—n/QZ
n'q +
feM ‘PQ “‘ ffean
(h*d(h))/2 h
= ¢ 2N (d(l) + 2 Y 1+O< 2ggd(l)znmq”/2>
n=0 f1EM,, n=0
1 (h—d(l1))/2
= (d(ly) +2n)™ + O (7% g™+1d(1)) (7.3.5)
2=

where we have used the Prime Polynomial Theorem in bounding the error. For the

main term, we use a binomial expansion and the function J;(n) =" _ m" to write

it as
1 (h—d(l1))/2 1 (h—d(11))/2 m
a3 e = 3 3 (7 et
1 Im\ (h=di))/2
- (7)par 3
=0 n=0
L (). m—i 7 (rh—d(l1)
- |14 |1/2 Z; (2)2 d(l)" S5+ (7.3.6)
Combining this with the bounds for the error terms completes the proof. O

Proof of Theorem 7.2.4. Using the expression for L(k)(%, Xp) given in [AJ21, Lemma
5.1] and multiplying by xp(l), we have that
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Lk (L
(3, xP)xP Z” g ? Z e (f1)

(log q)* P

+2k:< ) mgiinmq‘”” > xelf). (73.7)

=0 n=0 feM,

Taking the average over Py, and recalling the definition of Sj,(m; () in (7.3.1), we

can then write

L DG _ g e +Z( ) (—29)"™S, 1 (m:1).

|Pag+1l PEPayir (log q)*
(7.3.8)

Using this expression for the twisted moment, we now apply the formula for Sy, (m;1)

in Lemma 7.3.1 which gives us

+0 (¢ d(1) + 0 (q_g/zdﬂ) 2 (:) (—2g)k‘m9m+l> |

m=0

(7.3.9)

The last error term above is easily seen to be O(q~9/2g**'d(l)) which completes the

proof.
O

7.4 The mixed second moment

In this section we will prove Theorem 7.2.1. Our starting point will be the approximate
functional equation for the product of two shifted L-functions given in [BFK23,
Lemma 2.1|. Namely, we have that for P € Py,
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Ta8(f)xp(f)
fe%;g |fI12

+ q—2g(a+6) Z T-%-ﬁ(f)XP(f) ‘ (741>

1/2
fEMSQ‘(]fl |f|

L(% + QaXP)L(% +B7XP) =

Using the approximate functional equation, we write

1 —2g(ax
Z L(% + Oé,Xp)L(% + ﬁaXP) = F2g(057ﬁ> + q 29 +ﬂ)F29_1(—Oé, _ﬁ>7
|P2g+1| Pep
2g+1
(7.4.2)
where

Fula, )= 3 T L5~ g, (7.4.3)

1/2
fEMSZg |f| |7D2g+1| P€P29+1

and Fy,_1(c, B) is given by a similar expression with Mo, replaced by M<og_1.
From here, one could attempt to obtain the mixed second moment by first
computing a formula for the shifted second moment and then differentiating with
respect to the shifts. This would require asymptotically evaluating the right-hand
side of (7.4.2) for small shifts «, 5. The CFKRS recipe [CFK'05] was applied to this
family of L-functions in [AJS21| and so we can write down the formula one would

expect to obtain. Explicitly, the shifted second moment should be given by

1
‘73 ‘ Z L(%+C¥1,XP)L<%+042,XP)
29+1 PePagia
=Y Ao ewn) [[ GO+eaa+ea)(1+0(1), (7.4.4)
eL:l:I:Ql 1<i<5<2

where

1
Ao =11 11 (1= )
PeP 1<i

(ﬁ |P|1/2+a1>_ +f[( |P|1/2+a1>_1>. (7.4.5)

=1

l\DI»—t
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Since we can compute an asymptotic formula for the second moment of L(%, Xp), we
should in principle be able to compute a formula for the second moment with small
shifts using the same techniques. For instance, formulae for the first, second and third
shifted moments of the quadratic Dirichlet L-functions L(s, xp) over Ho,1 were
computed in [BFK23| using the same approach as Florea [Flo17c, Flo17b, Flo17a]
for the moments without the shifts.

However, even if one obtains a formula in the form of (7.4.4), it is not straightfor-
ward to take derivatives to yield the mixed moments. Especially when the order of
the derivatives is high, computing the main term will be very messy. This difficulty
was previously noted in [DD21, Remark 1.3|, where the authors consequently use an
alternate method. For this reason, the approach we take is to differentiate (7.4.2)
with respect to the shifts first and then determine the asymptotic behaviour. With
this in mind, for m,n > 0 and h € {2¢g,29 — 1}, we define

gm+n (m,n) 1
T(m,n) = Do Fu@, B)lapmo = Y T ) > xelf)

1/2
Pl |f] [ Pag+1l PP
(7.4.6)
Then, differentiating (7.4.2) gives us

1 14
BT 2 DG (Gxe)
29+1 PePogi1
noov
v ILL v v—m-—n
= Tuy(u) + (-1 303 (1) () gtor = Ty -stm ),
m=0 n=0

(7.4.7)

We are then left to analyse the sums 7),(m, n) and we give an asymptotic formula in

the next proposition.

Proposition 7.4.1. For integers m,n > 0 and h € {2¢g,2g9 — 1}, we have that as
g — 00,

(—logg)™ ™ A(m, n)

film) =)

gt L O(gm ), (7.4.8)

with A(m,n) as defined in (7.2.3).

We complete the proof of Theorem 7.2.1 by applying the result of Proposition
7.4.1 to (7.4.7) and isolating the coefficient of (2g + 1)* 3.
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7.4.1 Proof of Proposition 7.4.1
We will prove Proposition 7.4.1 by analysing separately the contribution of the square
and the non-square polynomials to the sum T} (m,n). So, we write

Tn(m,n) = Th(m,n)g + Th(m,n) 4o, (7.4.9)

where T},(m,n)g and T, (m, n) .o denote the sums over f a perfect square and f not

a square in (7.4.6), respectively. We bound T}, (m, n).n using Lemma 7.2.5 to obtain

~(mn)
Ty (m,n)o| < Z ) 1 Z xp(f)

f€M§2g ’f|1/2 |7D29+1| P€P2g+1
f#0
(o))
B T
<q? > |f|—1/2d<f>
fEMSQg
2g
<gq®y ¢ w(Hd(fH)m
7=0 feM;
2g
< gqu ij+n+1q]/2
=0
< gt (7.4.10)

where we have used the fact that ZfeMj (f) < 5¢.
Next, for the terms in 7j,(m,n)n with f = O, we have that d(f) < 2¢ and so
P 1 f for all P € Py,i1. Therefore, as f = [* say, we have that xp(f) = xp(()* =1

and consequently

1

‘P2g+1|

xr(f) = 1. (7.4.11)

PePagia

Thus, we have that

7(m,n) (mn)( £2
Th(m,n)o= Y ) > ) (7.4.12)

1/2
feMSh |f| feMSh/2 |f|
=0

Remark 7.4.2. At this point, the standard method to compute a partial sum such
as that in (7.4.12) would be to consider the generating series and apply Perron’s
formula. In this case however, this approach is not directly applicable since T(m’”)( ?)

1s not a multiplicative function. So, to apply this method, we would have to consider
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the generating series

Gla,Biu)= > Tas(f*) as) (7.4.13)

and take the derivatives after applying Perron’s formula. By the multiplicativity of

Tap(f), one can show that
Z(q " w)2(g w2 (g )
Z(q-220-28,2) ;

where Z(u) = (1 —qu)~" is the zeta function of F,[t]. The point is that following this

method would essentially equate to computing the second shifted moment and then

G(a,fu) =

(7.4.14)

taking the derivatives. But, as discussed earlier, we choose to avoid this approach as

taking arbitrary order derivatives of (7.4.14) leads to very complicated expressions.

Using the definition of 7(™™)(f), we write the main term T}, (m, n)o more explicitly

as

h/2

F(mn) ( £2
2 If!(f) —logg)™™" Y g Y Y df)rd(f)". (TA15)

feEMcn)2 J=0 JeEM; f2=f1f2

Then, for a given j, we use the hyperbola method and write

SN dpra =3 S e YN agr)mds)

FEM; f2=f1f2 FeEM; f2=f1fo feM; f2=f1fa
d(f1)=j d(f1)<j

> > dU)m ()" (7.4.16)

FEM; fi=f1fo
d(f2)<j

The second and third sums here are similar so we need only focus on the first two.

In particular, it suffices to evaluate the sum

SO dprdpy =kt -kt Y S L (1447

JeM; f2=f1 f FeEM; f2=f1fo
d(f1)=Fk d(f1)=Fk

for k < j. To compute the above sum, we reformulate the counting problem

oy 1= ) Z 1 (7.4.18)

JeEM; f2=f1 fo d(f1)=k d(f2)= k’
d(f1)=*k f1f2
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as follows. We observe that fif, = O if and only if f; = ;I3 and f, = [;13 with
l1,l3,l3 € M and l; square-free. Also, since we require that d(f;) = k, we must have
d(ly) < k and d(ly) = (k — d(l1))/2. Then, to ensure that d(fs) = 2j — k, we have
d(l3) = (2j — k —d(l1))/2. Note that d(l3) > 0 since d(l;) < k < j. So, by summing

over [, s, l3, we may write

2. 2 1= ) 2 2. 1

fEM; f2=F1 15 lheH laeM l3eM
d(f1)=k d(l)<k  d(l2)=(k—d(11))/2 d(ls)=j—k/2—d(11)/2
k—d(l1) even

I D L R

lieH loeM
(i) <k a(1z)=(h—d(11))/2
k—d(l1) even

—g Y g, (7.4.19)

lheH
(h)<k
k—d(l1) even

For the final sum over [y, if k is even, then

k k/2
Z g — Z Z =1+ Z Z ¢ =1+(1- q‘l)g, (7.4.20)
lheH =0 lL1eH; i=1 l1€H2;

d(1)<k i even
k—d(l1) even

where we have used the fact that for n > 1,

n

q

Ml = =q"(1—q7). (7.4.21)
G(2)
Similarly, if k£ is odd, we have
Yoo g =140~ ql)%. (7.4.22)
lheH
d(l1)<k

k—d(l1) even

Thus, we have that

o> 1=d0+0-qg"H[E]), (7.4.23)

JEM; f2=11 fo
d(f1)=k

and incorporating this into (7.4.16) using (7.4.17) gives us
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S>3 dgyrany = e (7 00 0= ) )

FeM; f2=f1fa
S R R - ™) (L4 (- g ) [g})).
k=0
(7.4.24)

We now analyse the behaviour of the expression in (7.4.24) as j — oco. As
[z] = x + O(1), the first term inside the brackets in (7.4.24) is

1 jm+n+1
) 2

(1—q +03™"). (7.4.25)

We also have that

SR -k (1 (1 g ) = L S kg gy

k=0 k=0
7—1
+0 (Z k™(25 — k)") : (7.4.26)
k=0
so we now focus on the sum ZJ : o k™(25 — k)™. First, by factoring out a power of j,
we write

Jj—1 m n
ka (2 — k) = jmintt 32(?) <2—§> . (7.4.27)

J k=0

Then we see that as j — oo,

%g G)m (2 _ g)n S /0 L2 — ) (7.4.28)

since the sum is a left Riemann sum for the integral. Therefore, we have that

Jj—1 1 Jj—1 E\™ E\" 1
Z E™(2f — k)" = jmintt. - Z (—) (2 — —,) ~ j”””“/ ™(2 — x)"dx,
k=0 J =0 \J J 0

(7.4.29)

as j — 0o. On the other hand, by Faulhaber’s formula, we know that the sum is a

polynomial in j so we have
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Jj—1 1
S k(2 — k) = / 22— 2)dz + O™, (7.4.30)
k=0 0

Using (7.4.26) and (7.4.30) in (7.4.24) yields

J am+n+2

> Y dnrdny =Y [ e -ar st -om

24(2)

+ O(qjjm+n+1).

feM; f2=fifa

Therefore, by Faulhaber’s formula, we have

e f2)
7

h/2

Th(m,n)g = Z

JeEMcpny2

= (=log@)™™> g7 > " d(f)md

Jj=0 feEM; f2=fif2

—1 m-+n 1
_ ( og Q) / (:L‘m+1(2 . l‘)n + Jin+1(2
0

2¢4(2)
h/2
+0 Z jm+n+1

7=0
B (_ 10g q)m+nhm+n+3
2mAntd (m 4+ n 4 3)(,(
+ O(hm+n+2)'

(7.4.31)

(7.4.32)

fo)"

h/2

x)m) dijm—&—n-l—Q
7=0

) /0 (™2 =) + 2" (2 — z)") dx

(7.4.33)

Recalling the definition of A(m,n) given in (7.2.3) and choosing h € {2¢,2g — 1}

completes the proof.

7.4.2 Proof of Corollary 7.2.1

Here we will prove the simultaneous non-vanishing result for the derivatives of the

L-functions L(s, xp) at s = 1/2. Fix integers p, v > 0 and let P;,,; denote the subset
of P € Pyy4q for which L(“)(%, XP)L(V)(%, xp) # 0. First, we need upper bounds for

moments of derivatives of these L-functions. By Cauchy’s integral formula, we may

write
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1! L(3+2z,xp)
L4 ye) = 2 7{ ) 22Xy (7.4.34)

We choose r = 1/g and then by applying Holder’s inequality to the integral, we have
that

dz hl
() (1 k 1 k =
LGk < ( § G ) fo )

< gt ]{ IL(3 + z,xp) | dz, (7.4.35)
|21=1/g

where we have bounded the second integral using the estimation lemma. We now

introduce the sum over Pyyyq to give

> ILW G xp)F < gt (]{

L + 20 dz)
|

PcPagi1 z|=1/g PcPagi1
< gk max ( > LG +z,xp)yk>. (7.4.36)
|z|=1/g PEPas1

For small shifts z < 1/g, the shifted moments

> LGz (7.4.37)

PePagi1

can be bounded in the same way as the k-th moment at the central point. Specifically,
by Theorem 1.1 in [GZ23], we have the bound

S LG+ 2 xe)|" < gD (7.4.38)

PePogia

Combining this with the bound in (7.4.36) then gives us the upper bound

> L9, xp) [ ggH DI (7.4.39)

PePagi1

for the moments of the derivatives. Recall that by the Prime Polynomial Theorem,

we have that

29

| Pag1| ~ %, (7.4.40)

as ¢ — oo and so the above bound can be written as
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1 W (1 v Vb hlktD)/24+hp
Payer] PZ Gl | A
This bound is sharp and of the order predicted by the random matrix theory results
of Chapter 4.

Now, to obtain the simultaneous non-vanishing result, we again apply Holder’s

inequality, this time to yield

(5 9 w)

PeP2gi1

(= 1)( > G ) (X G (e

PG'P5Q+1 PePagi1 PePagi1

Note that the derivatives of L(s,xp) at s = 1/2 are all real so by raising the
L-functions to the power 4, we may drop the absolute values present in Holder’s
inequality. By Theorem 7.2.1 and the Prime Polynomial Theorem, we know that
the left-hand side of (7.4.42) is asymptotically of size (¢*¢g*T**2)%. For the last two
terms on the right-hand side, we take k = 4 in (7.4.39) to get the bound

> LW xp)t < g7 (7.4.43)

PePagi1

Therefore, by rearranging the inequality in (7.4.42), we find that

( 3 1)2>>(q2g)2. (7.4.44)

10
" g
PeP3, 4

By taking the square-root and recalling the definition of P, ., we therefore obtain

29
{P € Pagrr : LW (L, xp) LW (L, xp) # 0} > qg—5 (7.4.45)

Applying the Prime Polynomial Theorem once again then yields the desired result.
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