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Zusammenfassung

In der vorliegenden Dissertation werden Methoden entwickelt, um die Fourierkoeffizien-
ten spezieller Reihen, namentlich vektorwertige Eisensteinreihen zur Weildarstellung eines
geraden Gitters, zu berechnen. Die bisher bekannten Formeln gehen immer von einem ge-
raden Gitter aus und leiten von diesem die ,lokalen® Daten des Gitters ab. Zur Berechnung
dieser Formeln wurde ein Programm in der Sprache python zur Benutzung mit sage ge-
schrieben. Die Eisensteinreihe selbst hangt nur von der Diskriminantenform des Gitters
ab. Vor diesem Hintergrund untersuchen wir die ,,globalen® Formeln, um zu verstehen, wie
sie aus den ,lokalen“ Daten des Gitters, wie zum Beispiel dem Geschlechtssymbol oder
der Zerlegung in Jordankomponenten, berechnet werden koénnen. Aus dem Vergleich ver-
schiedener Ansétze zur Berechnung der Fourierkoeffizienten der Eisensteinreihen kénnen
wir Formeln fiir die lokale Igusazetafunktion ableiten. Zuletzt benutzen wir die geschrie-
benen Programme, um alle Borcherdsprodukte, die von einer gewissen Klasse von Gittern
kommen, zu klassifizieren.
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Introduction

In this thesis, we implement various algorithms to work with even lattices and finite
quadratic modules, see |Opil§| for the implementation. The program is meant for use
with sage, (cf. [SageMath|) and written in python. In particular, we compute the Fourier
coefficients of vector valued Eisenstein series with respect to the Weil representation for
an even lattice. The main use case for our algorithms is the search and classification of
Borcherds products of singular weight. A copy of the written program is attached to this
thesis, but we explicitly refer to the online reference for future releases and bug fixes.

As it turns out, we do not need a global Z-lattice to compute Eisenstein series, a consis-
tent choice of local Z,-lattices suffices. This makes it possible to compute Eisenstein series
purely from the genus symbol of the lattice or purely from its discriminant form. For the
local algorithms, we have incorporated code from [PSAGE| and |[Ehl16]. For the global
algorithms, we have built upon [SageMath| and compared our results with [Wilb].

To gain further insights, we study and compare the approaches to the computation of
the Fourier coefficients of Eisenstein series given in [KY10] and [BKO1]. A key component
in the second approach is the computation of representation numbers for the lattice and in
particular the computation of the Poincaré series for these representation numbers. These
Poincaré series can be computed by means of the Igusa local zeta function Z(t) where f is
a polynomial of degree 2. We have learned that the Igusa local zeta function can be used
to compute the Fourier coefficients of Eisenstein series from [Will8a]. The Igusa local zeta
functions can be computed by means of [CKW17].

Representation numbers and the Igusa local zeta function

Different kinds of representation numbers appear in this thesis. The representation num-
bers of positive definite lattices appear in the Siegel-Weil formula (cf. Theorem ,
which we use to test the algorithms written in course of this thesis. The representation
numbers of the discriminant form of a lattice (or a finite quadratic module) appear in
the dimension formula for the associated space of modular forms (see Section [4.4). The
third kind of representation numbers are obtained by counting zeros of polynomials modulo
prime powers. They can be studied through the corresponding Igusa local zeta function.
For polynomials of degree 2, these representation numbers are related to the representa-
tion numbers of discriminant forms and they also appear in the local Euler factors in the
formulas of the Fourier coefficients of Eisenstein series. The study of these local factors
motivated the following Theorem [I which plays a central role in this thesis.
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The Igusa local Zeta function for f € Zy[zy, ..., x,] is defined by

Zf(s):/zn F (@1, 20) 3y -

P

and it is related to the representation numbers

Ni(f) = # {2 € 2,/p"Z, | f(2)=0 (mod p*)}

by the the equality

L0 _ g D)

-t kE€Z>0 p*

See Section for more details. For an overview of the properties of Igusa local zeta
functions, we refer to [Den91]. We can write Z;(s) as a rational function in ¢t = p=*. A
proof of this can be found in [Den84].

Theorem 1 (cf. Theorem 2.1.1). Let p be a prime and f € Z,[x1,...,x,]. Let H denote
the hyperbolic plane, given by the polynomial H = x,11Tnto € Zy[Tpi1, Tnio]. The Igusa
local zeta functions of f and f + H satisfy the relation

1 —tZ(t) (1_t> _1-tZpn(t) (1_ t)

1—-t P 1—1 ];

t=pt
or equivalently

ni
P)iczz, P P/ icnz,

t=pt

in terms of (the meromorphic extension of) the Poincaré series for t = p=° and s € C
(assume R(s) large for convergence).

We exploit this result in three different ways. The first is to generalize some aspects in
the approach of [BKO1]. The second is to see in which way the formulas in [BKO1] can
be computed purely from the genus symbol or Jordan decomposition of the lattice. The
third is to derive explicit formulas for the representation numbers of even 2-adic Jordan
components of finite quadratic modules. These Jordan components are finite abelian groups
with a quadratic form ) which takes values in Q/Z. The even 2-adic Jordan components

are denoted by ¢5?" and their representation numbers

N(gi"j) = [{v€dqi": Q(y) =j (mod 1)}|

are given by the following theorem.
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Theorem 2 (cf. Theorem [2.3.3)). Let ¢ = 2! with | > 1, ¢ = £1. Then
J
N qa2n’ J
(q17 q)
(%) {(2“ — g)gl 22120(52n—1)k’ + 8l—i—l} , ij =0 (mod 21)’
(4)" (2" — 2)e Shoey 427 H)¥, if 24| #0 (mod 2).

These representation numbers are an important ingredient in the computation of the
dimension of spaces of vector valued modular forms for the Weil representation with respect
to a finite quadratic module or lattice (see Section . By rephrasing the theorem slightly
we see that Siegel’s formulas for certain representation numbers (|Sie35, Hilfssatz 16]) also
hold for p = 2 when 2 does not divide the discriminant of the lattice and one uses the
Kronecker symbol in place of the Legendre symbol.

The representation numbers for odd 2-adic Jordan components can be obtained by means
of |Opil3]. The representation numbers for Jordan components for odd primes can be
computed by means of [Sch13], with a slight simplification from [Opil3]. We recall these
results in Section [4.2.1] and Section [1.2.2]

Fourier coefficients of Eisenstein series

The simplifications we can apply to the approach in [BKO1| (see Section amount to
the following theorem. It can be thought of to be half way in between [BKO01, Theorem
4.6] and [BKO1, Theorem 4.8], where we have also removed the special treatment of the
prime 2 when it does not divide the discriminant of the lattice. Note that the Eisenstein
series we use here is half of that in [BKO01|, as all Eisenstein series treated in this thesis are
normalized to have constant coefficient e¢;. We achieve this by setting

1 *
E=Epy o= 1 > eoly.r. (M, ¢),

(M,¢)e(T)\Mp2(Z)

where the slash operator is defined with respect to the half-integer £ > 2 (the weight)
and the dual Weil representation pj (see Section [1.6). The 0 in E,: )¢ states that this
Eisenstein has constant term e¢g, its Fourier expansion is of the form

E=ce+ > Y ap(y,n)d",.

YEL' /L neZ—Q(v)
n>0

Eisenstein series with respect to other isotropic elements 3 of the discriminant form of L
would have constant term 3 (es + ¢_g).

Theorem 3 (cf. Theorem [3.2.4). Let v € L' and n € Z — q(vy) with n > 0. The coefficient
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ap(y,n) of the Fisenstein series E of weight k > 2 for p} is equal to

ok ky k=1 (_ 1)(2k—b*+b+)/4

|L//L|T(k)
times
il ‘dq Lyl ), if2|m.
L(k—1/2, ord —k ord, (f)— Ly (k.p) :
e SD (02 ok (P ) — xp(p)pt* F oy g (pr ) 1)) p|dle_t[(S)1’Y_pf£C7 if 24 m.
p’[detS
Here
Nl/ f ez p_s
Lot = 3 Mt (12 20)
VGZZO p p s=—1—-T 4k

S

in terms of the Iqusa local zeta function for the polynomial f = Q(x) — (z,7) + m + Q(v)
and the representation numbers

Ny (f) =#{z € (Z/p"Z)" | Q(z) — (z,7) +m+Q(y) =0 (mod p”)}.
The values of D, D, f, 1 are as in Theorem |3.2.5.

mo_
teplt Bk

When the weight is small, & = 3/2 or k = 2, the Eisenstein series does not converge
absolutely. However, it can be defined by means of the usual “Hecke trick”. The resulting
Eisenstein series is no longer holomorphic in general, but a harmonic Maass form. Its
image under the &-operator (cf. |[BFO04, Section 3]) belongs to Ms_y ,,. The coefficients
with positive index (n > 0) are still given by the formula of Theorem [3|

With Theorem |1]it is now immediate that the local factors only depend on local (p-adic)
choices of Gram matrices and on the parity of the rank which is determined by the 2-adic
data of the lattice (genus symbol or Jordan decomposition). We discuss this in Section

Comparing Theorem [3|to the formulas derived from [KY10], we see that the local factors
are essentially given by the same rational functions and we can exploit this to give formulas
for the Igusa local zeta function (see Section [3.3). We believe that this connection has not
been made explicitly yet.

Estimates of Fourier coefficients

We define the hyperbolic plane as the lattice

U= (2% (z,y) — xy)
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and denote the scaled hyperbolic planes by
U(N) = (2% (z,y) = Nzy)

for an integer V.

In the case that a lattice splits a scaled hyperbolic plane, we can estimate the represen-
tation numbers appearing in Theorem [3| Specializing to the case that the weight is half
of the rank of the lattice, the local factors essentially reduce to a representation number.
This allows us to estimate the Fourier coefficients of the lattice when they are not zero.
The result was obtained together with Markus Schwagenscheidt (cf. [OS18]), we give the
proof in Section [3.5]

Theorem 4 (cf. Theorem [3.5.2)). Let L be a lattice of signature (by,b_) (bi even) with
rank 2k = m > 3 such that L = L1 ®U(N) for some even lattice Ly of rank m—2 > 1. Let
d be the determinant of the Gram matriz of L. Let v € L' and n € Z — q(~y) with n > 0.
The coefficient ag(y,n) of the Fisenstein series with respect to the dual Weil representation
and of weight k = m/2 is either 0 or

(_1)b+/2aE(’yv n) Z Ck7d,N : nk_17

where Cy q.n is given by
21@—}—17.[.19

V1D (k)

times (o)
i T ™= 1p), 2| m,
2—¢(k—1/2) 32k ordp(N) (1— 1/)
C(k—1/2) p|2dp 1—pl—2k P 2+m

This theorem is the main ingredient in our search for Borcherds products of singular
weight.

Searching for Borcherds products

The search for a specific class of Borcherds products can be reduced to solving the linear

equations
n
eI S SUCROCY
'yEL’/Ln<0

Z Z a’f<fy7 TL)ag(’% —Tl) =0

yeL! /L n<0

and

for every cusp form g with respect to the dual Weil representation for an even lattice L
(2,n). We only allow solutions as(y,n) < 0 to ensure that the resulting Borcherds product
is holomorphic. For a simple lattice, there are no cusp forms, so the second condition is
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trivial. Going through the finite list of simple lattices of type (2,n) from [BEF16a] and
estimating the Fourier coefficients of E with Theorem [4] gives only finitely many solutions
to the above condition. Together with Markus Schwagenscheidt (cf. |[OS1§]), we obtain
the following classification result.

Theorem 5 (cf. Theorem [5.0.5). Holomorphic Borcherds products (coming from vector
valued modular forms with non-negative principal part) of singular weight 5 —1 for simple
lattices L of type (2,n),n > 3, only exist in the following cases.

n | genus | lattice level
3274 A(-)eUaeU4) 4
253472 | A (-1) @ U(2) o U(4) 4
2714+ | A (-1) @ U(4) o U(4) 4
2T | A (—2) @ U(2) 2 U(2) 8
8it | A(-4)UU 16
3 | Ay(—-1)aUB)a U(3) 3
6| 275 |Dy-1)UR) U2 2
10| 2% |E(-)eUaU(?2) 2
26| 1M | Eg(-1)@ Es(-1)® Es(-1)pUaU| 1

Here U denotes the hyperbolic plane Z* with Q(x,y) = zy, and Ay, Ay, Dy, Eg denote the
usual root lattices. Further, if (L, Q) is a lattice and N a positive integer, we write L(N)

for the scaled lattice (L, NQ).

The Siegel-Weil formula

The Siegel-Weil formula (cf. [Wei64] and Section [3.1.2)) is an important test case for our
implementation of the Fourier coefficients of Eisenstein series. In the special case of positive
definite even lattices of rank greater equal 5, we can write it in the following form.

Siegel-Weil formula, Theorem 6 (cf. Theorem and Theorem 3.7.2). For a positive
definite even lattice L of rank n > 5, we have
O™ = By 0
where E,p n o is the vector valued Eisenstein series for the Weil representation pr, and of
weight 5. The series 7™ is a vector valued theta series for L symmetrized once with

respect to all the classes in the genus of L and once with respect to the orthogonal group of
the discriminant form of L.

The equality in the p-th component is essentially given by applying [Kud03, Theorem

4.1 and Proposition 4.22] to the Schwartz function ¢ = m Yoo /1) char(opu + I:),
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where p € L'/L and L = L ® Z. We use the notation from [Ros15], where this formulation
of the Siegel-Weil formula is proved when 2 does not divide the discriminant of L.
We list the lattices we considered as test cases in Appendix [C]

Outlook

In this thesis we have developed all the necessary ingredients to compute the vector valued
Eisenstein series F+ 1 o purely from the genus symbol of a lattice or finite quadratic module,
by making a consistent choice of local Gram matrices. The same choice gives Epx i 5 for
isotropic f # 0 when using the formulas from [Sch1§|. Using Poincaré square series as
defined in |Will8a] for the same choice can give us a basis of cusp forms. The local
factors appearing in all formulas can be stated in terms of the Igusa local zeta function,
which we have already tested versus the formulas for generalized local densities. These in
turn have been tested versus the Siegel-Weil formula and versus Jacobi-Eisenstein series.
Implementing these modular forms is the next natural step. Then we will have the whole
space at our (computational) disposal.

Once we have a basis of cusp forms, we can generalize our search for Borcherds products
by dropping the assumption that the given lattices are simple. This is work in progress
together with Stephan Ehlen and Markus Schwagenscheidt. The setup here is to first
enumerate the genus symbols of lattices of type (2,n) with small obstruction space (small
dimension of the space of cusp forms). We then check if these lattices split a scaled
hyperbolic plane (this can be done purely by looking at the local data). If they do, we can
search for Borcherds products by solving a system of linear equations, like before.






1. Preliminaries

In this chapter we introduce the basic objects studied in this thesis. These include quadratic
forms, lattices, discriminant forms, the Weil representation and (vector valued) automor-
phic forms. The expositions in this chapter cover well documented basics. Therefore we
usually give several references and no proofs.

1.1. Quadratic forms

We recall some basic facts about quadratic forms, quadratic spaces and lattices. Some
standard references are [Ser73|, [Cas78], [Kit93], [CS99] and |[Kne02|. For further reading
and some historical notes, [Cox13] can also be recommended. For an introduction in a
modular forms based setting, we refer to [Bru+-08|. Finally for the technique of discriminant
forms, we refer to [Nik79].

Let R be a ring with unity 1 and let M be a finitely generated R-module.

Definition 1.1.1. A quadratic form Q on M is a map ) : M — R such that
(i) Q(rx) =r*Q(x) forallr € Rand x € M,
(i) (z,y) = Q(x+y) — Q(x) — Q(y) is a bilinear form.

We refer to (x,y) as the bilinear form associated to Q. We call the pair (M, Q) a quadratic
module. In the case that R is a field, (M, Q) is a quadratic space. Note that (z,z) = 2Q(z).

From now on let (M, Q) denote a quadratic module.
Definition 1.1.2. Let z,y € M.
(i) If (z,y) = 0, we say that x and y are orthogonal to each other.
(i) If Q(z) =0, we say that z is isotropic. If Q(z) # 0, x is anisotropic.
(iii) For a subset U C M, we define its orthogonal complement by
Ut ={zeM|(z,y)=0forallycU}.

For an element = we analogously denote by z* the set of all elements orthogonal to
x.

(iv) If M+ = {0}, the quadratic module is said to be non-degenerate.
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Note that a non-degenerate quadratic module can have isotropic elements.

Definition 1.1.3. Let (M, Q) be another quadratic module. An injective linear map
o M — M satisfying Q = Q o ¢ is called an isometry. If o is bijective, the quadratic
spaces are called isometric and we write (M, Q) ~ (M, Q) which we sometimes abbreviate
by M =~ M. The orthogonal group of M is the group of isometries from M onto itself and
denoted by O(M).

Example 1.1.4. Let (b*,b”) be non-negative integers. We denote by R*"*" the quadratic
space over R given by RV with the quadratic form

Q1 Ty ) =TT+ F Ty — Tpa g — o — Tyt (1.1.1)

Proposition 1.1.5. Any non-degenerate quadratic space (V,Q) over R is isometric to
RV The values b, b~ are unique and satisfy b™ + b~ = dim(V).

Definition 1.1.6. The type of V ~ R*"*" is defined by the pair (b*,b7). The signature
of V is the value
sign(V) =0t —b. (1.1.2)

1.2. Quadratic forms on finite abelian groups

Introductions to this topic can be found in the section on discriminant forms in [Sch09] or
in the section on finite quadratic modules in [Str13].

Finite abelian groups are Z-modules. However they are not freely generated. Therefore
we need to modify our previous definition of quadratic forms in the following manner. It
should always be clear from the context which kind of quadratic form is used.

Definition 1.2.1. A quadratic form @ on a finite abelian group D is a map @ : D — Q/Z
such that

(i) Q(rx) =r*Q(x) for all r € Z and z € D,
(ii) (z,y) :==Qx +y) — Q(x) — Q(y) is a bilinear form.

Again, we refer to (z,y) as the bilinear form associated to Q). Orthogonality, orthogonal
complements and isometric/anisotropic elements are defined analogously to the case of
quadratic modules. We say that Q is non-degenerate if D+ = {0}. This is equivalent to
the map D — Hom(D,Q/Z), v + (v, -) being an isomorphism. If @) is non-generate, we
call the pair (D, Q) a finite quadratic module.

Remark 1.2.2. Finite quadratic modules arise naturally as (L'/L, @ (mod 1)) where L is
an even lattice with quadratic form ) and L' is the dual lattice. By identifying elements
in v € L'/L with a representative in v € L/, the conditions Q(y) = 0 (mod 1), Q(y) = Z
and Q(vy) € Z all mean the same. If D arises from an even lattice in this manner, it is
also called the discriminant form of the lattice L. Every finite quadratic module can be
obtained as a discriminant form.

10



1.2. Quadratic forms on finite abelian groups

Definition 1.2.3. Let (D,Q) and (D, Q)~ be finite quadratic modules. An injective ho-
momorphism o : D — D satisfying Q = Q o o is called an isometry. If o is bijective, the
quadratic spaces are called isometric and we write D ~ D. The orthogonal group of D is

the group of isometries from M onto itself and denoted by O(D).

Definition 1.2.4. We define the (orthogonal) direct sum of two finite quadratic modules
(D1, Q1) and (D3, Q2) by

(D1 @ Da, Q1 @ Q2) := (D1 X Da, (71,72) = Q1(n) + Q2(72)). (1.2.1)

We say that a finite quadratic module D decomposes into Dy and Do, if it is isometric to
Dy ® D,. If D cannot be decomposed, it is called irreducible.

Definition 1.2.5. The level of D is the smallest positive integer N such that N-Q(v) € Z
for all v € D.

Any finite quadratic module D decomposes (orthogonally) into its maximal p-subgroups.
We write
D =D, (1.2.2)
pIN
where N is the level of D and p runs through the prime divisors of N. These D, decompose
into Jordan components for which we introduce the symbols ¢=" (p-adic components) where
q is the power of an odd prime p and the symbols ¢;i" (odd 2-adic components) and quf"
(even 2-adic components) where ¢ is a power of 2, t € Z/8Z and n =t (mod 2). The
irreducible Jordan components are the ones with n = 1. Jordan components for the same
p-power compose and decompose as follows.

Y e (1.2.3)
gEm @ g~ gir ) (1.2.4)
G @ i o g m), (1.2.5)

The ranks and subscripts add and the signs multiply.

Definition 1.2.6. Let ¢ be the power of an odd prime p. The irreducible p-adic Jordan
components of exponent ¢ are given by

2
= <Z/qZ,’y > a'y2> , with (a) =e. (1.2.6)
q p

If ¢ is a power of 2, the irreducible even 2-adic Jordan components of exponent ¢ are

0’ = (Z/qZ)?, (1, 72) = 61]7172), (1.2.7)
0 = (ZJqD) () o f]w% s+ D) (1258)

11



1. Preliminaries

and the irreducible odd 2-adic Jordan components of exponent ¢ are
¢ = 2/qZ,y — LVQ with <t> —¢ (1.2.9)
t - ’ 2q ’ 2 ‘ o
We will further need the following invariants.

Definition 1.2.7. For an odd prime p and a p-power ¢ we define the p-excess. For p = 2
and ¢ a power of 2 we define the oddity. These invariants are given by

excess(q™) = n(¢g—1) (mod 8), ifg=0ore=+41, (1.2.10)
b = n(g—1)+4 (mod8), else, o
. o 0 (mod8), ifg=0o0re=+1,
oddity(¢57") := {4 (mod 8).  elsc (1.2.11)
oddity (") = t (mod 8), ifg=0ore=+41, (12.12)
)=y +4 (mod 8), else, o

where ¢ = [J means that ¢ is a square. We extend these invariants to any finite quadratic
module by adding the invariants of the components in its Jordan decomposition. This is
well defined and yields additive invariants with respect to orthogonal direct sums. Further
we define the multiplicative Weil invariants ,(D) by setting

(D) = {e (oddity(D)/8), ifp=2, (12.13)

e (—p-excess/8), else.

Remark 1.2.8. The Weil invariants of a finite quadratic module correspond to the classical
Weil invariants defined in [Wei64]. A proof can be found in [Zem15, Prop. 4.1].

Definition 1.2.9. We define the signature of a finite quadratic module D by

sign(D) := oddity(D) — > p-excess(D) (mod 8). (1.2.14)

p>3

If D is the discriminant form of an even lattice L, this agrees with the definition
sign(D) :=sign(L) (mod 8). (1.2.15)

In this case equation ((1.2.14]) is called oddity formula (or Weil reciprocity law [Wei64,
Prop. 5]).

12



1.3. Lattices

1.3. Lattices

Let R be the ring of integers Z or a ring of p-adic integers Z,. Let F' be the corresponding
field of fractions, that is Q or Q,.

Definition 1.3.1. An R-lattice L is a finitely generated R-module with a quadratic form
Q@ : L ®g F — F such that the quadratic space (L ®g F, Q) is non-degenerate. By lattice,
we mean a Z-lattice and by p-adic lattice, we mean a Z,-lattice.

Definition 1.3.2. For an R-lattice L with associated quadratic form () and a factor f € R,
we denote by L(f) the lattice L with scaled quadratic form f - Q.

Definition 1.3.3. For an R-lattice L, we define its dual lattice L' as
L':'={ANeL®rF|(\p) €Rforall pe L} (1.3.1)
which is contained in the quadratic space associated to L.

Definition 1.3.4. If we L' = L, we call the lattice L unimodular. We define the hyperbolic
plane as the unimodular lattice

U= (Zz, (x,y) — xy) :

Definition 1.3.5. We define the Gram matriz of an R-lattice L with respect to a basis
bi,...,b, of L to be the matrix S with coefficients (b;,b;). This allows us to define

det(L) := det(95). (1.3.2)

Further we define the discriminant of this lattice by

n(n—1)

disc(L) := (—1)" 2z det(L), (1.3.3)

where n is the rank of the lattice L.

Choosing a different R-basis for the lattice can change the determinant by a factor in
(R*)%. If L is a Z-lattice, the determinant is well-defined. Note that the discriminant
remains unchanged when adding hyperbolic planes.

Definition 1.3.6. An R-lattice L is called integral if its bilinear form takes values in R,
that is (A, u) € R for all A\, u € L. If its quadratic form takes values in R, it is called even.

We see that even lattices are integral. Also a lattice is integral if and only if L C L'. In
this case we have the equality

IL'/L] = |det(L)| = | disc(L)]. (1.3.4)

If the rank of L is odd, then its discriminant form must have an odd 2-adic component
which is equivalent to 2| det(L) or 2| disc(L) (cf. [Kne02, chapter 2]).

13
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Definition 1.3.7. The discriminant form of an even Z-lattice L with quadratic form @ is
the finite quadratic module (L'/L,Q (mod 1)).

Definition 1.3.8. The level of an even lattice is the level of its discriminant form. This
is the smallest positive integer N such that N - Q(y) € Z for all v € L'.

From now on let L be an even lattice. We define the associated p-adic lattices to be
L, := L ®z 7, with quadratic form Q,(A ® s) = s*Q(\). In the same manner we can allow
real scalars, to associate the real quadratic space L ®z R to L.

Definition 1.3.9. The type and signature sign(L) of a lattice L are given by the corre-
sponding qualities of the real quadratic space associated to L.

The associated p-adic lattices also appear in the decomposition of the discriminant form
of L, that is

L'/L~E@L,/L, (1.3.5)

where the concrete isometry is given by the Chinese Remainder Theorem. The quadratic
form on the components of the right hand side can be obtained by applying the Chinese
Remainder Theorem as a group isomorphism and then taking the quadratic form on L'/L.
This is isomorphic to choosing

Qp ~ _
L /L, =% Q,/Z, = Z[p']/Z = Q/Z. (1.3.6)
An isometry proving ([1.3.5) is constructed explicitly in Section [4.1 where we give change
of basis T}, € GL,(Z,) such that
Qp ~ _
L/L, 5 L /L, =% Qy,/Z, = Z[p™)/Z — Q/Z (1.3.7)

gives the quadratic form for the right hand side of (1.3.5)).

1.4. Canonical forms

Every p-adic lattice is an orthogonal direct sum of canonical forms. For proofs on how to
obtain such a direct sum (including the needed change of basis), see [Cas78]. We construct
the missing change of basis in the p = 2 case in Section [A]in the appendix. The canonical
forms correspond to Jordan components of discriminant forms and are as follows.

Lemma 1.4.1. Let p # 2 and L, ~ Z; with Gram matriz S,. Then Sy is GLy(Zy)-
equivalent to a matriz of the form

diag(2e1p", ..., 25,p™), (1.4.1)

with e; € Z; and l; € Z. If L, is even, we have l; > 0. A block of length r of the form

a

p' - diag(4,. ... 4,4a) corresponds to (p')*" in the Jordan decomposition, where € = (5)'

14
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Let p = 2 and Ly ~ 7% with Gram matriz Sy. Then Sy is GL,,(Z2)-equivalent to a matriz
of the form

diag(e1p", ..., e.p'") @ (é om (? é)) ® (é 2ni G é)) , (1.4.2)

i=1 j=1

with e, € Zy and l,, m;,n; € Z. If Ly is even, we have [, > 1, m; > 0 and n; > 0. A block

of the form (t2!) corresponds to (p')st in the Jordan decomposition, where ¢ = (%) Blocks

of the form 2™ (? é) correspond to components (2™)7. Analogously the form 2™ G ;)

corresponds to (2™)F.

Conversely, this lemma allows us to “guess” local Gram matrices for discriminant forms.
We will use such a guess to compute Eisenstein series for even lattices purely from local
data, that is, purely from the genus symbol of the lattice in Section [3.4]

1.5. Genus symbols

Definition 1.5.1. Two R-lattices L, M are isometric if there is an isometry o of the
associated quadratic spaces mapping one lattice to the other, that is o(L) = M. In this
case we write L ~ M and say that these lattices are in the same (isometry) class. We say
that two Z-lattices L and M are in the same genus, if we have L, ~ M, for all primes p
and LR ~ M ® R.

Every genus consists of finitely many isometry classes [Kne02, Satz 21.3]. If the lattices
L and M are in the same genus, then L + H ~ M + H are isomorphic, i.e. they belong
to the same class [Kne02, (27.6)]. From this we can deduce that L and M represent the
same element in the Witt group and hence have the same discriminant.

Definition 1.5.2. We define the genus symbol of a discriminant form or a lattice to be the
symbol of its Jordan decomposition. A genus is determined by its genus symbol together
with the type of its lattices.

Remark 1.5.3. It is possible, to obtain the discriminant of a lattice L purely from its
genus symbol. This is done as follows:

The genus symbol encodes the Jordan decomposition of the discriminant form of L. From
the oddity formula, we know the signature s = b — b~ (mod 8) of L and in particular the
parity of the rank n = b* + b~ of L. We have

n(n—1) n(n—1)

sign(disc(L)) = (—1)~ = sign(det(L)) = (=1)" =z (=1)"" =

15
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From this we deduce

pt—b= o, »
dise(L) = { (TH T IE/LL meven U gy gy (1.5.1)
(=1) 7= |L//L], nodd,

The right hand side can be computed purely from the genus symbol without knowledge of
the rank of L.

Remark 1.5.4. The parity of the rank of L is determined by the 2-adic components in
the Jordan decomposition.

Example 1.5.5. (i) The genus symbol 37! stands for the finite quadratic module
72
(Z/?)Z, T (mod 1)) :

which we can also realize as
(;Z/Z, z+ 3% (mod 1)) .
We calculate
sign(37!) = 0 — 3-excess(37') =0 —-6=2 (mod 8)

and

disc(371) = (=1)2|Z/3Z| = —3.

If we want to realize 37! as the discriminant form of an even lattice L, then L must
have even rank. It is easily seen, that L = (Z? x ~ z'(?1)x) fulfills the above
criteria. Over Zsz, the Gram matrix of the lattice is equivalent to (2 ), which is itself

equivalent to (%42 ,95) with (%) = —1 in accordance with Lemma |1.4.1

(ii) The genus symbol 251874371 can be decomposed into irreducible components as
2;18+28723~1. This means we can realize it as

727 x (ZJAZ)? x (ZJAZ)* x Z./3Z,
3 1 )

1 1
Q(z1,...,x6) = Zm% + g¥2%s + 3 (xi + zyz5 + x?) + 3%6 (mod 1).

This finite quadratic module has level 12. Its signature is
sign(2;'87371)

oddity(2;') + oddity(8~*) — 3-excess(371)
=B+4)+4—-6=5 (mod8)

S
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and the discriminant is given by

s(s—1)

disc(2;'87437 1) = (=1)" =z -2.8".3 =24576.

1.6. The Weil representation

For the definition of the Weil representation in our case, we follow |Bru02a). Other aspects
of the Weil representation are introduced where needed. We realize the metaplectic double
cover Mp,(R) of SLy(R) as the group of pairs (M, ¢(7)), where M = (25) € SLy(R), and
¢ is a holomorphic square root of ¢t +d for 7 € H. Further we define Mp,(Z) as the inverse
image of SLy(Z) under the covering map Mp,(R) — SL2(R). It is well known that Mp,(Z)

is generated by
11 0 —1
po (3 0)) wa s (07 08) "

The Weil representation py, with respect to an even lattice L is a unitary representation of
Mp,(Z) on the group ring C[L'/L] which we endow with the standard scalar product. If
we denote the standard basis of C[L'/L] by (ey)yer//r, the Weil representation is defined
by

e((b” —b")/8) 3

e(— ,5 ¢s, 6.2
L BGL,/L( (7,9)) (1.6.2)

pr(T)ey = e(Q(7))e, pr(S)e, =

where b™ — b~ is the signature of L. We see that the signature of L is only needed modulo
8 and that the Weil representation only depends on the discriminant form of L.

We denote the dual Weil representation by pj which is essentially the same as the Weil
representation for the lattice L(—1).

Definition 1.6.1. For a half-integer k € %Z and an even lattice L, we define actions of
Mpy(Z) on C[L'/L]-valued functions on H via the Petersson slash operator

FliL(M, ¢)(1) = (7)™ pr(M, ¢)~" f(MT), (1.6.3)
FliL(M, ¢)(1) = (1)~ p.(M, ¢) 7' f(MT).

1.7. Vector valued modular forms

Definition 1.7.1. A holomorphic function f : H — C[L'/L] is called a (weakly holomor-
phic) modular form of weight k € %Z with respect to py if

(i) fIe(M,¢) = f for all (M, $) € Mp,(Z) and

(ii) f has at most a pole at oco.
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More precisely, this means that f has a Fourier expansion of the form

f(r) = Z/ z(:@ ar(y,n)e(nt)e.,, (1.7.1)

that is, as(v,n) = 0 for all but finitely many n < 0. The finite Fourier polynomial

Pit)= > > as(y,n)e(nt)e, (1.7.2)

yEL' /L n<0

is called the principal part of f. If the principal part is 0, we call f a (holomorphic) modular
form. Additionally if all Fourier coefficients as(y,n) vanish for n < 0, we call f a cusp
form. We denote the space of cusp (resp. holomorphic modular, resp. weakly holomorphic
modular) forms by Sk, , (resp. My, , resp. M;, , ) and we have the natural inclusions

!
Sk?:PL C Mk,PL C Mk,pL'

Note that the coefficients of f satisfy the symmetry a;(y,n) = (=1)F=¢"=7)/2q (—v, n)
for all n € Q,y € L'/L. Every finite sum as in ((1.7.2)) which satisfies this symmetry will
be called a formal principal part.

1.8. Vector valued Eisenstein series

We fix an even lattice L and a weight k£ such that 2 < k € %Z. In analogy to the case of
classical modular forms, we define vector valued Eisenstein series of weight k with respect

to p, by .

Eyp ks = 1 > esle.r(M, o) (1.8.1)
(M,p)e{T)\Mp2(Z)

for any isotropic vector § € L'/L. The Ejs define holomorphic modular forms and as
in the classical case, every holomorphic modular form for p; can be written as a linear
combination of Eisenstein series and cusp forms.

In this thesis, we use formulas from [KY10], to compute the Fourier coefficients of
E = FE,, o with sage. For a positive definite lattice of rank greater than 4, the Eisenstein
series E appears in the Siegel-Weil formula as a weighted sum of vector valued theta series
for representatives of classes in the same genus. We use the Siegel-Weil formula to test our
program. A second test is provided using the theory of Jacobi forms.

The Fourier coefficients of 2F,+ o with respect to the dual Weil representation have
also been previously computed in [BKOI]. Note that these formulas can be evaluated
using Igusa local zeta functions and that this approach is described in [Will8c|. We use
these formulas to estimate the Fourier coefficients in the case that the lattice L splits a
scaled hyperbolic plane. As these Fourier coefficients are an obstruction to the existence
of certain Borcherds products, their estimates play a crucial role in trying to find new
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Borcherds products systematically.

1.9. Jacobi Forms

The Algorithm for the computation of vector valued modular forms for the Weil represen-
tation can be tested against the theory of Jacobi forms. Our standard reference is [EZ85].

Jacobi forms of even weight k& € Zs, and index m € Z-, for the group SLg(Z) are

holomorphic functions
f:HxC—C.

that satisfy the following transformation laws

2mimcz?

(1) f(e=t2 =2 = (er + d)ke ervd f(7,2) for (28) € SLy(Z),

ct+d’? ct+d

(i) f(7,2 4+ M+ p) = (e7 + d)ke 2mmNT4+222) £ (- 2) for (A, 7) € Z2,
and have a Fourier expansion of the form

(ili) f(1,2) =202 0> rez c(n,r)ezm("””).

r2<dnm

As in the case of (vector valued) modular forms, we obtain examples of Jacobi forms by
defining Jacobi-Eisenstein series. This approach yields

1 at +b z c?
Eim = - d)Fem [ N2 2\ — 1.9.1
k, QCEZAXE:Z(CT—F ) e ( CT+d+ ct +d c7’+d>’ ( )

(e,d)=1

the Jacobi-Eisenstein series of weight k£ and index m. These series correspond to vector
valued Eisenstein series for a certain lattice (cf. Section [3.6]). This allows us to test the
Fourier coefficients of these series against each other. The Fourier expansion is given by
the following theorem.

Theorem 1.9.1. The Fourier coefficients eg,(n,r) of the Jacobi-Eisenstein series of
weight k and index m are given by 1 if 4nm = r* and r = 0 mod 2m, and by 0 if
dnm =1r? and r 20 mod 2m. If 4nm > r?, we have

L'r2—4n(2 - k)

S S— 1.9.2
ek,l(n7 T) C(S _ 2]€) ? ( 9 )
— _ -1 _ nm r
€k7m(n7 T) =m k+1 H (]_ +p k+1) E ,LL(d) E a/k 16&1(@, @) (193)

plm P al(n,5,%)

d|r

The Dirichlet L-series Lp(s) is the usual one if D is a fundamental discriminant, i.e.
D =1 or D is the discriminant of the quadratic field Q(v/D). If D is not a fundamental
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discriminant, we may write D = Dgyf? where f € Zso and Dy is the discriminant of
Q(VD). We extend the definition of Dirichlet L-series to

0, if D#0,1 mod 4,
Lp(s) ={¢(2s —1), if D =0, (1.9.4)
Lpy(5) Lay u(d) (B0) d =01 (%), if D=0,1 mod4, D#0.

Proof. The formula for ey, ; is given in [EZ85, Theorem 2.1], the general formula follows from
equation (13) in [EZ85, in Chapter 4] together with the formulas for Fourier coefficients
under Hecke operations in the same chapter. ]

Remark 1.9.2. If m is square-free, the factors in front of the sum simplify to

m ] (1 +p_k+1)_1 =oy_x(m)~? (1.9.5)

plm

in accordance with equation (7) after Theorem 2.1 in [EZ85].

1.10. Idele class characters and Dirichlet characters

It is a well-known fact that idele class characters with finite image correspond one-to-
one to primitive Dirichlet characters. We work out this correspondence explicitly in the
case of quadratic characters. In this case, an idele class character given by a Hilbert
symbol corresponds to a Dirichlet character given by a Kronecker symbol. The general
correspondence can be found in |Deil0]. More information on Hilbert symbols can be
found in [Ser73|. In the treatment of Dirichlet characters we follow |Zag81].

Let Z = [ly<co Zp- We denote the finite adeles by Ay = 7 ®z Q and the adeles by
A =R x Ay. For an element x = ()< € A, we denote by z; = (2,)p<0 € Ay the finite
part of . We denote the ideles by A* and refer to [Deil0, Chapter 5] for the topology
of A and A* which is given by the topology of restricted products. The rational numbers
can be embedded diagonally into A and we have Q% C A' = {a € A* | |a| = 1} where the

norm is given by
lal = T layl,.
p<oo

The isomorphism

AX/Q* ~ A'/Q™ x (0, 00),
(@5, 200)Q* = (27, ”f;‘p@x, ),

(va erO>QX A ((xf’ SL‘OO)QX,T)

together with the fact that characters of A'/Q* have finite image shows that characters of
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A'/Q* correspond to characters of AX/Q* with finite image. The isomorphism

Al/@XEZX:<H Zp)x: H 7%
p<oo p<oo

1
(2,)Q" — ?va

(xf ’ 1)QX Iy
allows us to use the Chinese Remainder Theorem. We have

[1 Z; ~ lim (Z/NZ)*,

p<oo N€Z>0
((zp1)j)p = (28N, 2N = 22 v \F (mod pf*) | (mod N) for N = 1:[119? 7

((2p3)5)p < (2N) -

The correspondence of characters uses the following lemma.

Lemma 1.10.1 (|Deil0, Lemma 6.3.2]). The isomorphism

AY)Q* ~ T[] z; ~ lim (Z/NZ)*

p<oo NEZ>0

induces a bijection between the set of characters of the group A'/Q* and the set of all prim-
itive Dirichlet characters as follows: For a primitive Dirichlet character x with modulus
Ny, the composition

A'JQ* ~ lim (Z/NZ)* 2% (Z/NyZ)* =5 T

NEZZO

defines a character of A'/Qx.

Let k € Q\{0}. The character (-,x) : A*/Q* — T has finite image. Without loss of
generality we may assume that s is a square-free integer. Working through the various
isomorphisms yields the following correspondence.
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Correspondence 1.10.2.
(-,k):A/Q* — T,
(zp) = IT (2, 5)p

p<oo

!

( '7’%) :Al/@x _>T7
(zp) = H (Tps K)p

p<oo

!

(-k):2°=T] 2z —T,

p<oo

(zp) = H (Tp, K)p

p<oo

!

(-.%): lim (Z/NZ)* T,

NEZZO

(z2n) = H (Tps K)p = (28, K)2 H (2ps K)p

p<oo 2<p<oco

where x, = (2p, 2p2, Zp3, . . .)

where D is the fundamental discriminant defined by

D{fi, if k=1 mod 4,

4k, else.

The last step in this correspondence deserves some more attention. The Hilbert symbol
on the fields Q, for p < co can be evaluated using Legendre symbols as in the following
theorem.
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Theorem 1.10.3 ([Ser73, Chapter III, Theorem 1]). For a,b € R*, the Hilbert symbol
(a,b)0c 8 1 if a >0 0orb >0 and —1 if a <0 and b < 0. For a,b € Q) we write a = p*u
and b = pPv with u = (up, uye,...),v = (Vy,v,2,...) € Z). We then have

B «
(a,b), = (~1)=0 (1;) (p) 2 <p<oo

(a, b)z — (_1)E(u4)€(v4)+W(vs)+ﬂW(us) if p=2.

Here e(t) := 5t (mod 2) and w(t) := tQT’l (mod 2).

We see that 2-adic integers are only needed modulo 8 in the 2-adic Hilbert symbol,
for all other primes p the p-adic integers are only needed modulo p. The last step in
Correspondence [1.10.2] is now a matter of case distinction. Recall that k is a square-free
integer and z, € Z,.

If p is odd and p t k, we have

oy = 100 () (5) 2

If pis odd and p | K, we get

ot (3) (5 - (3)-(2) i

using quadratic reciprocity with p’ = (—1)®)p.
If p = 2, we see that

(2, K)g = (—1)7E02CT 2R +ra() )

(_1)6(2;4)5("‘€)7 if 2 Jf K,

— (_1)a(z4)8(271’f)+“’(28), if 2 || K,
1’ itk=1 mod 47
(4) = v, ifnm mods
2)=xs(z),  ifx=2 mod8,
) ), itams ms

is given in terms of Kronecker symbols.

Putting all cases together using the fact that primitive Dirichlet characters with coprime

23



1. Preliminaries

modulus are multiplicative yields

(28, k)2 H (2p, K)p = (28, K)2 H(Zp7 K)p

2<p<oo plK
pF2

[Lx Xp (2p), if k=
X—a(za) T X (2p), i £ =
Xs(28) ng Xp(2p), k=
X-s(2s) IIps Xp (%), if K=

{Xﬁ(zﬁ), if k=1 mod 4,

Xar(24x), else.

This proves the last step in Correspondence
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2. Representation numbers

In this chapter we study different types of representation numbers. For polynomials, these
numbers count how often it takes the value 0 in a certain sense. Their Poincaré series is
related to the Igusa local zeta function. The representation numbers of lattices can be
viewed as the representation numbers for polynomials of degree 2.

Counting how often discriminant forms take certain values can be reduced to computing
these representation numbers for the Jordan components. We derive explicit formulas for
the 2-adic Jordan components. The Jordan components for odd primes can be treated by
computing the lengths of orbits with respect to the action of the orthogonal group.

2.1. The lgusa local zeta function - representation
numbers of polynomials

For our purposes it suffices to define the Igqusa local zeta function as

Zs(s) = /Zn |f(z1, @) pdoy .. doy, (2.1.1)

P

where the measure is normalized such that vol(Z,,dz;) =1, f € Z,[x1,...,x,] and s € C
with R(s) > 0. For an overview and generalizations, we refer to |[Den91]. The Igusa
local zeta function is a polynomial in ¢ = p=® (cf. [Den84]). Whenever we state s € C
without a condition on its real part, we talk about meromorphic extensions of the regarding
functions. Whenever convergence is an issue, we assume s to have a large real part and
usually R(s) > 0 suffices.

If we define Ni(f) = # {x € Z,/p*Z, ‘ f(z) =0 (mod p"“)}, we have the equality

1—tZ4(t)

_ N(f) —ks
= ML ks (2.1.2)

nk
k€Zso P

The term on the right hand side appears in the computations of [BK01], where it is eval-
uated without use of the Igusa local zeta function.

Note that the Igusa local zeta function can be computed for quadratic polynomials by
means of [CKW17]. These formulas were implemented in [Wilb].
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2.1.1. Adding hyperbolic planes

The following theorem which was inspired by Observation [3.0.7] and Remark shows

the behaviour of the Igusa local zeta function and the Poincaré series under addition of a

hyperbolic plane.

Theorem 2.1.1. Let p be a prime and f € Zy|x1,...,x,]. Let H denote the hyperbolic
plane, given by the polynomial H = Tp41%Tnte € ZLp|Tni1, Tny2]. The Igusa local zeta

functions of f and f + H satisfy the relation

1—tZAﬂ<1 t)__l—tZHH@)<1_t>

1—¢ T 1—t¢

p

t=pt
or equivalently

(=3) 2 5= (=0) 3 Mt

242
P/ iciz, P P/ ez,

t=pt

in terms of the Poincaré series fort =p~° and s € C.

The proof relies on the following identity of representation numbers.

(2.1.3)

(2.1.4)

Lemma 2.1.2. Letp be a prime and f € Zy[x1, ..., x,)|. Let H denote the hyperbolic plane,
given by the polynomial H = xp11%py2 € ZLp|Tpi1, Ttz The representation numbers of f

and [+ H satisfy the relation

P’ (Ni(f) - p”_lNz'—l(f)) = Ni(f + H) — p"™7 N,y (f + H)

fori>0.

Proof. We recall the well known formula (cf. Lemma |3.5.3))

(ord,(a) +1)(1 — %)pi, ord,(a) < 1,
i(1— %)pi + 7', ord,(a) > 1,

(2.1.5)

for any n € Z, and @ € Z>(. It is important that the representation number depends only
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2.1. The Igusa local zeta function - representation numbers of polynomials

on i and ord,(a), i.e. N;(H — ) = N;(H — p° %)), For i > 0, we deduce

Ni1(f+ H)
= Nia(f)Niea (H) + > Niy(H — f(x))

QCE(ZP/PFIZP)‘"
f(z)#0  (mod p'~t)

= NN () + :ii# {6 € @plp 2" | rdy(F(2)) = v} Nes (H = 37)
~ (== D) N
+ 5 o € @/ 2 | (0) =} 0+ 1= S
and
N;(f+H)
NN+ Y N(H — f(a)

z€(Zp /P Zp)™ )
f(@)#0  (mod p*)

=N;(f)N;(H) + Zz_:o# {(L’ € (Zp/pin)” ’ ord,(f(x)) = V} Ni(H —p*)

- <z’(1 - ;)pi +pi> N;(f) + i# {v € (Zp/pZy)" | ordy(f(2)) = v} (v + 1)(1 = ;)pi

= (10 2 ) N 4 # o € @) | ordy () =i = il = D
s # {r € @2 [ ordy () = v} (v + 1)1 - D

= (i1 D) M)+ G N) = N 1=
s z P (o € @lp B | (1() = v} 0+ D - D

=P N(f) + 5" Na ()i =
" zp# {r € @2, | ordy (@) = v} (w4 D1 = D
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2. Representation numbers

Together, this yields
Ni(f +H) = p"" " Nia(f + H)
N+ N (i D (G- 0= D) )
=p' (Ni(f) = "' Nia(£))
which finishes the proof.
Example 2.1.3. Let p=3,n=1,i =2 and f(z;) = 3. By counting, we get

Ni(f)
Na(f)

1, NMi(f+H)=09,
3, No(f+ H)=099.

We see that
3?(B3-3"1)=18=99 —3*.9,

and no simpler relation between the representation numbers seems possible.
Proof of Theorem [2.1.1. The left hand side of (2.1.4) is

(1_t> Z Mti: Z Ni(f)ti_N<f)tz+l

P iGZZO pm i€Z>0 pm pnz—l—l
Nioa(f) )
=1+ ;} < I t
=143 (Ni(f) = p" ' Nica(f)) —-
i>0 p
The right hand side is
t Ni(f+H)i f+H) i Ni(f+H) i+1
(1 - p) Z p(n+2)i t - Z (n+2 (pt)" — p(nt2)itl (pt)
i€Z>0 t=pt  1€L0
_ Ni(f+H) Nia(f+H)\,
=1+ Zt:) ( pln+1)i B p2)(i—1)+1—i ¢

)

=14+ > (Ni(f + H) = p™ 7N,y (f + H)) p<nt+1>z"

1>0

By Lemma [2.1.2] both sides agree.

Applying Theorem [2.1.1] repeatedly, yields the following result.
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2.1. The Igusa local zeta function - representation numbers of polynomials

Corollary 2.1.4. Let p be a prime and f € Zy,[xy, ..., x,|. Let H®™ denote h € ZL>( copies
of the hyperbolic plane, given by the polynomial

h
a" = Tpi1Tns2 + -+ Tngon—1Tnt2n € Lp[Tng1, - - - Tnon)-

The Igusa local zeta functions of f and f + H™ satisfy the relation

1 —tZ4(1) (1 B t) _ 1=t g () (1 B t) (2.1.6)
1—t P 1—t P iy ’
or equivalently
t Ni(f) s t Ni(f +H™)
p ieZZO p p Z'GZZ() p t:pht

in terms of the Poincaré series fort = p~* and s € C.

Choosing f = 0 € Z, (as a polynomial in 0 variables), we can compute the Igusa local
zeta function of A copies of the hyperbolic plane. Note that

Zo(t) = 0. (2.1.8)

Corollary 2.1.5. For h € Z>, we have

This formula agrees with [CKW17, Lemma 5.7], where hyperbolic planes are represented
by double the polynomials we use here.

Choosing any f € Z,, we could also recover Lemma by computing Z_ ¢,y (t). This
is a nice exercise. As a first step one would compute

Z;(t) = tor ), (2.1.9)

which is 0 if f = 0. We now combine this with Corollary

Proposition 2.1.6. Let p be a prime and f € Z,. Let H™ denote h € Zso copies of the
hyperbolic plane, given by the polynomial

H"™ = 220 4+ -+ + 217095 € L2y, - .. an].
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2. Representation numbers

The representation numbers of —f + H® are given by

Ni(=f + H")
Phi=1) [<ph — 1) phIR 4 1} ,if ord,(f) >4,

PRI = 1) i ordp(f)p( DEif ordy(f) <,

pi(1-1)+1), if ordy(f) > i and h =1,
P’ (ordy () +1) (1 1), if ord,(f) < i and h =1,
B pht=h [pp; (p(h D) — 1) + 1} , if ord,(f) > i and h > 1,
phi= 1>pp -1 (p(h 1)(i+1) _ p(h—l)(i—ordp(f))> . iford,(f) <iand h > 1.

Proof. Let j = ord,(f). The case f = 0 follows from f # 0 for large j, so we assume
f#0,ie j<oo Wehave Z (t) = Z;(t) = to%) so by Corollary [2.1.4] the equality

1 — it 1_£ :1—tZ_f+H(h)(t) 1_E
1—-1 P 1-1t p

holds. Replacing by the Poincaré series on the right hand side gives

(1 -+ (1 - %) B Ni(=f+HM)
(1—1t)(1—p1t) Z p2hi (p"t)".

iEZZO

t=pht

Carrying out the multiplication in the numerator and replacing the denominator on the
left hand side by geometric series, we get

t 2 Ny(—f + H®MY
(1——15”1 ) 3 th Digh _ 3 ( f}‘: )tz.
p P ) gz~ 1=0 i€ p
Comparing the coefficients of both sides finishes the proof. O

Note that for odd primes this result is a special case of [Sie35, Hilfssatz 16] (compare
[BKO1, Theorem 4.5]). We could also have obtained it analogously to [BM17, Lemma 2.4].

2.1.2. A special case for p =2

The aim of this section is to prove version of [Sie35, Hilfssatz 16] for p = 2 (cf. Theorem
2.3.3)).

Proposition 2.1.7. Let a € Zy and f = —a + 22 + x129 + 22 € Zy|wy, 15). Let HRY
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2.1. The Igusa local zeta function - representation numbers of polynomials

denote h — 1 € Z>( copies of the hyperbolic plane, given by the polynomial
H(hil) = X3T4 + -+ Top—1Top € Zp{x?n s ,l’zh]-
The representation numbers of f + H"Y are given by
Ni(f + H ")
2M0D (2" + D)(=1) Thoog (-2 + (1) if orda(a) 24
2D 4 () T (27, i orda(a) <
oh(i—1) [ﬁfil (Q(hfl)(iﬂ) _ (_1)i+1) + (_1)”1} , if ordy () > 1,

oh(i—1) 2h+11(20p4)@+n __C_l)mﬂ2@0+120k4)ﬁ—mdﬁan>7 if ordy(e) < i

2h71+

Proof. Let j = ords(a). The case a = 0 follows from f # 0 for arbitrarily large j, so we
assume f # 0, i.e. j < oo. For h = 1, we have Proposition [2.3.2] i.e.

gi-1 3+C1' if ordy(c)

N/[/ == . 2 or «@
() {22_1 3 M, if ordy ()

> 1,
B < 1.

This gives the Poincaré series

Ni(f), (L GEE) (14 )

—1 =
&, (1-5) (1+3)
Applying Corollary [2.1.4] we get

(1+ o) (1+5) (120 = 5 MULHD)

bl

(1 — é) (1 + %) 2 1€ZL>0 22 2 1=2h—1¢
which simplifies to
(1 + %tﬁl) (1 + i) _ Z Ni(f + H(hfl)) (2h14)i
(1—2t2) (1+8) &, 2 ’

Carrying out the multiplication in the numerator and replacing the denominator on the
left hand side by geometric series, we get

t (=1 (5D L— (=2t Ni(f + H"Y)
<1+ iR e e o 3 T > SRS

kE€Z>g i€Z50

Comparing the coefficients of both sides finishes the proof. O
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2. Representation numbers

2.2. Representation numbers associated to lattices

Let L be an even lattice and v € L'. Following [BKO1], we define the representation
numbers

Nyn(a) = NE(a) =#{reL/aL | Q(r—~)+n=0 (moda)} (2.2.1)

for an integer a. Identifying L with (Z", 2z — 32'Sz), we can write

N, ,(a) = Nin(a) = # {r € (Z/aZ)" ’ (r—9)!'Sr—-+)+n=0 (mod a)} . (22.2)
These representation numbers are multiplicative, i.e.

N,y n(araz) = Ny p(a1) Ny n(az)

for coprime a; and as. For prime powers, these are special cases of the representation
numbers of the last section. We will use this relation in Section to compute vector
valued Eisenstein series for the dual Weil representation.

2.3. Representation numbers associated to finite
guadratic modules

In this section, we recall how to compute representation numbers of finite quadratic mod-
ules from [Opil3] and derive a closed formula for the representation numbers of even
2-adic Jordan components. Let D = @, D, be a finite quadratic module decomposed into
its maximal p-subgroups.

We define representation numbers of D by

N(D,j)=[{7€D:Q()=j (mod 1} (2.3.1)

for any 7 € Q/Z. They count how often the quadratic form @ takes the value j (mod 1)
on D.

One need for computing representation numbers arises from their appearance in the
dimension formula for spaces of vector valued modular form with respect to the Weil
representation associated to D (cf. Section [4.4)).

The representation numbers of orthogonal direct sums can be obtained by repeatedly

applying

ND® D, j) = > N(D,j;) - N(D', j2). (2.3.2)
jl (mod 1)
j2 (mod 1)

Jitje=j (mod 1)
Hence it suffices to compute the representation numbers of the D,,.
If p is odd and D, is a finite quadratic module of order p', then the representation
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2.3. Representation numbers associated to finite quadratic modules

numbers can be computed with the theory from Section and Section as follows.
The orbits O denote orbits of D,, with respect to the action of the orthogonal group O(D),).

N(D,,j) = Z |O(D,pk+1,v1,...,Upk,tl,...,tpkﬂ

or ol o |6
v 4

j o
Upi t,i=p’'t,i (mod 1)
P

(2.3.3)

vit1=j (mod 1)

= > 0]

O an orbit of D with v1t1=5 (mod 1)

where elements v € O(D,p**, vy, ..., vk, t1, ..., t,x) have norm Q(v) = vty (mod 1).

2.3.1. 2-adic Jordan components

We know that we can decompose odd 2-adic Jordan components as follows.

", ifn =1,
@ D ah ifn =2,
+
n n o~ . ) ) Lon=3 (234)
4, D e Day if n > 3 is odd,
T L - .
4G, Dq, ®q; Da, Dqy *, ifn>4iseven,

where >;t; =t (mod 8), (%) = +1 and (%) = +11if ¢ > 2. If such ¢; do not exist then
¢" is not a valid Jordan component. This can only happen if n = 1 or n = 2 as long as
t =n (mod 2). Recall that for even 2-adic Jordan components, we have

+2 q}’?n’ if + = +,
qrr "~ (2.3.5)

g2 g, it = -

It suffices to know the representation numbers of all the components occurring in ([2.3.4))
and ([2.3.5)) since we can combine them using equation ({2.3.2)).
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2. Representation numbers

Proposition 2.3.1 ([Opil3, Theorem 3.3]). Let ¢ = 2" with | > 1. Then

1) @ = DTho 20, 2R £0 (mod 2),
(1+2), if j=0 (mod2') andn =1,
L(k+1), if 2¥(|7 #0 (mod 2') and n =1,
N (%)n {272:1—_11 (2(”*1)(”1) - 1) + 1} : if =0 (mod 2') and n > 1,
(g)" 2L (2(%—1)(l+1) _ 2(”—1)(l—k)) , if 28| #0 (mod 2) and n > 1.

Proof. This is Proposition for p = 2. The original proof used induction on n. The
case n = 1 can be obtained by induction on [ and is well known (cf. Lemma [3.5.3). The
induction step was done by a lengthy computation using equation (2.3.2]). [

Proposition 2.3.2 ([Opil3, Theorem 3.4]). Let ¢ = 2" with I > 1. Then

2 J
N q 277
(g
¢ 3D Gfi=0 (mod 21),
43 B ok £0  (mod 21,
2!, if j=0 (mod 2') and l is even,

21, if j=0 (mod 2') and l is odd,

3-271 if 2k || #A0 (mod 2) and k is even,

0, if 2817 #£0  (mod 2') and k is odd.

Proof. We sketch the proof form [Opil3| for the convenience of the reader. For small [ we
obtain the representation numbers by counting appropriate elements. This yields

N(2;7,0) =1,
1 2.3.6
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2.3. Representation numbers associated to finite quadratic modules

and
N(4,7,0) = 4,
1
N(4;12> 1) =6,
1 2.3.7
5 3
JV(4H?,1) ::6‘

For | > 2, we can prove the recursion formula

-2
2. N((g) ,j), if j is odd,
N(gi,j) = " (2:3.8)
0, if 2]/ #0 (mod g).
The complete formula follows by induction. ]

Combining these propositions using equation ([2.3.2)), we get a closed formula for all even
2-adic components. Note that this is a generalization of [Sch06, Proposition 3.1].

Theorem 2.3.3. Let ¢ = 2! with1 > 1, ¢ = +1. Then

)" (2" - )¢ Thiy_(e27 ¥, if2€]]j #0  (mod 2",
1+2)), ifj=0 (mod?2),e=+1andn=1,
(

kE+1), if 25| #0 (mod 2'), e = +1 and n =1,

q
2
<%>n {272:56 (Q(n_n(m) _ Ez+1> + €l+1] , ifj=0 (mod?2),e=—1o0rn>1,

(2)" 5= (20D — ghtlg-D0-R)) ok || £ 0 (mod 21), £ = —1 orn > 1.

2 on—l_g
Proof. For ¢ = +1, this is Proposition 2.3.1] For ¢ = —1, this is Proposition [2.1.7] ]

The representation numbers of irreducible odd 2-adic Jordan components are all closely
related. They can be reduced to

Ny(n,j):=={a€{0,....,n—1}:a* =3 (mod n)}| (2.3.9)

for n € Z>, and j € Z, which we call square representation numbers.
Lemma 2.3.4 ([Opil3, Lemma 3.6]). Let ¢ = 2' with | > 1. We have

J 1 L
N(qtﬂ,%) = 5 Nu(20,517), (2.3.10)
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2. Representation numbers

where t~1 refers to the inverse of t (mod 2q).
The square representation numbers can be given as follows.

Proposition 2.3.5 (|[Opil3, Proposition 3.7]). Let ¢ = 2" with I > 1. We have

2%, if  is even and j =0 or j = 2"2  (mod 2!),

Nuolg, ) = 2;51, if L is odd and j =0 or j =271 (mod 2}),
2272 f j=2%a (mod 2') witha=1 mod 8 and k <1 — 3 is even,
0, else.

We define 2-torsion representation numbers of D by
Notorsion(D,j) :={y€D:2y=0and Q(y) =j (mod 1)}| (2.3.11)

for any j € Q/Z. It tells us how often the quadratic form @ takes the value j mod 1
on Dy. The non trivial 2-torsions of D are elements of the 2-adic part of D. It suffices to

calculate them for the Jordan components occurring in (2.3.4) and ([2.3.5]).
Lemma 2.3.6 (|Opil3, Bemerkung 5.1]). Let ¢ = 2! with | > 1. We have

22t ifl=1and j=0 (mod 2),
. 4”75271 . — . —
N2-t0rsz'on (Q§[2n> 7£ = 2 ’ Zfl 1 and J 1 <m0d 2)7 (2312)
2 q 4m ifl>2and j =0 (mod 2'),
0, ifl>2and j #0 (mod 2'),
and
1, ifl=1andj=0ort (mod4),
' 1, ifl=2andj= d?2
N2—t0rsion (Qfl) ) J = ’ Zf o ] 0 ord (mo Q)’ (2313)
2 2q 2, ifl>3and j=0 (mod 2q),
0, else.
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3. Fourier coefficients of Eisenstein
series

One way to obtain formulas for the vector valued Eisenstein series for the Weil representa-
tion is described in [KY10|, where the computation of certain p-adic integrals (generalized
local densities) is key. This setting gives a straight forward interpretation of the Siegel-Weil
formula in the case of positive definite even lattices of rank greater or equal to 5.

A second way is obtained using the formulas from [BKO01, Theorem 4.6] and to state them
in terms of the Igusa local zeta functions which can be evaluated by means of [CKW17].
This approach has been used in [Will8a; Will8b; Will8c| from which we can also get
cusp forms. Using this approach with the formulas from [Sch1§|, we can also compute the
Fourier coefficients of E,: ;. 5 for any isotropic 3 € L'/L and a suitable weight.

By comparison of both ways and the respective formulas we can obtain a proof for the
following observation. This leads to formulas for the Igusa local zeta function in terms of
the generalized local densities, a connection we believe has not been made explicitly before.

Observation 3.0.7. Comparing the generalized local densities and the local factors in
[Wilb] (some documentation in [Wila|, using the Igusa local zeta function) we observe the
following equality of rational functions. For an even lattice L = Z" with Gram matrix S
and pu € L' = S71Z", we have

(3.0.1)

1—tZ 1 sgmintsurm—on(t) t
Wpmu(X) = 27 Sk S Q(N)( 1—-
m 1—1 P

t=pX

This observation in itself leads to much of the simplifications which can be made in the
approach of [BKO1]. This is achieved by translating properties which are immediate for
the local densities W, ,, ,(X) on the left hand side to properties regarding the Igusa local
zeta function. Most notable is the case of “adding hyperbolic planes”, which we described

in Section R.1.11

The algorithms to compute the Fourier coefficients of the vector valued Eisenstein series
were first tested against [Bun98|, where three bases for specific spaces of holomorphic
modular forms are computed in terms of classical theta functions. As a second test case,
the Fourier coefficients were tested against the Fourier coefficients of Jacobi forms. The
most general test cases are obtained be the Siegel-Weil formula. We list the considered
lattices in appendix [C]
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3. Fourier coefficients of Fisenstein series

3.1. The approach of Kudla and Yang

In this section, we adapt the formulas in [KY10| to our setting. We want to compute the
Fourier coefficients of the Eisenstein series

EL(T,s;g):i S [SEE2) | (3.1.1)

0L
YE(T)\Mp2(Z)

When s = ¢ —1 > 1, we obtain the holomorphic vector valued Eisenstein F,, ;o.We do
not restrict to this case too early in order to keep the implementations derived form these
formulas open to future use cases.

We replace the group ring C[L'/L] with a ring of Schwartz functions. This amounts to
replacing the standard generators ¢, by characteristic functions ¢, in our notation.

3.1.1. Setup

The basic setup taken from [Kud03; BY09; [KY10] is as follows.

Let G = SL, viewed as an algebraic group over Q, and let P = NM be its parabolic
subgroup of upper triangular matrices with notation

M = {m(a) | a invertible} , m(a) = (“ ! >

0 at
N = {n(b) | b} . n(b) = G 8)

We have the Iwasawa decomposition G(A) = P(A)K, where K = KKy is given by
Ko = SO,(R) at the Archimedean place and K; = SLy(Z) = [I,<o0 SL2(Z,) at the finite
places. For § € R and 7 = u + iv € H, we define

p<oo

D=

ko = ( cos sm9> € SO2(R), g, =n(u)m(v

—sinf cosf ) € P(R). (3.1.2)

The Mo6bius transformation associated to ky fixes 7, whereas ¢, sends i to 7.

We let
1-C' -G, = GA) -1 (3.1.3)

be the metaplectic extension of G(A) by C', the unit circle in C. For details on this exten-
sion, we refer to [KRY06, Chapter 8.5]. Elements of G, are written as (g, z) € G(A) x C!
and the multiplication can be given in terms of the Leray cocycle.

We fix an even lattice L with quadratic form @ of signature b* — b~ and rank n. We
say that we are in the “even case”, if the rank of L is even, otherwise we are in the “odd
case”. Define the set of “bad primes” to be S = {p | p prime and p | det(L)}. The prime
2 is always bad in the odd case. To L we associate the quadratic space V = L ®z Q and
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3.1. The approach of Kudla and Yang

the quadratic characters

xv(x) = (z,disc(L))ax, xvp(x) = (x,disc(L)), (3.1.4)

given in terms of adelic and p-adic Hilbert symbols. We represent these characters by a
square-free integer x satisfying

T,K)aA, in the even case,
xv(z) = (@ o : (3.1.5)
(x,2K)a, in the odd case.
We assume
(—1)* = sign(k), in the even case, (3.1.6)
( = 3sign(k) (mod 2), in the odd case, o

which is equivalent to 2¢ = b" — b~ (mod 4).

Remark 3.1.1. If we were using the dual Weil representation instead, we would get the
above condition for L(—1), where the roles of b* and b~ are interchanged. This is equivalent
to the condition 2¢ + b+ — b~ =0 (mod 4) encountered in [BK01] for pj.

For s € C, we have the principal series representation I(s,xy) of G\. The sections
O (s) € I(s, xv) are smooth functions on G satisfying

1, in the even case,

o((n(b)m(a), 2)g', ) = xv(a)|al (g, 5) { (3.1.7)

z, in the odd case,

for all b € A and a € A*. Such a section is called standard, if its restriction to K’ (the
inverse image of K in G')) is independent of s. To a standard section ®(s) € I(s, xv), we
associate the Eisenstein series

E(g,s,®)= >  2(vd.s). (3.1.8)
+ePQ\G(@)

It is known that this series is convergent for #(s) > 1 and that it has a meromorphic
continuation to the whole s-plane.

The components of the vector valued Eisenstein series can be given in terms of Eisenstein
series for standard sections. We follow [BY09] for this identification. We fix the standard
additive character ¢ : A/Q — C* given by o (200) = €(200) = €*™*> and ¢, (z,) = e(—x,)
(cf. [Deil0, Kapitel 5.4]). We define the characteristic functions ¢, = char(u + L ® Z) for
pu € L'/L. They span the space S, C S(V(Ay)) of Schwartz functions on V(Ay). There is
a Weil representation w = ®uwy,y, acting on Schwartz functions and a G(A)-intertwining
map .

A:S(V(R)) = I

—Lxv), A@)g) = (w(g)e)(0). (3.1.9)
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3. Fourier coefficients of Fisenstein series

At the Archimedean place, we use the unique standard section ®_ € I(s, yy) satisfying
D (g, s) = ™. (3.1.10)
Using the Iwasawa decomposition, this amounts to
' (n(b)ym(a)ke, s) = xv(a)|a| e (3.1.11)

The vector valued Eisenstein series can now be written in the form (cf. [BY09, equations
(2.16) and (2.17)])

1

Er(r,s;:0) = 1 > {3(7)(‘9“_@/%0] ’ﬂ
YE(T)\Mps2(Z) (3.1.12)
=0~ Y B(gr, 5P @ Af(94)) b
nweL'/L
We denote the components by
B(r, 5,9, @ Ar(6,)) = v 2E(g., 5, 8, © A(8,) (3.1.13)

3.1.2. The Siegel-Weil formula

The Siegel-Weil formula identifies an integral of a theta function with an Eisenstein series
at s = so :=n/2 — 1 (i.e. weight n/2). We will state it in a vector valued form in the
case of positive definite even lattices of rank n > 5. We state the Siegel-Weil formula as
given in [Kud03]. The mass of the genus of L appears naturally and we use methods and
notation from [Kne02, Kapitel X] to discuss this.

Let L be a positive definite even lattice of rank n > 5. As before we set V = L ®7z Q.
We define the adelic orthogonal groups by

On(V) = {u = (w)p € [[ OV,) | upL, = L, almost all p} ,

p<oo

(3.1.14)
Op, (V) = {u = (w)p € [[ OV,) | upL, = L, almost all p} :
p<oo
For a lattice M D L, we define the stabilizer
O, (V, M) = {u € 04, (V) | uM = M} (3.1.15)
For ¢ € G, h € O(V) and a Schwartz function ¢ € S(V(A)), the theta series
og.ho)= Y wlg)o(ha) (3.1.16)

zeV(Q)
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3.1. The approach of Kudla and Yang

defines a smooth function on G x Ox(V'). The theta integral

I(g',¢) = 0(g', h, ¢)dh (3.1.17)

/O(V)\OA(V)

converges absolutely by Weil’s convergence criterion. The measure is normalized such
that vol(O(V)\Ox(V),dh) = 1. In our particular case, the Siegel-Weil formula takes the
following form.

Siegel-Weil formula, Theorem 3.1.2 (cf. [Kud03, Theorem 4.1]).
E(.gla 50, )\(¢>> = ](gla ¢)

We follow the proof of [Kud03, Proposition 4.22] to further evaluate the right hand side
of the Siegel Weil formula in the case that ¢ = ¢, for p € L'/L. As a special case of
[Kne02, Satz 31.13], we have the decomposition

O, (V) = hL(j) O(V)h;On,(V, L) (3.1.18)

=1

where h(L) is the class number of L. The h; can be chosen such that the lattices h;L
represent all classes in the genus of L. Their orthogonal groups are given by

O(h;L) = T; := O(V) N (Ow(V)h;Ou, (V, L)} ). (3.1.19)

These are finite groups because the h;L are positive definite. We let ¢o(z) = e 2mQ@)
denote the Gaussian and calculate

I(g', Mo ® ¢,.))dh = /O I 0(g', h, Mo ® ¢,))dh

: r\O 7 g ¢ (3.1.20)
I "By A m dh
J /j\ ]thOAf(V, ) ( y 14y ( 0®¢ ))

By [Nik79, Corollary 1.9.6], the canonical homomorphism Oy, (V, L) — O(L'/L) is surjec-
tive. Hence we can symmetrize ¢, with respect to O(L'/L) without changing the integral.

0(g', h, A dh
;/Fj\oﬂkthAf(V,L) (g’ ) <¢0®¢M))

. 1
— ;/Fj\omthAf(V,L) 0 (g Jhy A (cbo ® O(L//L)| > )wa)) dh

~eO(L'/L

— vol(Ox(V)Oy, (V. L)) ; IO(hle)le (gg B\ (¢0 ® |O(L1’/L)| veo%jw %))
(3.1.21)
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3. Fourier coefficients of Fisenstein series

For ¢' = g/, we have ’
(el )60) (@) = 01/2e2mQT, (3.1.22)

We recall the normalization of the measure dh, and infer

1 =vol(O(V)\Ox(V),dh)
= vol(Or(V)Ox,(V, L)), (81.23)
which implies

vol(Or(V)Oy, (V, L)) (Z Ot T) ) (3.1.24)

which is the reciprocal of the mass of the genus of L in the sense of [Kne02, (35.1)].
Summarizing, we have the following expression for the Eisenstein series of weight ¢ = n/2,

E(7, 50, @5, @ \f(9,))
= 'U_E/QE(g;_, So, )\<¢O ® ¢u))
= v"2I(g), o © 9y)

1 1 - )
~o(L'/L)] (;\O(hjL)\) WGOXL;/L Z h 3] > char(hyy(p + L))(x)g%

J zeV(Q)
1 1\
- Swim) 2, Spu E o
O(L/L)] (j 0D ) eomn 5 U%L)uewm

(3.1.25)
We can think of this as the sum Y ,¢,,, 7 ¢“*) symmetrized once with respect to O(L'/L)
and once with respect to the classes in the genus of L. In analogy to |[Kud03| Proposition
4.22] we obtain the following theorem.

Siegel-Weil formula, Theorem 3.1.3. For a positive definite even lattice of rank n > 5,
the Eisenstein series of weight ¢ = n/2 has the Fourier expansion

E(T’E -1, (I)f;o ® /\f(gblt)) = Z T’M(m)qm7

meQ>o
where
1 o\
ru(m) = ——— — 1.
) = (o7 (? ro<hjL>l) ST,
Q(z)=m
Equivalently, if Ly, ..., Lyr) are representatives for the classes in the genus of L and we
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3.1. The approach of Kudla and Yang

identify their discriminant forms such that u; € L’/ L; corresponds to p € L'/ L, we have

1 1\ 1
") = (G (? |o<Lj>|) 5 VO et

Q(z)=m

In Section [3.7, we give a vector valued version of this Siegel-Weil formula and some
examples.

3.1.3. Fourier coefficients

For m € Q we write
4xm = dc?, (3.1.26)

where d is the fundamental discriminant of Q(y/km). For a prime p we let k = ord,(c),
vy, = (%) and X = p~® and define b,(km, s; D) as

1—v. X kX 2k k1 x2h+2
‘P +vp1_X , p1D and k >0,
1—v, X)(1— 2x2 k+1X2k+1 k+2x2k+2 k+lx2k+3_ 2k+2X2k+4
(1=vp X)(1—p"X7)—v J;p S 2 p|Dand k>0, (3.1.27)
—pX ) )
L, k <O0.

We set b,(km, s) = by(km, s;1) and b(km, s) =[], by(km,s). The following functions are
given by products of primes which are not in S. Any appearing y is a Dirichlet character.
In our setup, it will always be xy or X.m, the Dirichlet character associated to Q(y/km).

¢(s)=[[A=p™) =¢s)- [T -p7), (3.1.28)

pES peS

L5(s,x) =TT = x(p)p~*)™" = L(s,x) - [T(1 = x(p)p™*), (3.1.29)
pES peES

ordy (m)

amx)= II X ), (3.1.30)

ordp(m)>0 7=0

p¢S
(km,s) =[] bp(km,s) = [[ bp(cm,s) = ] bp(em,s). (3.1.31)
p¢S ple ordy(m)>0

p¢S p¢S

We also need the following product over generalized local densities W,(s, m, 1) for the
even lattice L given by

-

H ,-)/p ‘det ‘ng<37m7,u>- (3132)

peES
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3. Fourier coefficients of Eisenstein series

The values of these local densities have been computed in [KY10]. We give the formulas
in the next section. The 7,(L) are the Weil invariants of the discriminant form L'/L.

Fixing the quadratic Dirichlet characters x associated to the Hilbert symbol (-, ) by
Correspondence and Y,.m associated to Q(y/km), we can give the following formulas
for the Eisenstein series.

Theorem 3.1.4 (|[KY10, Proposition 2.6]). Let L be an even lattice L and p € L'/L.
When € > 2, the the special value

B(r, 0 — 1,9, @ Af(¢,) =ceo+ > > ap(u,m)q"e, (3.1.33)

peL’ /L m>0
is holomorphic. In the even case its Fourier coefficients are given by

(—2mi)fm*t

T(OLS (¢, ) o7 (1, X)W, (£ = 1). (3.1.34)

aE'(:U’a m) =

In the odd case, they are given by

F<(;)2C7Z()2Zl —_1)LS(€ N ; )V (s, € ~ ;)Wm,s(é -1). (3.1.35)

ap(p,m) =

3.1.4. Generalized local densities

In this section, we explain how to compute the local densities (also called local Whittaker
functions) W, (s, m, i) which are needed for the above formulas for the Fourier coefficients of
vector valued Eisenstein series for the Weil representation. Recall that L is an even lattice
and p € L'/L. We identify L, with Zy, such that the Gram matrix 5, is in canonical form,
as given in Lemma . By this identification we have u € S ’1ZZ /Zy. An appropriate
change of basis can be computed by following the steps in |[Cas78, Chapter 8, Section 4].
We have computed the missing change of basis for the even 2-adic case in Appendix [A]

The case p # 2

We assume L = Z;‘ with Gram matrix

S = diag(2e1p", ..., 2c,p™), (3.1.36)

where &; € Z¥ and [; € Zxo. Write = (pu1, ..., pin) € L' = ST'Z! = ®p~"iZ,, where we
identify p € L'/L with a representative in L. We fix the values
1 (3.1.37)

S0 = )

n
2
H,={i | €L}, (3.1.38)
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3.1. The approach of Kudla and Yang

Ko = Ko(p) = min({l; + ord, () | i ¢ H,} U {o0}),

Lu(k)y={i€ H, | l;—k<0isodd }
Lu(k) = #L,(k),
d,(k) =k + ; S min(l; — k,0),

i€H,
(k) )

—1 [ 2 E;i
2 =(7) AL )

tu(m) =m — Z gipli:uzza
igH,,

a,(m) = ordy(t,,)

for k € Z>¢ and m € Q. Furthermore, we need the function

1

fi(ap®) = {_p’

(a,p)pﬁ, if [,(a+ 1) is odd,

if ,,(a + 1) is even,

(3.1.46)

where a € Z;. With this notation the p-adic local Whittaker function can be computed

as follows.

Theorem 3.1.5 ([KY10, Theorem 4.3]). If m ¢ Q(n) + Z,, then W,(s + so,m, ) = 0. If

m € Q(u) + Z,, we set X = p~* and distinguish two cases:

(i) If 0 < a < Ky, then

1
(s so,m. ) = 1+ (1 - ) S e (k) X

0<k<a
lu(k) even

+eula+ 1) falty(m)ph etV xer,

(ii) If a > Ky, then

1
p

WP(S + S0, M, ,LL) =1+ <1 — ) Z gu(k’)pdu(k)Xk.

0<k<Ko
lu(k) even

(3.1.47)

(3.1.48)
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3. Fourier coefficients of Eisenstein series

The case p =2

We assume L = Zj with Gram matrix

M N
. 1 ., o (01 (21
S = diag(ep, ..., enp') ® <§2 (1 O)) & (JG?Q i <1 2)), (3.1.49)

where ¢, € Z5, 1 <), € Z>¢ and m;,n; € Z>o. Write

= (,ula"'?pJHhulla"'aulj\/laﬂlll7"'?u/]/\f)
€L p Ly @ (M2 E) & (e, 27 Z3) (3.1.50)
=S5"'zy =1,

where we identify p € L'/L with a representative in L’. Note that the coefficients of u
with dashes are 2-dimensional. For these coefficients, we define

ords(tq,t2) = min(ords(t;), ordy(ts)).

We fix the values

g -1, (3.1.51)
Hy =A{h| pn € Lo}, (
M, = {i| e z3). (
Ny ={i | uj ez}, (
Ko = Ko(p) = min({l, + orda(ps) | orda(p) < =1} U{l | orda(pn) = —1} (
U {mi +ordy (1) | i ¢ My} U {n; +ordy(f) | j ¢ N J U {o0}),
(
(
(
(

So —

3.1.56)

Lk)={i€H,|li—k<0isodd }, 3.1.57)

Lu(k) = ##L,u(k), 3.1.58)
1

d,(k)=k+ 5 > min(ly, — k,0) + > min(m; — k,0) + > min(n; — k,0), 3.1.59)

heH, ieM, JEN,

pu(k) = (—1)2ien, RO, (3.1.60)

enk) =TI en, (3.1.61)
heL, (k)
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3.1. The approach of Kudla and Yang

0, ifl, =k for some h € H,,

5, (k) = (3.1.62)
1, else,
tu(m) =m — 3" en2 i = D 2™y — D0 2 ((uh)? + pha i + (12)*), (3.1.63)
heH,, igM, €N,
a,(m) = ords(t,), (3.1.64)
v=uv(mk)=t2""— 3 ¢, (3.1.65)
heH,,
In<k
0, v ¢ 4227
a(v) =4-1, ved+ 87, (3.1.66)
]_, Ve 822,

for b € Z>o and m € Q. With this notation the 2-adic local Whittaker function is as
follows.

Theorem 3.1.6 ([KY10, Theorem 4.3]). If m ¢ Q(un) + Za, then Wa(s + so,m, u) = 0. If
m € Q(u) + Zs, we set X =27° and have

WQ(S + Sp, M, M)

S RN VR X P
0<k<min(Ko,a+3) g : eulk)v

(k) odd (3.1.67)

+ > 8, (k)pyu ()20 W)~ (
0<k<min(Kop,a+3)
lu(k) even

3.1.5. Properties of local densities

Let u € L' and p a prime. We have seen in the previous theorems, that the local densities
are given in terms of polynomials, which we call Whittaker polynomials and denote them
by W, m.u(X) such that

Wy(s + so,m, i) = Wy mu(p™°). (3.1.68)

For now, these polynomials depend on an even lattice. The Eisenstein series only depends
on the discriminant form, this should also hold for the generalized local densities. To prove
this, we collect some of their properties. This will allow us to compute the generalized
local densities purely from the discriminant form.
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3. Fourier coefficients of Fisenstein series

Remark 3.1.7. Tracking changes when adding a hyperbolic plane, we see that
Wp,i(s + s0,m, 1) = Wpren((s — 1) + (so + 1), m, (1, 0,0)) (3.1.69)

stays invariant. Note that this fact is used in the proofs for the above formulas of local
densities in [KY10].

Proof. Evaluation of the right hand side (using Theorem and Theorem [3.1.6)) gives
the formula of the left hand side, where d, (k) has been replaced by d, (k) —k and X =p~*
has been replaced by p~ =1 = pX. These changes cancel. O

Lemma 3.1.8. For fized u, the local densities Wy(s + so, m, 1) and their corresponding
polynomials only depend on m (mod pi°), that is

Wp<5+507m+pK07M) = WP(S+507m7N) (3170)

forany s € C, m e Q, p€ L' and Ky = Ko(p) # 00.

Proof. 1f p is odd, we look at the changes in the formulas of Theorem [3.1.5] when replacing
m by m + p™°. The value of t,(m) changes to t,(m) + p©.

If a = ord,(t,(m)) < Ko, then ord,(t,(m)) = ord,(t,(m) + p™°) and a remains un-
changed. In the computation of f;(¢,(m) + p™°), the value a changes to a + p 0~ which
has no effect on the Hilbert symbol.

On the other hand, if a > Ky, it might be replaced by a bigger value which has no effect
on the case distinction and on ([3.1.48]).

If p=2,, we look at the changes in the formulas of Theorem when replacing m
by m + 250, The value of ¢,(m) changes to t,(m) + 25°.

If a = ordy(t,(m)) < Ko, then ords(t,(m)) = ordy(t,(m) + 25°) and a remains un-
changed. If a > K, then a it might be replaced by a bigger value. In both these cases,
the value min(a + 3, K) remains unchanged.

By verifying that v changes by a multiple of 8, we see that formula (3.1.67)) is invariant.
O

3.2. The approach of Bruinier and Kuss

In this section, we adapt the formulas in [BKO1] to our setting. Let L be an even lattice
of type (b*,b7), rank m and with Gram matrix S. Let 2k — b~ +b" =0 (mod 4). As in
equation (|1.8.1)), we define the Eisenstein series of weight k£ > 2 by

1

E = Ep’i,k,o = Z Z 20‘Z7L<M, (b), (321)
(M,$)e{T)\Mp2(Z)
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3.2. The approach of Bruinier and Kuss

which is normalized to have constant coefficient 1 and is thus half of the Eisenstein series
in [BKO1]. It has a Fourier expansion of the form

E=ce+ Y. Y agy,n)q"e,. (3.2.2)
1€L//Ln€l—Q()

The Fourier coefficients can be obtained as follows.

Proposition 3.2.1 (cf. [BKO1, Proposition 4.3]). Let v € L' and n € Z — Q(v) with
n > 0. The coefficient ag(y,n) equals the value at s = k of the analytic continuation in s

of

ok ki ki—1 (_ 1) (2k—b"+bT)/4

|/ LT (k)¢ (s —m/2)

Loyn(s). (3.2.3)

Here ((s) denotes the Riemann zeta function and L., ,(s) the L-series

Lyu(s) =) N’y,n(a)alim/%s =11 (Z N%n<py)pu(1m/25)) (3.2.4)

a>1 p v>0
for the representation numbers

Nyn(a)=#{reL/aL | Q(r—v)+n=0 (moda)}. (3.2.5)

We may write the Euler product as

p v>0

Loa() = Cs =m/D [T (1-"7) 2 Nv,n<p”>p"”‘"‘/2_5))

o (1) 5 Nl )

. V>0 pml/
| Nf M (3.2.6)
o 1 2) s DanlP)
(s —m/ >1;[ ( p) zg) pm t t=pltm/2=s
) £\ 1—tZ;(t)
= ((s —m/2) 1;[ (1 B p) C1-t t:p1+m/2s)

using an appropriate polynomial f and the Igusa local zeta function Z;(t). The coefficient
ap,(7,n) can be obtained by the analytic continuation of

ok ki k=1(_1)(2k—=b"+b¥)/4
) 1 Loals,p) (3.2

V1L /LIT(K) P
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3. Fourier coefficients of Fisenstein series

with
(3.2.8)

Loyu(s,p) = ((1 _ t) 5 Wtu)

D =0 pmu

t:p1+m/2—s

By Theorem [2.1.1} the L. ,(s,p) are invariant under addition of hyperbolic planes to L
(where we add two zeros to 7). This insight allows us to obtain the simplifications stated
in [BKO1] for the case k = m/2 for all weights.

Lemma 3.2.2 ([BKO1, Lemma 4.4], cf. [Sie35, Hilfssatz 13]). Let p be a prime and let d.,
denote the order of vy in L'/L. Put

w, =1+ 2ord,(2nd,).

Then the equality
N%n(paﬂ) = pm_lN%n(pa)

holds for any a > wy,.

Using geometric series, the Euler factors are hence given by

wp—1

L%n(s’p) = (1 _pm/2—s) Z N%n(pu>pu(1—m/2—s) + N%n(pwp)pwp(l—m/Q—s)‘ (329)

v=0

In the case s = m/2, the factor in front of the sum vanishes and we can compute what is
left with the following theorem. It is a generalization of [Sie35, Hilfssatz 16] in the version
of [BKO1, Theorem 4.5] where p = 2 was excluded. We include the case p = 2.

Theorem 3.2.3. Let p be a prime not dividing det(S) and o € Z with o > ord,(n).

(i) Suppose that m is even. Put D = (—1)"™2det(S). Then
a(l-m (e —-m “m _m/2\°rdp(n)
PFOIN W (6%) = (1= o) (14 xo ™2 + -+ (xolplp %) ™).

(ii) Suppose that m is odd. Write n = nof? (where ng € Q and f € Zso) such that
(f,det(S)) = 1 and orde(ng) € {0,1} for all primes ¢ with (¢,det(S)) = 1. Let
fig = nod? and D = 2(—1)"TD/25y det(S). If m > 3, then

1 — 1-m

: - -m or —
T T xo(p)pmR (02 m (™) = xp(p)p* =05 (p™ D))

pa(l—m) N%n (pa)

If m =1, we have

Nyn(p%) = (XD(p) + Xp(p)2) pordr(f),

Proof. If 2 is factor of det(S), this is [BKO1, Theorem 4.5]. This is always the case if the
rank of L is odd.

50



3.2. The approach of Bruinier and Kuss

If 2 does not divide det(S), then the Gram matrix S of L is Zs-equivalent to one of

diag (H,...,H) or diag((? ;) ,H,...,H).

The first case occurs when disc(L) = 1 (mod 8), which implies xp(2) = 1. The second
case occurs when disc(L) = 5 (mod 8), which implies xp(2) = —1. Since 2 does not
divide det(S), we have v € ZJ' and we can assume vy = 0. Setting ¢ = xp(2) and using
Theorem [2.3.3], we get

20N, L (2%) = 220N (225 —n)
_ 2a(1—m)2(o¢—1)m/2<2m/2 . E)ga i (€2m/2—1)k’
k'=a—orda(n)
_ 2a(1—m)2(a—1)m/22m/2<1 - 62—m/2)€a<62m/2—1)o¢ Za: (521—771/2)]4:’

k'=a—orda(n)

orda(n)
_ (1 o 627m/2) Z (8217m/2>k’
k'=0
orda(n) )
= (1=xp(2)27?) 3 (xp(2)2" ")
k'=0
which finishes the proof. ]

We know from the theory of Igusa local zeta functions (and equation (3.2.9))) that the
local factors L, ,(s,p) are rational functions in p~°. Let p be a prime not dividing det(.5)
and let 2 < s =% +h € § + Z>o. We add h hyperbolic planes to L and argue

t NLn(pV) v
L%n(37p) = ((1 - ) Z %mu t
p v>0 p t:pl+m/2—s
" NL+H(h> <pu)
— v v
— ((1 - p) 3 p(m+—2h)yt (3.2.10)
v>0 t=pl+(m+2h)/2—s
) w wp(l—m/2—h—s
— N’i:H (p p)p p(1—m/2—h—s)
)/ w wp(l—m—
= N (e

by Corollary and equation (3.2.9). Applying Theorem [3.2.3] this yields

Lya(s:p) = (1= xo(p)p ) (1 +xp(P)p' (XD(p)pl‘S)ord"(")> (3.2.11)
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3. Fourier coefficients of Fisenstein series

in the even case and

1— p172s
1 — xp(p)p'/>=s

Lon(s,p) = (02250 ) = X0 (P)P'/* 202 2, (P )) (3.2.12)

in the odd case. Since these are rational functions in p~*, these equations hold for all s € C.
Note that this is equivalent to [KY10, Proposition 2.1]. In analogy to [BK01, Theorem
4.8], the Fourier coefficients of the Eisenstein series are given as follows.

Theorem 3.2.4. Let v € L' andn € Z — q(v) with n > 0. The coefficient ag,(y,n) of the
FEisenstein series Ey of weight k > 2 for p} is equal to

ok ki k—1 (_ 1)(2k—b*+b+)/4

(3.2.13)
V1L /LT (k)

times

% |d1_t[(5) Lﬂ/,n(k7p)7 Zf2 | m,

plde
% 1|—I~ (0-2—214: (pordp(f)> J— XD(p)pl/27k02_2k (pordp(f)71)> ‘dl—t[(s) 11/1’;71(]_67537 ’Lf 2 'f m.
MgetS ?

(3.2.14)

Here
Nl/ n) _ -
L'y,n(kap) = Z %p v <1 - b )
V€Z>0 p p _ m
s s==1-B 4k (3.2.15)

_ 1tz (1) (1 t)

1—t¢ T p

m .
teplt Bk

in terms of the Igusa local zeta function for the polynomial f. , = Q(z) — (x,7) +n+Q(7)
and the representation numbers

Ny(fyn) =#{z € (Z/0°2)™ | Q(z) — (z,7) +n+Q(y) =0 (mod p*)}.  (3.2.16)

The values of D, D, f,n are as in Theorem [3.2.5

Remark 3.2.5. In the odd case we have the equality

H (sz%(Pordp(f)) - XD(p)Pl/kaUszk (Pordp(f)fl))
plf

i (3.2.17)
= ud)xp(d)d* Fozo(f/d).

daf

If kK =m/2, Theorem reduces to [BKO1, Theorem 4.8].
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3.3. Comparing the approaches

In this section, we compare the approach of Kudla and Yang with the approach, we derived
from Bruinier and Kuss. Let L be an even lattice of type (b",b7) and rank n. Further,
let w € L'/L and 0 < m € Q(u) + Z. Let S denote the set of prime divisors of det(L) and
suppose 20 = b™ — b~ (mod 4). The Eisenstein series £ = E,, ;o and E = EPZ(—I)’Z’O are
equal by definition, so their Fourier coefficients match. By Theorem and Theorem
[3.2.4] these Fourier coefficients are given by

(—2mi)'mt
= ms(l —1),
ap(p,m) T(6)LS(C, x) o1 o(m, X)Wins( ) fa
B 2[7T.Zm€71(_1)(257b++b7)/4 Ul—Z(ma XD> ( . )
CLE(/JJ, m) - : (¢ H Ly,m(€7p)
|L//L|T(¢) (6;xp)  Hes
in the even case. In the odd case, they are given by
(=2mi)tm*t g 1 s 1
= L>(0— = - = -1
2£7T£m£—1(_1)(2£fb++b—)/4 L(E _ 1/2’ XD)
aplp,m) = et 3.3.2
|L//L|T(0) ¢(20—-1) (3.3.2)
Or' — or — L ,m €7p
: H (Uz—ze(p d”(f)) - XD(p)pl/2 Cog_a(p (/) 1)) H 1#_(122
plm pes p
pES
We recall equation ((3.1.32)
= 11 (L) det(L)[3 Wy (s, m, ).
peS
The local factors for L(—1) are given by (3.2.15)),
No(fum) v p°
Lu,m(£7p) = Z #p (1 - )
VEL>q p p s=—1-2+(

J
1+%—£

_ 1— th;L,m (t> 1 E
N 1—1 p

in terms of the Igusa local zeta function for the polynomial f, ,, = —Q(x)+(x, p)+m—Q ().
Using the oddity formula (|1.2.14)), we can identify the occurring terms by checking

t=p

Dol

1
(24 bt 4+b~ )/4
H ry - ) H | det(L> )
pes pes L'/
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3. Fourier coefficients of Fisenstein series

LS(& X) = L(f, XD)7 Of—é(maX) = Ul—ﬁ(maXD)7
G- =C-DT[1-p"% L 5 xe) = L~ 12 x0),
peES
and finally
bs(/fm,é ;> _ ll_!: (0_2726(pordp(f)) _ XD<p)p1/27€0,272e(pordp(f)fl))
p|m
p¢S

From this we infer the equality

[T Wt = 1,m, 1) = ] Lym(£,p) (3.3.3)

peES peS

for infinitely many possible values of /. Using the fact that all factors are rational functions
in p~* we can deduce

W, —1,m, ) = L, m(¢,p) (3.3.4)

for all p € S, we leave the details to the reader. The equality for all primes p can be
obtained by realizing that the formulas for the Fourier still hold, when enlarging the set
S. An alternative is the direct comparison of equations (3.2.11)) and (3.2.12)) with [KY10],
Proposition 2.1]. We have proved Observation [3.0.7]

Theorem 3.3.1. For an even lattice L = Z™ with Gram matriz S and p € L' = S™1Z",
the equality

1— thlxthertS +m—Q( )(t) 13
Womn(X) = BT (1 - p)

holds for all primes p.

t=pX

3.4. Exact formulas depending on discriminant forms

In this section, we discuss in which sense the above formulas only depend on the discrimi-
nant form L'/L (or the genus symbol) of an even lattice L. The ingredients which depend
on L are the rank n = rank(L), the discriminant disc(L) and the Gram matrices S, in
canonical form together with the corresponding changes of basis for every p|disc(L). The
change of basis is only needed, to associate local coordinates p, € S, 1Z$ to an element
we L.

By Remark and Remark we can recover the parity of the rank, n (mod 2),
and the discriminant of L from the genus symbol via the oddity formula. We know from
Lemma how Jordan components relate to canonical Gram matrices. For the sake
of computing vector valued Eisenstein with respect to a discriminant form we need a
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3.4. Exact formulas depending on discriminant forms

consistent choice of Gram matrices S,.

A precise condition on the minimal rank of any lattice having a fixed discriminant form
is given by |[Nik79, Theorem 1.10.1]. For the sake of computational simplicity, we choose a
possibly higher rank.

Lemma 3.4.1. Let D be a finite quadratic module generated by r elements. Then D is the
discriminant form of an even lattice L of rank n > 2 4+ r with n = sign(D) (mod 2).

Proof. For such an n, we can always find ¢4, %) with n = ) + ¢ satisfying [Nik79,
Corollary 1.10.2]. Hence a lattice L with signature ;) — ¢ and discriminant form D
exists. ]

With this in mind, we can choose local Gram matrices for a finite quadratic module in
the following way.

Lemma 3.4.2. Let D be a finite quadratic module. Let n be the minimal rank satisfying
Lemma and L be a lattice of rank n such that L' /L ~ D. Further, we let C, be the
rp X 1p block diagonal matriz consisting of the canonical choices for Gram matrices of the
Jordan decomposition of D, as given by Lemma where 1, is the minimal number of
generators of D,. There is a Z,-basis such that the Gram matriz of L can be presented in

the form
01 2 1 5
or s = 4,
H 10 1 2] P

' 2
Sp = H , Up= ‘ (3.4.1)

., DF2

2¢e

where € € Y is chosen such that disc(S,) = disc(D) (mod (Z))?) is satisfied.

Proof. All given Gram matrices give the right discriminant form by Lemma [1.4.1] and
they have the same dimension. The rest follows from the classification of p-adic quadratic
forms. ]

Given a finite quadratic module D, we can now compute the corresponding local densities
by fixing local Gram matrices S, as in Lemma [3.4.2] and representing 4 € D by the local
coordinates p, € S, 'Z7 /7 for every prime p.

When computing or implementing this, we do not need to keep track of the hyperbolic
planes by Remark when we use the approach of Kudla and Yang. When using the
approach of Bruinier and Kuss, this remains true by Theorem [2.1.1]
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3. Fourier coefficients of Fisenstein series

3.5. Estimates

In this section we estimate the Fourier coefficients of Eisenstein series with respect to the
dual Weil representation for an even lattice of type (b",07) and of weight k = H%If We
need the assumptions that b" is even and that the lattice L splits a scaled hyperbolic
plane. The case that L splits a hyperbolic plane is treated in [BM17]. In particular, we are
interested in the case b™ = 2 to search for Borcherds products in a systematic manner. The
results of this section were obtained together with Markus Schwagenscheidt (cf. [OS18]).

Theorem 3.5.1 ([BKO1, Thm. 4.8]). Let v € L' and n € Z — Q(v) with n > 0. The
coefficient ag(y,n) of the Fisenstein series E of weight k = m/2 for pi is equal to

k1 ki k=1 (_1)b+/2

(3.5.1)
L'/ LT (k)
times
91-k(7XxaD) wp(1-2k) \L (pwp iF2lm
o) Lis)? ™) e (3.5.2)
wp (1—2k) p\TL wp .J.
MG S n( o (@) d oo an(f/d) T i@ if 24 m.
df p|2det(S) P
Here S is the Gram matrix of L and
NE (@) =#{reL/al :Q(r—~)+n=0 (moda)} (3.5.3)

is a representation number. The definition of w,, D, D, f and i can be found in Section

[3.3, Theorem[3.2.3.

If the lattice in question splits a rescaled hyperbolic plane U(N) = (Z2, (z,y) — Nzy),
we may estimate the coefficients as follows.

Theorem 3.5.2. Let L be a lattice of signature (by,b_) (by even) with rank 2k = m > 3
such that L = Ly @ U(N) for some even lattice Ly of rank m — 2 > 1. Let d be the
determinant of the Gram matriz of L. Let v € L' and n € Z — q(vy) with n > 0. The
coefficient ag,(y,n) of the Fisenstein series with respect to the dual Weil representation
and of weight k = m/2 is either 0 or

(—1)"ag,(y,n) > Cran -1, (3.5.4)

where Cy qn s given by
ok+1k

V1D (k)

(3.5.5)
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3.5. Estimates

times
2—¢(k—1) 11 p(3f2k)ordp(N)(1 _ 1/]7), 9 | m,
2C(k1/2) 1y pB2k) ordp(N) (11 /p) 24m (3.5.6)
C(k—1/2) pl2d 1-pl—2k ’ :

The proof is accomplished using the following lemmas. The methods follow and gener-
alize the estimates in [BM17]. The following lemma is well known.

Lemma 3.5.3. Let n € Z and v € Z>q. Then

1\, v
Ngél) (py) _ (Ordp(73> —il: 1)<]l'/_ E)p ) Ordp(”’) <, <357)
v(1— )"+, ord,(n) > v.
Corollary 3.5.4. We have
1
(1-2< PN (p7) S v+ 1 (3.5.8)

Lemma 3.5.5. Let p be a prime, v € Z>o, N € Z and v = (l]\},'yﬁ) e UN) = %ZQ.
We write p"™ ||N, p*||(v1,72) (vy = oo for v = (0,0)) and n = ¢ — T2 with { € Z.
Furthermore, we define vyin = min(v, v, vy). The representation numbers for a rescaled

hyperbolic plane are given by

0’ mein 1’€’
NI @) = o Nog (), v < min(w, ) and o | £, (3.5.9)
prmin(ry) vy > min(v, v,) and p*=» | ¢,
where i = Nnp~2¥N.
Proof. We may write
Ng’q(lN)(p”) = #{(a,b) € (Z/p"Z)* : Nab — (ayp + by1) = —¢ (mod p")}. (3.5.10)

If pmin t £, then the condition for (a,b) implies 0 = —1 # 0 (mod p"m»). This condition
cannot be fulfilled and the representation number is 0 in this case.
If vy < min(v, v,), we write N = N’ - p"~ and find an integer N’ such that

N =(N)™'  (mod p*). (3.5.11)

The bijection
N7 M\ 77 V2
((11, bl) — (N/(CLl + ﬁ), N,(bl + W)) =: (CL, b) (3512)
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3. Fourier coefficients of Fisenstein series

shows that
Né{le)(p”) = #{(a1,b1) € (Z/p"Z)? : a1by = —Np * n  (mod p"~"V)}

3.5.13
= P N (7). 351

This proves the second case.

If vy > min(v, v,), we distinguish two cases. If v, > v, the condition for (a,b) is trivial
and we have p? = pr+t@in(»»v) golutions. If v, < v, we may assume that p"||y,. We see

N, ) bn—t _
NYWN (p) = b) € (Z/p'Z)? a=|—b— — dp”™
v,m (p ) #{(a” ) ( /p ) a pl/,y pV'Y py7 (mo p )} (3514)
=p",
so again, we have p”+™n(*) solutions. O

Lemma 3.5.6. Let L be a lattice of rank 2k = m > 3 such that L = Ly @ U(N) for some
even lattice Ly of rank m —2 > 1. Then either NX, (p”) =0, or

— 1 — 1 1
p"UTINE (pY) = pP (1 - o) (3.5.15)

An upper bound is given by

pu(172k)N’ﬁn<pu) < mein<I/ — Vpin + 1)' (3516)

Proof. Write v = 71 + v, with 71 € L) and v, € U(N)'. We may write

v U(N v
NEW) = > N oo () (3.5.17)

M ELy/p¥ Ly

To estimate the summands we define v, := v,,, vx and vy, as in Lemma If all
summands are 0, there is nothing to prove. Therefore, we may assume that there is a \;

such that the corresponding summand N. ,g %2@(/\17 71)(]9”) is nonzero. This implies

C=n+ QN — )+ Q7). (3.5.18)

pl/min
If we change A\; modulo p*™» Ly, this remains true. This gives at least p*~*=n)(m=2) nonzero
summands, which we can estimate using Lemma [3.5.5]
We distinguish the cases vy < min(v, v,) and vy > min(v, v,).

In the first case, the nonzero summands are of the form
1

pQVNNg’f(ll)(pllfl/N) > pQVNpusN<1 _ E) (3519)
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3.5. Estimates

where 1 might depend on A\; and we use Corollary for the estimate. This yields

—Vmi m— 14 V—UV 1 m—1)v —m)V 1
Nq{:n(pV) 2 p(l/ rmn)( 2)p2 Np N(l _ ];) — p( 1) p(3 ) N(l o 5) (3520)
for the sum.

In the second case, the nonzero summands are of the form

py-‘rmin(u,uy) — pl/-‘rl/min_ (3521)

This yields

14 V—Vmi m— V1Vmi m— 14 —MM )Vmi m— v —m)V 1
where we have used 3 — m < 0 and vy, < vy.
The upper bound can be found by similar estimates using Lemma [3.5.5| and the upper

bound of Corollary [3.5.4] O

Note that the characters x4p and xp appearing in the Fourier expansion of F(z) given
in Theorem [3.5.1] are quadratic Dirichlet characters. For even rank, we need the following
estimate.

Lemma 3.5.7. Let x be a real Dirichlet character and n € Z>o,s > 2. Then

((s) = o-(n,x) =2 = ((s). (3.5.23)
Proof. We have
o_s(n,x) = §x<d>d‘s >2 - ;ws >2—((s) (3.5.24)
and
o_s(n,x) = %X(d)d_s < gld‘s = ((s). (3.5.25)
This finishes the proof. O

For odd signature, the following two estimates are useful.

Lemma 3.5.8. Let x be a real Dirichlet character, let f € Zso, and let k > 5/2 be a
half-integer. Then we have

> uld)x(d)d oy (f/d) > 2 = ((k —1/2). (3.5.26)
dif
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3. Fourier coefficients of Fisenstein series

Proof. We split off the term for d = 1 on the left hand side and estimate

S uld)x(d)d* F oy o (f/d) = oa—ar(f) + > pld)x(d)d" > Fos_op(f /)
d d
! i (3.5.27)
> 205 o(f) = > d"* oy o (f/d).
dlf

Now 9ok (f/d) < og9_0k(f) for d | f, so the last expression is greater or equal than

ook (f) (2 - Zdl/“) > a9 on(f) (2—C(k—1/2)) >2—((k—1/2). (3.5.28)

daf

This finishes the proof. O

Lemma 3.5.9. Let x be a real Dirichlet character and let s € R, s > 1. Then

C(s) > L(s, x) > Céés)). (3.5.29)
Proof. For s > 1 we have
L(s,x) = lpT 3 ti)ps > 1;[ : +1ps CS(QSS)) (3.5.30)
and 1 1
L(s, x) = ];[ T = 1;[ = = S (3.5.31)
This completes the proof. O

3.6. Vector valued Eisenstein series vs. Jacobi-Eisenstein
series

By [EZ85, theorem 5.1] Jacobi forms of weight k£ and index m > 1 correspond to vector
valued modular forms for the Weil representation of weight k — % with respect to the even
lattice (Z, Q(x) = —ma?). The concrete correspondence of the Fourier coefficients is given
by

[n] +r?

i T, (3.6.1)

r
alattice(%; n) <~ aJacobi(

where v = 3 € L'/L and n € Q(y) + Z. In particular, this correspondence sends
the vector valued Eisenstein series to the Jacobi-Eisenstein series, allowing us to test our
implementation of the Fourier coefficients against Theorem [1.9.1] The Fourier coefficients

we used as test are the first 1000 coefficients in every coordinate for all combinations of
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3.7. The Siegel-Weil formula

index 1,2...,15 and weights 4,6,...,50. All these test cases only test the formulas for
lattices of odd rank (rank 1 to be specific). Nonetheless, with Jacobi forms, the formulas
for p = 2 are tested quite thoroughly. The Siegel-Weil formula provides more general test
cases.

We give an example of the above Correspondence [3.6.1] The given coefficients also agree
with [EZ85, Table 1].

Example 3.6.1. The Jacobi-Eisenstein series of weight £ = 4 and index m = 1 is given
by

Eyq(r,2) = i Z eq1(n,r)g"¢"

n=0 reZ
r2<4n

=1+ (1¢2+56¢ 7" +126¢° + 56¢" + 1¢%) ¢!
+ (126¢7% + 576¢ " + 756¢° + 576¢" + 126¢7) ¢°
+ (56¢7% + 756072 + 15120~ + 2072¢° + 1512¢" + 756¢* + 56¢° ) ¢°
+0(q"),

(3.6.2)

whereas the vector valued Eisenstein series for the lattice L = (Z, Q(z) = —?) of weight
7. .
5 s given by

Ep = (14 126¢" + 756¢* + 2072¢° + O(q"))eoy 1

3.6.3
+ (56%* +576¢7/* + 1512¢"/* +4032¢"°/* + O(¢"*))es (3:6.3)

and we see that the coefficients agree in the sense of (3.6.1)).

3.7. The Siegel-Weil formula

In this section, we introduce vector valued theta series and state the Siegel Weil formula
[B.1.3in its vector valued version.

Definition 3.7.1. Let L be a positive definite even lattice of rank n > 5. We define

Oy = > ¢“Wforyel/L, (3.7.1)
neY+L
Or= > O,pe, (3.7.2)
~eL'/L
P"(O1) = > Oyireyp for o € O(L'/L), (3.7.3)
~yeL'/L
1
oYM — ©*(OL), (3.7.4)
P o2 ¢ O
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3. Fourier coefficients of Fisenstein series

sym,gen __ 1 - 1 sym
o7 _< > ’O<M)‘) > 7]O(M)|@M' (3.7.5)

Megen(L)/~ Megen(L)/~

Note that in the above formula, we need to identify the discriminant forms M’/M for
all M representing classes in the genus of L. If there is only one class in the genus, this
becomes unnecessary and we also do not need the size of the orthogonal groups of the
lattices.

Siegel-Weil formula, Theorem 3.7.2. For a positive definite even lattice L of rank
n > 5, we have
eY™I" = Ey, (3.7.6)

where Ep is the vector valued Eisenstein series for the Weil representation p; associated
to L of weight 7.

Proof. This is a reformulation of the Siegel-Weil formula as stated in Theorem [3.1.3] An
alternative proof using vector valued Hecke operators in the case of odd level (and hence
even rank) can be found in [Rosl5, Theorem 4.18]. This second approach generalizes the
arguments for unimodular lattices in [KKO07, chapter 5]. O

The Siegel-Weil formula provides test cases for our implementation of the Fourier coef-
ficients of the vector valued Eisenstein series. In most considered tests, there is only one
class in the genus of the lattice. We also give an example with class number 2.

Example 3.7.3. Let L = Ey denote the even unimodular Ey root lattice, which can be
realized as (Z®%, x — Sz'Sz) with Gram matrix

4 =2 0 0 0 0 01
-2 2 -1 0 0 0 00
o -1 2 -1 0 0 00
o 0-1 2 -1 0 00
5= o 0o o0 -1 2 -1 00|’ (3.7.7)
o 0o o0 0 -1 2 -10
o o0 o0 o0 0 -1 220
1 0 0 0 0 0 0 2

as can be deduced from [CS99, chapter 4, equation (99)]. As for all unimodular lattices,
the vector valued modular forms for the Weil representation associated to this lattice are
scalar valued modular forms. All lattices in the genus of Ejg are isomorphic, i.e. there is
only one class in this genus. Since L' = L there is no need to symmetrize and the Siegel-
Weil formula states that the theta series associated to Eg is the Eisenstein series of weight
4 associated to this lattice. This is the classical holomorphic Eisenstein series of weight 4.
By enumerating elements of v € L' = L with Q(v) < 6, we see that

E, =0, = (1 +240q + 2160¢> + 6720¢> + 17520¢" + 30240¢° + O(qﬁ)) corr  (3.7.8)
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3.7. The Siegel-Weil formula

which we recognize as the classical holomorphic Eisenstein series of weight 4.

In the last example there was no need to sort elements of y € L' with respect to their
cosets p € v+ L. To show how this can be done, we look at the F; root lattice.

Example 3.7.4. Let L. = E; denote the even E7 root lattice, which can be realized as
(Z",x — La'Sz) with Gram matrix

2 -1 0 0 0 0 0
~1 2 -1 0 0 0 0
0 -1 2 -1 0 0 0

S=| 0o o0 -1 2 -1 0 -1/, (3.7.9)
0 0 0 -1 2 -1 0
0 0 0 0 -1 2 0
0 0 0 -1 0 0 2

as can be deduced from [CS99, chapter 4, equation (110)]. This lattice is also known to have
class number 1, i.e. there is only one class in its genus. The discriminant form L'/ L has only
2 elements which we can represent by 0 = (0,0,0,0,0,0,0) and v = (1/2,0,1/2,0,0,0,1/2).
The genus symbol of E; is 25! and it has level 4.

In order to enumerate short vectors, we identify L' = S~'Z" with (Z",z — 32'S~'z) by
sending z — Sz. Since the algorithm (Q.short_vector list_up_to_ length for a quadratic
form Q in sage) we use to enumerate short vectors needs an even lattice, we scale the
above lattice by the level N = 4 and look at (Z",Q(z) = 2! NS~1x). This yields

GL:ZQ

vezZ™

N ego1yiam (3.7.10)

and in order to compute this theta series to precision w, we need to sort the elements of
Z"™ with Q(v) < Nw with respect to their cosets S™'v + Z". Choosing precision w = 5, we
get

Oy = (1+126q + 756" + 2072¢° + 4158¢* + O(")) e

5 \ \ (3.7.11)
+ (564** + 57647/ + 1512¢"/* 4 4032¢"*/* + 544" + O(¢%) ) e,

where

0=(0,0,0,0,0,0,0) + Z7,
v =(1/2,0,1/2,0,0,0,1/2) + Z".

Due to the simple structure of the discriminant form, there are no nontrivial isometries,
so O, is already symmetrized and we have

E;, =0O;, (3.7.12)
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where Ep is the vector valued Eisenstein series of weight % for the Weil representation py,.

We give one final and more general example for the Siegel-Weil formula.

Example 3.7.5. Let L = Ag denote the even Ag root lattice, which can be realized as
(Z8, 2 — 1a'Spx) with Gram matrix

2 -1 0 0 0 0 0 0
-1 2 -1 0 0 0 0 0
0 -1 2 -1 0 0 0 0
0 0 -1 2 -1 0 0 0

S0 = o 0 0 -1 2 -1 0 o0 (3.7.13)
0O 0 0 0 -1 2 -1 0
O 0 0 0 0 -1 2 -1
o 0 0 0 0 0 -1 2

as given in [CS99, chapter 4, equation (53)]. This lattice is known to have class number 2
and the second class in its genus is represented by lattice L; with Gram matrix

2 1 -1 0 0 -1 1 1
1 2 -1 1 1 -1 1 0
1 -1 2 0 0 0 —1 —1
o 1 0 2 1 -1 1 0
51 = o 1 o0 1 2 -1 1 o] (3.7.14)
1 -1 0 -1 -1 2 -1 0
1 1 -1 1 1 -1 2 1
1 0-1 0 0 0 1 6

which can be found on [LMFDB]|. The discriminant form L’/L has 9 elements. The genus
symbol is 97! and it has level 9. Sending x — —x is the only non trivial isometry of the
discriminant form. There are 5 orbits, each containing 2 elements except for the orbit of
0. The 5 orbits are

0 € L'/L represented by (0,0,0,0,0,0,0,0),

0+#~ € L'/L with Q(y) = 0+ Z repr. by +(1/3,2/3,0,1/3,2/3,0,1/3,2/3) + Z*,

1 € L'/L with Q(71) = 1/9 4 Z repr. by =+ (4/9,8/9,1/3,7/9,2/9,2/3,1/9,5/9) + Z°,

Yo € L'/ L with Q(v2) = 4/9 4 Z repr. by =+ (1/9,2/9,1/3,4/9,5/9,2/3,7/9,8/9) + Z&,

v3 € L'/L with Q(v3) = 7/9 + Z repr. by +(2/9,4/9,2/3,8/9,1/9,1/3,5/9,7/9) + Z®.

For both Gram matrices, we can determine the corresponding theta series as in the last
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example. We get

O = (1472 + 756¢° + O(¢*)) o
+ (84q + 402¢” + O(q%)) (5, + ¢
+ (0g"° +126¢"7 + 756¢"° + O(g*)) (e, + ¢, (3.7.15)
+ (9¢"° + 252"/° + 13326/ + O(¢%)) (e, + €1,)
+ (3647° + 513¢"% + 1764¢%/° + O(q%)) (e, + ¢

and

O, = (1+126q + 756¢” + O(¢*)) o
+ (57q + T02¢* + O(¢%)) (&5 + ¢_s)
+ (1g"° + 126" + 812¢"° + O(¢*)) (e, + ¢,) (3.7.16)
+ (1g"° + 182¢"° + 13326/ + O(¢%)) (e, + €1,)
+ (5647 + 577¢"° + 1639¢%/° + O(q%)) (e, + ¢_y).

The vector valued Eisenstein series of weight 4 for the Weil representation py, is

Ey, = (1+78q + 756¢” + O(¢*)) o

(81q + 7027 + O(q%)) (&5 + ¢

6360 14/
o 1

~g'9 +126¢"0/° 4 + O(q3)> (e, +esy) (3.7.17)

2198
+ ( 09+ g 13327 + O ) (e + )

4681 15751
+ q16/9 + Tq%/g + O(q3)) (e% + 6—73)'
Both theta series are already symmetrized and we have

1
o S@L + 50, (3.7.18)
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In this chapter, we take a second look at finite quadratic modules. In particular we are
interested in their isometries and orbits under the action of the orthogonal group. The
formulas for orbit lengths are from [Sch13]. They were tested in [Opil3], where some
representation numbers for the 2-adic case have also been computed. We generalize the
formula for representation numbers of even 2-adic Jordan components.

4.1. Enumerating representatives of L'/

Let L be an even lattice of rank n with Gram matrix S represented by (Z",x — %a:th).
The dual lattice L’ is given by S7!Z" and the discriminant form is L'/L = S~'Z"/Z". To
find a set of representatives, we write S in Smith normal form, that is

D =USYV, (4.1.1)

where U,V € GL,(Z) and

D= (4.1.2)
0 d,

is the diagonal matrix consisting of the elementary divisors of S. We see that

S~lzr =vD Uz =VvD 7" (4.1.3)
Writing the columns of V as V' = (vy,...,v,), we can represent S~1Z"/Z" by the elements
= Ji 0o
S o+ 7", ji €L (4.1.4)
=1 di
Two such elements represent the same coset if and only if j; = j/ (mod d;) foralli =1,...,n.

This implies that a set of representatives is given by

n
2
i=1

.

Yoi, Ji€d0,... di— 1}, (4.1.5)

=8

To enumerate representatives for L, /L,, the maximal p-subgroup of L'/ L, we can restrict
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4. Finite quadratic modules revisited

the above to elements whose denominators are a power of p.
n

Ji 0o
; }WU[ + 7 , Ji € 7. (416)

Analogously to the above, two such elements represent the same coset if and only if

ji = j1 (mod p°¥(@)) for all i = 1,...,n. This implies that a set of representatives is
given by

S i ordy () _

;pordp(di)v“ Ji €4{0,..., pr 1}. (4.1.7)

The above ways to write elements give rise to the group isomorphism

L'JL ~ @L;/Lp,
P

Ji n ~  Ji n
ZEU1+Z — <Zpordpwi)vi+zp> s
p

i=1 % i=1

n Zp Ip,i porc;i;(di) <(por;lpl(di) ) (mod pO d;v(dz))> i n jp i i
2 d; v; + 2" < Z ord, (d7) vy + Zp ,

=1

where we applied n instances of the Chinese Remainder Theorem. Evaluating the quadratic
form on L’/L after applying the group isomorphism to an element of the form

0,...,0,2,,0...,0) G@L;/Lp, (4.1.9)
P
where . '
=3 po;yf,fidw + 2 =VD\J,+ 2" e I /I, (4.1.10)
i=1
and
pordp(dl) 0
D, = , (4.1.11)
0 pordp(dn)

gives the same result as the composition

~ Qp ~ _
L,/ Ly = L,/ L, = Q,/Z, = Zp 1/z — Q/z,

(4.1.12)
xp — Tz,
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with

-1
(E——— o
Tp = V . V—l

€ GL,(Z,). )

Remark 4.1.1. We see that if we start from a lattice, there is no way (known to us)
around using the Chinese Remainder Theorem. However, if we were to ignore this, we
would still get a finite quadratic module which is isometric to the discriminant form we
started with.

To see that the isomorphism given by 7, is necessary, we look at the the discriminant
form of the even lattice of rank 1 with Gram matrix (18).

Example 4.1.2. Let L = (Z,z — 92%). We have S = (18), D = (18), U = V = (1),
L' = 357 and

1 1 1
7Z/Z ~ §ZQ/Z2 D §Z3/Z3,

X x i
—+7Z —+ 2o, — + 7 1.
e (STt ), (4.1.14)
9.172+10$3 ) T3
5o Ee (G m )

To get an orthogonal decomposition, we need to choose the quadratic forms for the p-adic
lattices as

1 ) 91’2 2 1 2
o[ lo, — + 7 — ) == Z 4.1.1
(570/0. 5 4220090 (52) = a3 (woa ) (4.115)
and )
1 T3 1025 7
This truly gives an orthogonal decomposition, since
x 1, 15, 7,
—)=—z"=- — d1). 4.1.17
If we made the “naive” choice
1 T3 2.733 2 1 2
—23/ %3, — + 7 91— ) == dZ 4.1.18
<9 3/ 3>9+ 3 (18) g"s (mod Zs) |, ( )

we would not have the “right” orthogonal decomposition, since

Q(f—g) 3163: ;é—x —ix +;x (mod 1), (4.1.19)
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4. Finite quadratic modules revisited

However, if we construct a finite quadratic module orthogonally from the “false” choices,
we would get the finite quadratic module

1 1
D = (Z)27 x 7)9Z, (x5, x3) ng + §x§ (mod 1) (4.1.20)

which is isometric to L'/L under the isometry

1
7)27 X 7.]97 — TSZ/Z’
91y + 223
18

(4.1.21)

(ZEQ,Qfg) —> + Z.

4.2. Isometries

In this section, we collect information about the isometries of a finite quadratic module and
some invariants of the elements under the action of the orthogonal group. The formulas for
orbit lengths and representation numbers have been implemented using magma in [Opil3].
In the course of this thesis, a python version for use within sage has been implemented.
This code has been used in |[BEF16a; BEF16b| for which it was incorporated into the class
for genus symbols in [Ehl16].

Let D be a finite quadratic module. We have already mentioned that D decomposes
orthogonally into its maximal p-subgroups

D= @ D, (4.2.1)

plord(D)

If D is the discriminant form of an even lattice L, the previous section shows how to get
the D,. The orthogonal group O(D) decomposes into the Cartesian product

OD)= ] O(D,). (4.2.2)

plord(D)

We can enumerate the isometries of a discriminant form or finite quadratic module by
choosing appropriate images of generators successively. This can be done as follows.
Algorithm 4.2.1.

(i) Choose generators puy, ..., u, of D. Set i = 1.

(ii) If i = 0: Stop.

(iii) For all v; with ord(v;) = ord(x;) and Q(v;) = Q(p:;) (mod 1) such that v,...,v
have not been previously checked do:

(a) If B(vj, %) = B(pj, ) forall 1 <j <k <u:

i. If ¢ = n, we have found an isometry by mapping gy — 1, ..., ltn = Vn.
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4.2. Isometries

ii. If i <n,set?=14+1and go to .
(b) Else we choose the next 7;. If we have already checked all of them, set i =i — 1
and go to .
Note that it is much faster, to apply Algorithm to the maximal p-subgroups D,

and to combine the results using the Chinese Remainder Theorem. For odd primes, one
can also use reflections as generators of O(D,).

Remark 4.2.2. By a theorem in [Sch13|, the orthogonal group of a finite quadratic module
of odd level is generated by reflections. If the level is even, this does not hold in general.

4.2.1. Orbits

Following [Sch13]|, we want to describe the orbits of a finite quadratic module D under
the action of its orthogonal group O(D). By equation , we can assume that D is a
discriminant form of level p' for a prime p. Additionally we need to assume that p is odd.

Any integer m acts by multiplication on D and we denote the kernel of this action by
D,, and the image by D™. This gives rise to the exact sequence

0—= D, —D—D"—0. (4.2.3)
The quotient D/D,, is a finite quadratic module with quadratic form given by

Q:D/D,, —» Q/Z,

x + Dy, — mQ(x). (4.2.4)

We denote the canonical projection by m,, : D — D/D,,. The finite quadratic module
D/D,, is isomorphic to D™, which we endow with the quadratic form

Q:D"—Q/Z,

4.2.5
For an element v € D, we define the multiplicity
v(y) = max ({p’C ’ k € Zsq and there is u € D with p*u = 7}) (4.2.6)
and the reduced norm
Q™ (y) = v(7)Q(p) for some p € D with v(y)p = . (4.2.7)

The reduced norm is well defined (for odd p) and these values are invariant under isometries
of D. We can generalize these invariants to obtain

tw = vpi (7) = p0(p),

. 4.2.8
v = Q' (7) = Q") .
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4. Finite quadratic modules revisited

for 7 =0,...,k where ord(y) = p**1. Note that these are the multiplicities and reduced
norms of p/y € D and also of 7, (7). By [Sch13], these invariants identify the orbit of ~
(with respect to the action of the orthogonal group O(D)) and we write

O(D).y = O(D,p" vy, ... s Upks by oy k) (4.2.9)
Note that the orbit invariants fulfill the relations
v vy | o |9,
%tpj =p 'ty (mod 1), (4.2.10)
Upz‘

for 0 < i < j < k. This allows us to predict the orbits which we can expect from a
discriminant form. We make this precise in the following two technical lemmas. The first
predicts the multiplicities which can occur, the second predicts fitting reduced norms.

Lemma 4.2.3 (cf. |Opil3, Lemma 4.4]). Let p be a prime and let
0#y=, ) EZ/P'LD-- ®L[p"TL
be an element of order p**1. We have
o(mw(y)) € {p" 1 L r e {1,... n} with i, >k}
and if j € {0,..., k — 1}, we have
(T () € {p" 77t re{l,...,n} withi, > j and p" 7 < v(mp(y))}

Lemma 4.2.4 (cf. [Opil3, Lemma 4.5]). Lety € O(D,m,vq,...,v

k>

ti, ... ty). We have
1

tpk € -7
p

and for j € {0,...,k —1}. Forj € {0,...,k — 1} let d denote the denominator of tyi+1.

We then have
j 1
ty € (min <Up i ,>> 7.
dpv,i p

4.2.2. Orbit lengths

We summarise some results from [Sch13] and [Opil3] on how to compute the lengths
of the orbits from the last section. These computations depend purely on the Jordan
decomposition.

Proposition 4.2.5 ([Sch13]). Let D be a finite quadratic module of order p' where p is an
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odd prime. We have

v Vo k
try e te)| = |O(DY P )],

|O(D,pk+1,vl, )
U1 U1

L

Proposition 4.2.6 ([Sch13], cf. [Sch06, Proposition 3.2]). Let D be a finite quadratic
module with Jordan decomposition p*™ where p is an odd prime. Then

0D, p,1,t)| =
prt—e (_71)”/2 pn=2)/2, if n is even and t # 0,
pv 4 e (% " (p”/2 —p(”_Q)/Q) —1, ifn iseven andt =0, (4.2.11)
Pl 4e (%)UL_U/Z (%) (%) p=V/2  ifn s odd and t # 0,
pt -1, if n is odd and t = 0.

Proposition 4.2.7 ([Sch13|). Let D be a finite quadratic module of order p' where p is an
odd prime. Choose a Jordan decomposition of D. Define A as the sum over the Jordan
components of order p and B as the sum over the remaining components. Then D = A® B
and

’O(A,p,l,t)HBp’, ZfA#()?

O(D,p,1,t)| =
O(D,p, 1,1)] {07 il

Theorem 4.2.8 (|Sch13]). Let D be a finite quadratic module of order p' where p is an
odd prime. The orbit length

O(D,m,1,...,1,t,pt,... p")|

mt

depends only on (;)

Proposition 4.2.9 ([Sch13]). Let D be a finite quadratic module of order p' where p is an
odd prime. We have

_ |Dp’“‘
pk‘

|O(D,m,1,...,1,t,pt, ... p~t)| |O(D/ Dy, p, 1,p")].

Theorem 4.2.10 (|Sch13|). Let D be a finite quadratic module of order p' where p is an
odd prime. Suppose vy = -+ = v, =1 and vyi+1 > 1 for some j € {0,...,k —1}. Further
suppose that t, = p'ty (mod 1) for alli=1,...,j. Choose a Jordan decomposition of D.
Let A denote the sum over the Jordan components whose level divides vpj+1pj+1 and B the
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4. Finite quadratic modules revisited

sum of the remaining components. Then

|O(D, p" vy, . .. Uy byt )| =
Z O(A, PP 1, 1,8,ps,...,p°s)|

pj+1r=tpj+1 (mod 1)
sFv, j41r=t1 (mod 1)
?)pj+1 Upk

’O(vaj+1,pk+l, 1, ey 1, r,pr,... ,pjr, tpj-H, RN ,tpk)|.

ey ,
Upi+1 Upi+1

In the case that we have a valid orbit description in the sense of (4.2.10]). These formulas
can be further simplified.

Proposition 4.2.11 ([Sch13]). Suppose the assumptions of Theorem |4.2.1(0 hold.
If vyisityn = p’ Ty (mod 1) then
|O(D,m,v1, .. Uk, by, s tr)| =
|O(A, P 1,...1,a,pa, ... pa)l
3 OB+ m, 1,...,1,2" Uph

pitir=t j11  (mod 1)

e ST DTs e DT i, )]
Vpi+1 Vpi+1

Upi+1

where a is any element in Q/Z such that p’a = pt; —
If gty # PPy (mod 1), then |O(D,m, vy, ..., vk, b1, ..., t)| = 0.

tpj+1 .

Theorem 4.2.12 (|Opil3| Theorem 2.9, Korollar 2.10]). Suppose the assumptions of The-

orem hold.
If vyinityin = Pty (mod 1) then

|O(D,m, 1, .. Ve, by, )| =
p]—‘rl.|O(A’p]+1717"'717a’pa7"'7p70')|

OB+ m,1,...,1, Upj+1,...,%,b,pb,...,pjb,tpj+1,...,tpk)|

Upi+1 Upi+1

Upj+1

where a is any element in Q/Z such that pla = pit; —
element in Q/Z such that p’'b = t,+1 (mod 1).
If vty # Py (mod 1), then |O(D,m, vy, ..., vpk, by, ..., t)| = 0.

tyr1 (mod 1) and b is any

Proof. This is obtained by applying Proposition 4.2.11| to its own summands. One shows
that the p’*! summands are all the same. O

Note that when computing the lengths of orbits which have the same multiplicities, the
discriminant forms appearing in the above recursion are always the same. Hence they only
have to be computed once.

Also note that the above formulas depend only on the Jordan decomposition D. The
orbits can be computed purely from the genus symbol.
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4.3. Gauss sums

We define the Gauss sums of a finite quadratic module D by

G(e.D) = Y e(cQ(n)) (4.3.1)

neD

for any integer ¢. One way to calculate them is to use the representation numbers of D.
This approach gives

G(c,D) = Z e(cj)N(D,j), (4.3.2)

j (mod 1)

which is a finite sum. There is also a closed formula, for which we define
e = (27,2 e (20 (4.3.3)

if 2%||c and D has a maximal odd component of this form. If there is no such odd com-
ponent, we set z. = 0. We define the coset D = z.+ D¢ and for any integer ¢, we
denote the greatest common divisor of ¢ and ¢ by ¢. = (¢, ¢). Furthermore, we define the
value Q' (o) = cQ(y) + (x¢,y) for any a = z. + ¢y € D*. This is well defined by [Sch09,
Proposition 2.2].

Theorem 4.3.1 (|[Sch09, Theorem 3.8 and 3.9]). Let D be a finite quadratic module, ¢ € Z
and o € D. We have

> e(cQp) + (o, p)) =

neD

0, if a & D™, (4.3.4)
ece(=Q'(ae))\/|De|| D], if « € D, -

where

ee = [T 72 ((a/a0)5is) e ((c/qe — 1) oddity ((a/a.)5717 ) /8) ( ¢/qe )

2lgie (a/ac)™

. (4.3.5)
I ((@/a)™) ((q/f))

plafe
p odd

and the products run over the Jordan components gca™ of D.

Since 0 € D if and only z. = 0 we can calculate the Gauss sums as follows.
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Corollary 4.3.2. Let D be a finite quadratic module, ¢ € Z and o« € D. We have
G(D,c) =Y e(cQ(n))
neD
0, if D has an odd 2-adic Jordan (4.3.6)

— component of level 2871 where 2¥||c,

ec\/|De||D|, else.

4.4. The dimension of My k

The dimension of the vector space of vector valued modular forms of weight £ for the dual
Weil representation M,: ;. is computed in [Bru02b] for the case 2k +sign(L) = 0 (mod 4).
Note that the formula only depends on the discriminant form D = L'/L. Let N denote
the level of D. The dimension of the modular forms (resp. cusp forms) are

dk
dim@(Mpzvk) =d+ ol a1 — g — (s,
(4.4.1)
. dk
dlmC(sz,k) =d + E — Q] — Qg — (g — Oy,

where

d=|D/{£1}| = ;(|Dy +[{v €D [2y=0}]),

a1 = § = = e((2h+sign(D))/8) RG(2 D)),
4,/|D|
ar =24 L R(e((ak + 3sign(D) — 10)/24) (G(1, D) + G(~3, D)),
3 3,/3|D|
5= > —Q() - [-Q() (442)
veD/{*1}

- ;fjl N];] (N (D, ]JV) + Natorsion (D, ]JV)> :
s =|{veD/{#1} [4*/2=0 mod 1}|

= LV (D,0) + Naorn (D, 0).
4.5. Local densities as orbit invariants

In this section, we show that generalized local densities can be used as orbit invariants. Let
L be an even lattice with discriminant form D = L'/L. By Remark [3.1.7] the Whittaker
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polynomials for a prime p depend mainly on the parity of the rank of L and on the maximal
p-subgroup D, of D.

Lemma 4.5.1. Let p be a prime and L an even lattice with discriminant form D = L'/ L
of order p'. If there is an isometry of D mapping u € D to ' € D, then

Womu(X) = Wy w(X) (4.5.1)

for all m € Q.

Proof. The vector valued Eisenstein series associated to L of weight k is invariant under
O(D), which means that the Fourier coefficients at ¢, and e, coincide. Since all other
factors in the formulas of Theorem [3.1.5]and Theorem [3.1.6]are non zero, the local densities
must coincide for an infinite number of possible weights. This means that the Whittaker
polynomials satisfy

Wp,m,,u(p_s) = Wp,m,u’ (p_s) (452)

for infinite values of s, so the polynomials must be the same. O

Since the last lemma is only useful if the rank of L is even or if D has order 2!, we
need a different approach for odd rank and odd primes. We look at the even lattice
Ly = (Z,x — x*). We have L = ;7 and using Lemma we compute

X +1, if m=
—X+1, ifm=

(mod 2),

m0d 2), (4.5.3)

WQ;mé (X) = {

SO [ =

Lemma 4.5.2. Let p be an odd prime and L, an even lattice with discriminant form
D =L /L, of order p'. Let L = Ly&® L,,. If there is an isometry of L!,/ L, mapping , € D
to w, € D, then the local Whittaker polynomials of L satisfy

W 7,,717(%7N) (X) - Wp7m7(%7ul)(X) (454)

p

for all m € Q.

Proof. The vector valued Eisenstein series associated to L of weight k is invariant under
O(D), which means that the Fourier coefficients at ¢1,) and e ) coincide. Since all
other factors in the formulas of Theorem [3.1.5| and Theorem [3.1.6] are non zero, the local
densities must coincide for an infinite number of possible weights. This means that the
Whittaker polynomials satisfy

W20 27 IWp i 2,0 (077) = W (1,0 (27 )W (3, (P7°) (4.5.5)

for infinitely many values of s. Since WQ’m,(%m(Z_S) = W27m7(%7u,)(2_5) is non zero for

infinite values of s by equation (4.5.3)), the Whittaker polynomials for p must be equal. [J

Let L be an even lattice with discriminant form D = L'/L.
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Proposition 4.5.3. If there is an isometry of D mapping p € D to u' € D, then
Wm,u(X) = Wy w (X) (4.5.6)
for all primes p and all m € Q.

Proof. For a fixed prime p, the above equation is only concerned with the p-adic properties
of L and p. We can therefore assume that it is an isometry of D, which sends p to p'.

If the rank of L is even or p = 2, then there is an n such that L plus n hyperbolic planes
is p-adically isometric to a lattice where Lemma applies and Remark implies
(14.5.6)).

If the rank of L is odd and p # 2, then there is an n such that L plus n hyperbolic
planes is p-adically isometric to a lattice where Lemma applies and again Remark

implies (4.5.6)). O

For odd primes p, the Whittaker polynomials can be viewed as a generalization of the
orbit invariants described in Section [£.2.1] To see this, recall that for odd primes p, an orbit
with respect to the orthogonal group of a finite quadratic module of order p' is uniquely
determined by the order of its elements together with the multiplicities and reduced norms
of multiples of its elements.

Let pt = (pp)p € @, D,. For odd p we have

v(pp) = p™°, (4.5.7)

so by Lemma the Whittaker polynomials W), ., (X) have modulus v(y,) in m.
Taking a look at Theorem |[3.1.5] we see that out of the Whittaker polynomials

WnQ(#)—l—m,u(X)a m=0,... 7“(:“) —1 (4.5.8)

only W, 0(),.(X) has a coefficient with even numerator in front of X*°. This implies that

the Whittaker polynomials determine Q(p) (mod v(u)Z,), from which we can deduce the

() = 2 (mod 1),

The same argument shows that the multiplicity of p, (for odd p) is the smallest modulus
satisfied by the Whittaker polynomials W, ,(X) in the sense of Lemma [3.1.8] so we can
also recover the multiplicity v(p,) from them.

We have proved the following theorem.

reduced norm of )

Theorem 4.5.4. Let D be a finite quadratic module of order p' for an odd prime p.
Let p,pi' € D have the same order p**' and the same multiplicities vy (1) = v, (i) for
j=0,....k. There is an isometry mapping u € D to y' € D if and only if

W,

P,m,pI

forallm € Q and j =0,... k. It suffices to checkm = Q(p’u), Q(p’p) +1,...,Q(p"n) +
U (1) — 1.

(X) = Wp,m,pju’ (X) (459)
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For odd primes p both the Whittaker polynomials and the reduced norms are well defined.
For p = 2, the reduced norms are not generally well defined, so the Whittaker polynomials
are new orbit invariants. We do not yet know however, if they determine a unique orbit.
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5. Borcherds products

In this chapter, we use our algorithm for the computation of vector valued Eisenstein series
to classify Borcherds products of singular weight arising from simple lattices. This is joint
work with Markus Schwagenscheidt (cf. [OS18]).

In his celebrated work [Bor98|, Borcherds defined a multiplicative lifting map from vector
valued modular forms for the Weil representation associated to an even lattice L to modular
forms on the hermitian symmetric domain corresponding to L. The resulting modular
forms have infinite product expansions at the cusps and are therefore called automorphic
(or Borcherds) products. The smallest possible weight of a non-constant holomorphic
modular form for the orthogonal group of an even lattice L of type (2,n) with n > 3, called
the singular weight, is given by § — 1, compare [Bun01]. Borcherds products of singular
weight have interesting Fourier and product expansions which often yield denominator
identities of generalized Kac-Moody algebras [Sch06]. Furthermore, there are not many
known holomorphic Borcherds products of singular weight, and it is a folklore conjecture
that there are only finitely many of them, which makes it an interesting problem to classify
them all.

Scheithauer [Sch06] obtained a complete list of the symmetric and reflective Borcherds
products of singular weight for lattices of square free level. In [Sch17], he classified all
reflective (not necessarily symmetric) holomorphic automorphic products of singular weight
for lattices of prime level, and he gave an effective bound for the possible types of lattices of
prime level (with prescribed discriminant group) allowing holomorphic Borcherds products
of singular weight. His student M. Dittmann informed us that he was able to remove the
requirement of being symmetric for all lattices of square free level [Dit1§].

Following a somewhat different direction, Dittmann, Hagemeier and Schwagenscheidt in
[DHS15] classified the simple lattices of square free level (hence even signature) and the
corresponding holomorphic Borcherds products of singular weight. Here, an even lattice
L of type (2,n) is called simple if the space of cusp forms of weight § + 1 for the dual
Weil representation of L vanishes. For a simple lattice, every formal principal part is the
principal part of a vector valued modular form, which implies that a simple lattice allows
many Borcherds products. One of the main result of [DHS15] is a list of 15 (isomorphy
classes) of simple lattices of square free level. It was further proven that only four of them
admit holomorphic automorphic products of singular weight, which were then constructed
explicitly. Bruinier, Ehlen and Freitag [BEF16b] determined all simple lattices of arbitrary
level and type (2, 7). The main result of this chapter is the classification of the holomorphic
Borcherds products of singular weight for all simple lattices. To ensure that the Borcherds
product is holomorphic, we assume that the corresponding vector valued modular form has
only non-negative coefficients in its principal part.
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5. Borcherds products

Theorem 5.0.5. Holomorphic Borcherds products (coming from wvector valued modular
forms with non-negative principal part) of singular weight § — 1 for simple lattices L of
type (2,n),n > 3, only exist in the following cases.

n | genus | lattice level
31274 A(-)eUaU4) 4
25342 1 Aj(-1) e U@ U4 4
274 Aj(-1) e Ud) e U4 4
2T | A (=2) @ U(2) @ U(2) 8
81 | A(—4)UsU 16
3 | Ay(-1)aUB)a U(3) 3
6| 27¢ |Dy-1)aUR)dU?2) 2
10| 272 | E(-1)oUaU(2) 2
26| 1M | Eg(-1) @ Es(-1)® Eg(-1)eUaU| 1

Here U denotes the hyperbolic plane Z* with Q(z,y) = wy, and Ay, Ay, Dy, Es denote the
usual root lattices. Further, if (L, Q) is a lattice and N a positive integer, we write L(N)
for the scaled lattice (L, NQ).

We remark that the automorphic products for the lattices with n > 4 in the above table
were already found in [DHS15].

We briefly explain the idea of the proof. Let L be an even lattice of type (2,n), let L’/
denote its dual lattice and let L’/L be its discriminant form. We let C[L’/L] be the group
ring of L'/L, which is generated by the basis elements e, for v € L'/L. Let

fle)= > X ar(ym)e™ e,

~EL' /L n>—00

be a weakly holomorphic modular form of weight 1 — 5 for the Weil representation of L
with real coefficients af(y,n). To make sure that the associated Borcherds product Wy is
holomorphic we assume that the coefficients as(y,n) with n < 0, i.e., the coeflicients of
the principal part of f, are non-negative integers. The weight of W is given by the linear
combination

1
-5 > as(ymas(y, —n), (5.0.1)
~yeL'/L
where ag(y, —n) are the Fourier coefficients of an Eisenstein series of weight & + 1 for the
dual Weil representation (see Section [3.2)). In Section we have given an explicit lower
bound for the absolute value of the coefficients of this Eisenstein series of the following

form.
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5.1. Orthogonal modular forms

Theorem 5.0.6 (cf. Theorem [3.5.2)). Let L be an even lattice of type (b*,b~) (b* even)
and rank m > 3, and let d = |L'/L|. Suppose that L splits a scaled hyperbolic plane U(N).
Letd = |L'/L|. Lety € L'/L and n € Z— Q(~y) with n > 0. The coefficient ag(y,n) of the
Fisenstein series of weight k = 73 for the dual Weil representation is either 0 or satisfies
the estimate

(1" Pap(y,n) > Cran -0t
for some explicit constant Cy qn > 0 depending on k,d, and N, but not on vy and n.

The theorem implies that the weight of W, is bigger than the singular weight for all
but finitely many choices of the principal part of f. For the few remaining choices of the
principal part of f, we explicitly compute the coefficients of the Eisenstein series to check
whether U has singular weight.

5.1. Orthogonal modular forms

Let L be an even lattice of type (2,n) with n > 3 and let V = L @ R. We let Gr(V) be
the Grassmannian of positive definite planes in V. Choose some primitive isotropic vector
z € L and some vector 2’ € L' with (2,2') = 1, and let K = LNzt N 2%, The complex
manifold {Z = X +iY € K®C: (Y,Y) > 0} has two connected components. We pick one
of them and denote it by H,. It can be viewed as a generalized upper half-plane. There is
a bijection Gr(V') = H,, which endows Gr(V') with a complex structure, compare [Bru(2a,
Section 3.2].

We let O(L)* = O(L) N O(V)™ be the intersection of the orthogonal group O(L) of
L with the identity component of O(V'), and we let I';, be the kernel of the natural map
O(L)" — O(L'/L). 1t has finite index in O(L)*. The action of O(L)" on Gr(V') induces an
action on H,,. Further, there is a natural factor of automorphy j(o, Z) for o € O(L)" and
Z € H,, see [Bru02a, Section 3.3]. A meromorphic function ¥ : H,, — C is called a modular
form of weight k € $Z for I';, and multiplier system x if ¥(0Z) = x(0)j(0, Z)*¥(Z) for
all 0 € I', and Z € H,,. The smallest possible positive weight of a non-trivial holomorphic
modular form for I'z is called the singular weight. It is given by § — 1, compare [Bun01].

For v € L'/L and n < 0 we define the Heegner divisor of index (,n) by

Hi(v,n)= Y X+ cGr(V).
XeL+y
Q(X)=n

Here X+ C Gr(V) denotes the set of all positive definite planes orthogonal to X. The
corresponding divisor in H,, will be denoted by the same symbol Hp (v, n).

Theorem 5.1.1 (|[Bor98, Theorem 13.3]). Let f = ., as(vy,n)e(nz)e, be a weakly holo-
morphic modular form of weight 1 — % for pr, with az(y,n) € Z for alln < 0,y € L'/L.
Then there exists a meromorphic function Vs : H, — C with the following properties:

(i) Vs is a meromorphic modular form of weight as(0,0)/2 for I'y, with some multiplier
system of finite order.
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5. Borcherds products

(1t) The divisor of Wy is given by

Y X ey m)Hilyn).

vEL!/L <0

Here Hy(v,n) has multiplicity 2 if 2y = 0 in L'/L, and multiplicity 1 otherwise.
(71t) Uy has an infinite product expansion.

The product expansion of ¥, can be written down explicitly, but we did not include it
here since we will not use it. The modular form W, is called the Borcherds product or
automorphic product associated to f. We remark that it depends on the choice of the
primitive isotropic vector z, and different choices of z correspond to expansions of U, at
other cusps.

We are particularly interested in Borcherds products of singular weight 2 —1. Therefore,
we need to control the constant coefficient a;(0,0) of f. Let k = § + 1, and recall the
definition of the vector valued Eisenstein series for the dual Weil representation pj,

E(z)=7 > k(M)
(M, 6)€(T)\ My (2)

It is a modular form of weight « for pj and it has a Fourier expansion of the form

E(z)=¢+ > > agp(y,n)e(nz)e,.

~yeL’'/L n>0

If f is a weakly holomorphic modular form of weight k¥ =1 — & = 2 — &, then the function
Yver 1 fy(2) By (2)dz is a meromorphic 1-form on SLy(Z)\H. By the residue theorem its
residue vanishes, which yields the formula

ap(0,0)=— > > ag(y,n)ap(y, —n)

~vyeL'/L n<0

Therefore, the constant coefficient of f, and hence the weight of the associated Borcherds
product, is determined by the principal part of f and certain coefficients of an Eisenstein
series.

5.2. Simple lattices

An even lattice L of type (2,n) is called simple if the space of cusp forms of weight 7 + 1
for pj is trivial. This space of cusp forms is also called the obstruction space for L. The
significance of this notion is the fact that a formal principal part as in (1.7.2)) is the principal

84



5.3. An example

part of a weakly holomorphic modular form if and only if

> 2 ag(v,n)ag(y, —n) =0

veL! /L n<0

for every cusp form ¢ in the obstruction space. Hence, for a simple lattice every formal
principal part is the principal part of a weakly holomorphic modular form, and hence every
Z-linear combination of Heegner divisors is the divisor of a Borcherds product.

The simple lattices of square free level and the corresponding holomorphic Borcherds
products of singular weight were determined in [DHS15|. Later, all simple lattices of
arbitrary level were computed in [BEF16b|, but the corresponding Borcherds products of
singular weight were not studied. For convenience of the reader, we give a list of the simple
lattices of type (2,n) with n > 3 at the end of this chapter in Section [5.5]

5.3. An example

For a given lattice of type (2,n) we are interested in solutions to the equation

1
g—l——afOO Z Zaf% —n)

weL’/L n<0

where f has a non-negative principal part, i.e. af(y,n) € Zso. We know from Theorem
that the Eisenstein coefficients on the right hand side are non-positive.

For any v € L'/L and any n, we have a¢(y,n) = as(—v,n) and ag(y, —n) = ag(—y, —n).
Hence any nonzero summand for a v of order greater than 2 occurs twice, once for v and
again for —vy # 7.

We can only find a solution to the above equation, if there is an Eisenstein coefficient
satisfying 2 — n < ag(y,—n) < 0 and 27y = 0 or an Eisenstein coefficient satisfying
1 -5 <ap(y,—n) <0and 2y # 0.

The lattice L = A;(—1) @ 2U(4) has genus symbol 2347 and type (2,3). We need to
check for Eisenstein coefficients satisfying —1 < ag(y,—n) < 0 and 2y = 0 or Eisenstein
coefficients satisfying —% < ag(y,—n) < 0 and 2y # 0. The lattice splits a hyperbolic
plane scaled by 4, which leads to the estimate

Njw

—ag(y,n) = 04,512,3 n

for the non zero coefficients of the Eisenstein series with respect to the dual Weil represen-

tation. We have
C —1 + 72 0.023671.
5 = 72 R
45123 90 15

For

4,512,5

{C’ 3 } +1=13
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5. Borcherds products

this implies ag(vy,n) < —1.

Let f be a modular form of weight —3 for p;, with coefficients as(y,n). In view of the
discussion above and formula for the weight of the Borcherds products W¢, we see
that the weight of W, will be bigger than the singular weight % if af(y,n) > 0 for some
n < —13. Hence it suffices to compute the Eisenstein cofficients ag(v,n) for n < 13. The
discriminant form of L is isomorphic to Z/27Z x (Z/4Z)* and it has 8 orbits with respect
to the action of its orthogonal group. Since the Eisenstein series is invariant under the
orthogonal group it suffices to list the coefficients of the Eisenstein series once for each
orbit. The following table gives a representative for each orbit, the size of the orbit and
the coefficients of the Eisenstein series for an element in this orbit.

orbit repr. | #orbit | g-expansion

1—-10¢' —70¢* — 48 ¢° — 120 ¢® — 250 ¢°
—2404¢" + O(¢")

—4q' —8¢> —16¢> —32¢* —32¢° —48¢°
(0,1,0,0,0) | 120 —64¢" —64¢® —100¢° — 1124 — 112¢™
—128¢*? + O(¢*?)

—4q' —8¢*—16¢> —32¢* —32¢° — 48¢°
(0,2,0,0,0) | 15 —64¢7 — 64¢° —100¢° — 112¢'° — 112¢"!
—128¢" + O(¢")

—2q1 —8qi —14¢7 —24¢7% —38¢7
(0,1,1,0,0) | 120 —40¢T — 56T —80¢1T —T6¢% — 104¢T
—126¢% — 11247 — 156¢T + O(¢7)
—1¢2 —6q2 —14¢q5 —20¢% — 31¢2
(0,1,2,0,0) | 120 —46¢% —50¢% —68¢% —92q% —82¢%
—108¢% — 148¢% —131¢% + O(q?)
gt —4qi - Bgi —20g7 — 2497
(1,0,0,1,0) | 120 —40¢% — 214 —60¢% —72¢% —100¢7
—96¢% — 1247 — BT g% £ O(¢7)
—1gt —25q¢1 —48¢71 — 12147 — 144 ¢
—192¢" —337¢7 + O(q7)

—8q% — 40(]173 — 80(]24*1 — 120q%

—200¢7 —248¢7 4+ O(¢1)

(0,0,0,0,0) | 1

(1,0,0,0,0) | 10

(1,2,2,0,0) | 6

We see that there are exactly two possibilities to obtain holomorphic Borcherds products
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5.4. Automorphic products as Siegel modular forms

of singular weight, namely by setting

for any v in the 7th orbit. The coefficients as(y,n) for all other v € L'/L,n < 0 have to be
set to 0. We call these elements - (which lead to Borcherds products of singular weight)
good elements. The other simple lattices can be treated analogously. We obtain the list
given in Theorem . The automorphic products for the simple lattices of type (2,3)
will be described more explicitly in the next section.

5.4. Automorphic products as Siegel modular forms

In order to identify the automorphic products in our list, we follow the setup of [Lip08].
We consider the real quadratic space

with the quadratic form

1
Q(X) = _Z tI‘(XQ) = T1T2 + 3Ty — ZL’?
It has type (2,3). Occasionally, we identify V with R® and write X = (1, T, 3, 24,75) € V.
to ease the notation. The group Sp,(RR) acts as isometries on V' by conjugation. In fact, the
identity component O(V)* of the orthogonal group of V' is isomorphic to Sp,(R)/{£1}.
Let Hy be the Siegel upper half-space of genus 2. For Z = (2 22) € H, we let

2o —2 0 det(2)

X(Z):# 23 —z9 —det(2) 0 c V().

/det (Y) 0 -1 Z9 z3
1 0

2! —%2

Note that X(Z) has norm 0, and that the real and the imaginary part have norm 1 and
are orthogonal. The map
7 v span(RX(2),$X(Z))

gives a bijection between Hy and the Grassmannian Gr(V') of positive definite planes in V|
which is compatible with the corresponding actions of Sp,(R). Note that the Siegel upper
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5. Borcherds products

half-plane Hy can be naturally identified with the orthogonal half-plane H3 corresponding
to the primitive isotropic vector z = (1,0,0,0,0) and 2’ = (0,1,0,0,0). Thus, orthogonal
modular forms on Hj3 can be viewed as Siegel modular forms of genus 2.

Let L be an even lattice in V, and let v € L'/L and n € Z + Q(5) with m < 0. In the
Siegel upper-plane model of Gr(V'), the Heegner divisor H(y,n) corresponds to the set

Z {(Zl ?) € H,: xz(zg — 2123) + X421 — 2X529 + T3z + 11 = O} :
3

z
Xev+L 2
Q(X)=n

The ten even theta constants

Jan(Z) = 3 exp (7i (Z[g + a/2] + V(g + a/2))),

gEZ?

with a,b € {0,1}2, a1b; + azby = 0 (mod 2), are Siegel modular forms of weight 1/2 for

the principal congruence subgroup I'(2), see [Fre83, Satz 3.2]. The divisor of 1 111(Z) on
Hs is given by I'y{Z € Hy : 2z, = 0}, where I'y is the theta group, see [Fre83, Bemerkung
A 2.3]. Since Sp,(Z) acts transitively on the even theta constants, we can easily determine
the divisors of the other theta functions from this. The following result is well known.

Lemma 5.4.1. The divisor of 0,,(Z) on Hy is given by the set of all Z € Hy satisfying
an equation
To(22 — 2123) + X421 — 22520 + T323 = 0

for some (z1,...,x5) € Z° satisfying x125 + x314 — 22 = —1 and the following congruences
mod 4:
Vay,anbibo || T1 | T2 | T3 | Ta | Tp
0,0,0,0 21212241
0,0,0.1 012]2]0|+£1
Y0,0,1,0 012|012 ]|+£1
0,011 0]2|0]0|£1
0,1,0,0 2101012 |+£1
Y0110 010]0]2]|+£1
11,0,0,0 210]2]0|+£1
1,001 0[]0 2|0 |£1
11,00 21010]0|£1
Y1111 0]0|0]0 |+l

We remark that the divisors of the ten even theta constants can be written as Heegner
divisors with respect to the lattice v/2Z° C V, but we chose the above formulation to make
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5.4. Automorphic products as Siegel modular forms

everything as explicit as possible.

We now describe the Borcherds products of singular weight % found in Theorem in
terms of theta constants. In each case, we first realize the simple lattice under consideration
as a sublattice of V| which amounts to choosing a cusp at which we expand the Borcherds
products for this lattice. We will frequently use the fact that, by the Koecher principle,
a holomorphic Siegel modular form of weight 0 for some finite index subgroup of Sp,(Z)
and some multiplier system of finite order is constant. Hence, in order to show that our
Borcherds products of weight % are given by theta constants, it suffices to compare their
divisors.

5.4.1. The lattice A1(—4) U U

We realize L as the subset of V' consisting of those X = (x1,...,25) € V withxy,..., 24 € Z
and x5 € 2Z. Then the dual lattice L' is then given by those X € V with z1,..., 24 € Z and
T5 € iZ. There are two good elements in L'/L, which are inverses of each other, namely
+v = £(0,0,0,0, i) + L. The corresponding Heegner divisor Hp (v, —1—16) translates into
the set

{Z € H2 . Z'Q(Zg — 2123) + Tyz1 — 21’522 + T3zz + 11 = 0, x; € Z,
DTy + T334 — 72 =—1, ;1 =... =24 = 0(4), 15 = £1(8)}.

This is the divisor of the theta constant ¥, 11(Z), which implies that the Borcherds
product of weight % with Heegner divisor Hy (v, —%) equals 1 1.1,1(Z) up to multiplication
by a constant.

5.4.2. The lattice A;(-1) o U(4) U

We realize L as the subset of V' with x1, 23, 24,25 € Z and x9 € 47. There is one good
element of order 2 in L'/L, namely v = (%,2,0,0, %) + L. By comparing the Heegner
divisor Hp (7, —i) in H, to the divisors of the theta constants as above, we see that the
corresponding Borcherds product is given by ¥ 0,0(22).

5.4.3. The lattice A;(—1) U (4) @ U(2)

We realize L as the subset of V' with x1, 23,25 € Z and xy € 47, x4 € 27. There are eight
good elements v with order 2 in L'/L. The corresponding Heegner divisors H (v, —i) in
Hy can be worked out and compared to the divisors of the theta constants as before. The
resulting Borcherds products are given by
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5. Borcherds products

4z, 2z 4z 229
190’07070<2Z), 790’[]70’0 (222 23 ) ) 79070,1,0(22), 7-90,0,0,1 (222 23 ) )

4z, 22z 4zy 22z
Y01.00(22), Y1000 (222 23> . Y0110(27), VY1001 (22’2 Zs) )

5.4.4. The lattice A;(—2)a U(2) d U(2)

We realize L as the subset of V with z1,...,25 € v/2Z. There are 20 good elements in
L’ /L which come in pairs 7. The corresponding Borcherds products are exactly the ten
even theta constants. This case has been treated in detail in the Diploma thesis of Lippolt
[Lip0§|, written under the supervision of Freitag.

5.4.5. The lattice 4,(—1)® U(4) @ U(4)

We realize L as the subset of V with x1, 29, 23,24 € 2Z and x5 € Z. There are 10 good
elements of order 2 in L'/L, which lead to the ten even theta constants, and 120 good
elements which do not have order 2, and which form a single orbit under the action of
O(L'/L). For example, one pair of good elements is given by +v = (1,0, 1,0, %) + L,
and the Borcherds product corresponding to the Heegner divisor Hp(y,—1) is given by

90,0,0,0 (2;21 %3 ) The remaining Borcherds products can be determined analogously.

5.5. A list of simple lattices

We list the simple even lattices of type (2,n), n > 3. They have been determined by
Bruinier, Ehlen and Freitag and can be found in the appendix of the extended online
version [BEF16a] of their journal article [BEF16b].

Every genus in the following list contains exactly one class. We describe the correspond-
ing lattices in terms of the hyperbolic plane U = (Z?, Q(x,y) = xy), the standard positive
definite root lattices A,, D,,, s, F7, Es and the lattice

8 —4 0
Sg=|-4 -2 —1
0 -1 -2

with genus symbol 8;'. For a lattice (L, Q) and an integer N we let L(N) = (L, NQ)
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denote the scaled lattice.

n | genus | lattice n | genus | lattice

3| 241 A(-YeUasU 5 | 4ot A(-YoUsU
2| A()eUEeU 224 | A1) U@ B U
274 A(-N e U4 eU 2+445*1 A(-)aU2)aU(2)
245 A(-)eU@R2)aU(2) 6 | 22 : Dy~ eUaU
253412 1 A (1) @ U(2) @ U(4) 9—4 D4( HoUR2)eU
2 Ay (1) @ U(4) @ U(4) 96 D4( HeU@2)eU(?2)
441 A(=2)eUsU 5+1 A:( HeUsU
2124 | A(=2) e U2) U 7 |4zt Ds(-1)eUaU
24 L A (-1) e U(2) @ U(2) 211371 AB( HeUaU
21137 | A4 (=3) e U U 3 331 E5( DeUsU
211372 | A (-1) e UB) e U 942 DG( HeUsU
2713 | Ai(-1) @ U(3) & U(3) 711 A6( HeUaU
8+t A(-4)eUsU 9 | 9+1 E6( HeUaU
85! Ssd U 41+1 D7( HoeUasU
272851 | Sy @ U(2) 8}+1 A7( HeUaU

4 | 3+ A(-1)eUasU 10 11+1 E7( HeUaU
3-3 Ay(-1)oU@B)eU 9+2 E8( HeUQ2)aeU
35 | A(-1) e UB)eU(3) TR 2;( HoeUaU
223+ | Ay (=) @ U(2) e U 1 -
2H13H | Ay(-1) 2 U(2) @ U(2) L =
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A. An integral 2-adic change of basis

In |[Cas78, Chapter 8, Section 4, Lemma 4.1}, Cassels states that the canonical for Qq-valued
forms under Zs-equivalence are

2¢x%, 2°(3x%), 2°(52%), 2°(7x?),
26<2$1.’E2),
2¢(x% + 2wy + 13)

where e € Z. In his proof, he also deals with bilinear forms
h(y1, y2) = huyi + 2hiayiys + haoys
with hq1, hia, hos € Zs and
|hialo =1, |hii]e < 1,  |haala < 1.
He leaves it to the reader to verify that h(yi,ys) is Zs-equivalent to
{leyz, if h2, — hithes =1 (mod 8),
y? 4 2y1ya +y3,  if by — hithee =5 (mod 8).

In both cases we will compute a basis to prove these Zs-equivalences.

Let h, hi1, hi2, hoa be as above. Then hy; is a 2-adic unit, 2 | hy; and 2 | hge. We will
frequently use the following well known fact which can for example be found [Ser73].
Remark A.0.1. An element u € Zj is a square, if and only if u =1 (mod 8).

hoo —

As a first consequence, we get hiy — hithgy =1 — 481222 =1 or 5 (mod 8).

A.0.1. Case 1
In the case h%, — hi1heys =1 (mod 8), we need to find a Zy-basis (by, be) of Z3 such that

h(bl, b1> = O, h(bl, bg) =1 and h(bg, bg) = 0.

~ 1 - —haa
— - 2

If hi1 = 0, the elements
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A. An integral 2-adic change of basis

are isotropic,

1 —hao
det 0 h212 =hyg € Z;

and

- —h —h —h
h(by,by) =0-1- 222+h12(1.h12+ 222-0)+h22.0-T22:h§2€Z§.

b= p o (), b= L, (e
- — b, = 12 = —0y = 12
1 h121 (0)’ 2 h122 <1>

gives a basis with the desired properties.

In this case

If hi1 # 0, the elements

P <_h12 + /iy — h11h22> P (—hu — /Py — hnhm)
1= ) 2 —

hll

are isotropic,
— [h2. _ _ . I/p2 _
det ( iz + ]?12 farhay —haz }?12 h11h22> = 2h11\/hiy — hathay # 0
11 11

and

h(by,bs) = hi1(—haz + \/h3y — hathas)(—hiz — /B3y — hitha)
+ highii(—hia + \/ h%y — hi1hay + —hia — \/ h3, — hi1hao) + h22h%1

= hy1(hiy — (hiy — hirhas)) — 2h35hay + haoh,
- - thl(h?Q - hgghn) 7é 0

If hy; =2 (mod 4),

1 - 1 -
bi, by=—0b
2(h2y — hoohyy) 0 hiy

blz_

gives a basis with the desired properties.

If hi3 =0 (mod 4) and hgy =0 (mod 4), the transformation

L 1\ (b hag (1 0\ _ (hiyr +2h1o + hoy haz 4 hao| @11 @12

0 1) \hi2 ho) \1 1 hiz + has has \hi2 B
yields a quadratic form A with hy; = 2 (mod 4). We already know how to deal with this
case.
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If hy; =0 (mod 4) and hgy =2 (mod 4), we use the transformation

0 1) (hir hia\ (0 =1\ _ [ hoy  —hiz) _ Zln }:112
—1 0) \lh2 ha)\1 O —hi2 hn \l2 ha
to get h with 2y =2 (mod 4).

A.0.2. Case 2
In the case h%, — hi1hey =5 (mod 8), we need to find a Zy-basis (by, by) of Z32 such that

h(bl, bl) = 2, h(bl, bg) =1 and h(bg, bg) = 2.

We have hy; = hgs = 2 (mod 4). We know that a root \/CQ(h%Q — hi1hgg) + 2hyy € Z3

exists for all ¢ € ZJ. Define

—chis + (1) /2 (h3y — hushan) + 20y
hll

a;(c) =

for c € Z5, i € {0,1}. We have h(a;(c),c) =2 for all ¢ € Z and i € {0,1}.

—3h11
2(h%27h11h22)

(o). 1)

gives a basis with the desired properties.

If hy; =2 (mod 16), a square root ¢ = exists and

—h11
2(h§2*h11h22)

=), - o5)

gives a basis with the desired properties.

If hy; =10 or 14 (mod 16) and hgs = 2 (mod 4), we use the transformation
L 4\ (hir g (1 0\ _ (hiy +8hip + 16hos  hip +4hoo ELH sz
0 1) \hi2 ha)\4 1 hia + 4hao has “\hi2 Do

to get h with hy; =2 or 6 (mod 16). We already know how to deal with this case.

If hy3 =6 (mod 16), a square root ¢ = exists and
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B. Computing Eisenstein series for the
Weil representation

To use the algorithms provided for integer lattices, start sage from within the directory
containing the source files. From then on the first steps could look as follows:

sage: from eisenstein import EisensteinSeries

The classical Eisenstein series of weight 4:

sage: EisensteinSeries(’’, 4)

A vector valued g-series with coefficients
(): 1 q~(0) + 240 g~ (1) + 2160 q~(2) + 0(q~(3))

These Fourier coefficients were tested with the Siegel-Weil formula:

sage: EisensteinSeries(matrix(2,2,[2,1,1,2]), weight 5)

A vector valued g-series with coefficients

(0, 0): 1 g~(0) + 246 gq~(1) + 3600 gq~(2) + 0(q~(3))

(1/3, 1/3): 3 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3) + 0(q
~(10/3))

(2/3, 2/3): 3 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3) + 0(q
~(10/3))

Using the negative Gram matrix and the dual Weil representation gives the same result:

sage: EisensteinSeries(- matrix(2,2,[2,1,1,2]), weight = 5,
dual = True)

A vector valued g-series with coefficients

(0, 0): 1 q~(0) + 246 gq~(1) + 3600 g~ (2) + 0(q~(3))

(1/3, 1/3): 3 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3) + 0(q
~(10/3))

(2/3, 2/3): 3 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3) + 0(q
~(10/3))

We can also compute the Eisenstein series from a genus symbol:
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sage: EisensteinSeries(’3°-1’, 5)

A vector valued gq-series with coefficients
((3, (0, 0, 0, 0)),): 1 q~(0) + 246 q~(1) + 3600 q~(2) + 0(q
~(3))
(¢(3, (0, 0, 0, 1/3)),): 3 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3)
+ 0(q~(10/3))
(3, (0, 0, 0, 2/3)),): 83 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3)
+ 0(q~(10/3))

Using the genus symbol for the finite quadratic module twisted with —1 and the dual Weil
representation gives the same result

sage: EisensteinSeries(’371’, 5, dual = True)

A vector valued g-series with coefficients
(3, (0, 0, 0, 0)),): 1 g~(0) + 246 q~(1) + 3600 q~(2) + 0(q
~(3))
(3, (0, 0, 0, 1/3)),): 3 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3)
+ 0(q~(10/3))
((3, (0, 0, 0, 2/3)),): 3 q~(1/3) + 723 q~(4/3) + 7206 q~(7/3)
+ 0(q~(10/3))

For lattices, the Eisenstein series is computed by the class “Lattice”:

sage: from integer_ lattice import Lattice
sage: L = Lattice(matrix(2,2,[0,1,1,0]))

sage: L.eisenstein_series (4, prec = 5)
{0, 0): {0: 1, 1: 240, 2: 2160, 3: 6720, 4: 17520}}
sage: L.eisenstein_series (6, prec = 5)

{0, 0): {0: 1, 1: -504, 2: -16632, 3: -122976, 4: -532728}}
sage: L.eisenstein_series (8, prec = 5)

{0, 0): {0: 1, 1: 480, 2: 61920, 3: 1050240, 4: 7926240}}
sage: eis = _

sage: eis [(0,0)][1]

480

Lattices are always assumed to be Z" and even. Different lattices are given by different
Gram matrices. In our example, we have chosen a hyperbolic plane an recovered the usual
Eisenstein series of weight 4, 6 and 8 respectively. Note that the program computes the
Eisenstein series for the Weil representation using the formulas from [KY10]. The formulas
in [BKO1] will give you an Eisenstein series for the dual Weil representation. If we want to
compute an Eisenstein series for the dual Weil representation, we can use the negative of
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our Gram matrix. The computed Eisenstein series

Z Z a(V? n)qne’Y

vyeL'/LneQ(y)+Z

n>0
is given by the dictionary of the form
{
T {n'yl,l : a(’717 n'yl,O) 5 +-+5 Ny prec—1): a'('}/b n’yl,prec—l)}
Tm {n'ym,l : a(717 n'\ﬂ,()) 5> +ovs Ny brec—1): a(f}/my n'ym,precfl)}
3

where prec is the precision to which this Eisenstein series was computed. If d is this
dictionary, then d[v][n] will yield a(y,n). Using the class “EisensteinSeries”, we can
print the dictionary as a vector of ¢-series:

sage: L = Lattice(matrix(2,2,[0,1,1,0]))
sage: L.eisenstein_series (4, prec = 10)
{0, 0): {0: 1,
1: 240,
2160,
6720,
17520,
30240,
60480,
82560,
140400,
9: 181680}}
sage: EisensteinSeries(_)

0 N O O b W N

A vector valued g-series with coefficients

(0, 0): 1 q~(0) + 240 gq~(1) + 2160 gq~(2) + 6720 q~(3) + 17520
q~(4) + 30240 gq~(5) + 60480 q~(6) + 82560 q~(7) + 140400 q
~(8) + 181680 gq~(9) + 0(q~(10))

sage: L.eisenstein_series (6, prec = 10)
{0, 0): {0: 1,

1: -504,

2: -16632,

3: -122976,

4: -532728,

5: -1575504,
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B. Computing FEisenstein series for the Weil representation

6: -4058208,
7: -8471232,
8: -17047800,
9: -29883672}}
sage: EisensteinSeries(_)

A vector valued g-series with coefficients

(0, 0): 1 q~(0) + -504 g~ (1) + -16632 gq~(2) + -122976 q~(3) +
-532728 q~(4) + -1575504 q~(5) + -4058208 q~(6) + -8471232
q~(7) + -17047800 q~(8) + -29883672 q~(9) + 0(q~(10))

Note that we had to use different weights to get a meaningful result. This is due to a
congruence condition on the weight and the signature of the lattice which is equally present
in [KY10] and [BKO1]. Since some of the computations done by the Lattice class are quite
expensive, the class will save some data. This data can then be stored in a file from which
the Lattice object can be restored. If no file name is given, the save method will return a
StringlO from which the Lattice can also be recovered.

sage: m matrix(2,2,[0,1,1,0])

sage: L Lattice (m)

sage: s = L.save().getvalue ()

sage: print s[s.find(’lattice_data’):]
lattice _data=\

A\
’gram_matrix’ : \
matrix ([\
(o, 11,\
(1, 0],\
1A
}
sage: LL = Lattice(s)
sage: LL

Lattice given by "Ambient free module of rank 2 over the
principal ideal domain Integer Ring" endowed with the
quadratic form "Quadratic form in 2 variables over Integer
Ring with coefficients:

[ 0 1]

L 01"

sage: LL == L

True

When loading from a file, the file is expected to have a .sage extension.

sage: f = open(tmp_filename(ext = ’.sage’))
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sage: L.save(f.name)
sage: LL = Lattice(f)
sage: L == LL

True

From within the Lattice class, we can compute the genus symbol of the lattice. This uses
the FiniteQuadraticModule class from psage. The lattice can also access the L-functions
and modular forms database [LMFDB]| to find the Imfdb label of the lattice.

sage: L = Lattice(matrix(1,1,([2]))
sage: L.genus_symbol ()

)2 12
sage: L.1lmfdb_label ()
’1.2.4.1.1°

Some more functions are as follows.

sage: L.gram_matrix ()

[2]

sage: L.dim()

1

sage: L.det ()

2

sage: L.is_positive_definite ()
True

sage: L.level ()

4

sage: L.smith_form()

(f21, [11, [11)

sage: for el in L.discriminant_form_iterator ():
Cet print el

sage: L.local _normal_form(2)
(21, [11, 1D

sage: L.p_excess (3)
sage: L.oddity ()
sage: L.weil index (2)
e~ (1/4xI*pi)

sage: L.isometry_orbits ()

(ecodl, [(1/2)11
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B. Computing FEisenstein series for the Weil representation

sage: L.eisenstein_series_by_orbits(5/2, prec = 5)
{o0: {0: 1, 1: -70, 2: -120, 3: -240, 4: -550},
1: {1/4: -10, 5/4: -48, 9/4: -250, 13/4: -240, 17/4: -480}}

The last two functions are particularly useful if the discriminant form of the lattice has
large orbits. Since the g-expansion of the Eisenstein series is the same at any two elements
belonging to the same orbit (with respect to isometries of the discriminant form), we only
list this g-expansion once. The index of the g-expansion is the same as the index for the
orbit in the list of orbits.
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C. Test cases Siegel-Weil

The positive definite lattices with class number one which we used to test the computation
of the Fourier coefficients of Eisenstein series for the Weil representation were obtained from
[LMFDB]|. They are given in the following tables, where we give the Imfdb label (rank,
determinant, level, class number, some number), the genus symbol and the precision to
which the theta and Eisenstein series were computed.

8.16.4.1.3 472
8.64.4.12 2242
8.64.4.1.3 22472
8.64.4.1.4 2,247
9.2.4.1.1 2
9.8.16.1.1 8!

7.24.481.1 8;1.3
7.32.41.1  23°
7.32.4.1.2 2542
7.32.16.1.1 2,28,
7.32.16.1.2 228,
7.32.16.1.3 22871

Rank 7 to 9
Imfdb label genus symbol precision | Imfdb label genus symbol precision
7.2.4.1.2 25! 7 7.64.32.1.1  22.16; 4
7.4.8.1.2 47 7 7.128.16.1.3 23.85" 4
7.612.1.1 2.3 6 7.128.16.1.4 42.83! 4
7.84.1.1 23 6 7.128.16.1.5 42.8; 4
7.8.16.1.1 & 6 8.4.2.1.1 92 5
7.8.16.1.2 8! 6 8.4.4.1.1 2,2 5
7.8.16.1.3 8, 6 8.5.5.1.1 571 5
7.10.20.1.1  23'571 6 8.9.3.1.1 372 5
7122411 451371 5 8.9.9.1.1 9 4
7.168.1.2 224, 5 8.162.1.1  2* 4
7.16.32.1.1 167 5 8.16.4.1.1 24 4
7.18.36.1.1 2319 5 8.16.4.1.2 42 4
5 4
5 3
5 3
5 3
5 4
5 4
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Rank 6
Imfdb label genus symbol precision | Imfdb label genus symbol precision
6.3.3.1.1 3 11 6.48.6.1.1 243 7
6.4.4.1.1 22 10 6.48.6.1.2  27%37! 7
6.7.7.1.1 71 9 6.48.12.1.1  23.3 7
6.8.8.1.1 2514, 9 6.48.12.1.2 4723 6
6.11.11.1.1 11 8 6.48.12.1.3  42.3 7
6.12.6.1.1 223 8 6.64.4.1.3  22.4 6
6.12.6.1.2 272371 8 6.64.8.1.2 27242 6
6.12.12.1.1  2;%3 8 6.64.8.1.4  2724,2 6
6.15.15.1.1 375 8 6.64.8.1.7  22.4;° 6
6.15.15.1.2 3.571 8 6.64.16.1.1  23.83* 6
6.16.4.1.1  2;* 8 6.64.16.1.2 82 6
6.16.8.1.3 42 8 6.64.16.1.3 857 6
6.16.8.1.5  45° 8 6.108.6.1.1 22.373 6
6.16.16.1.1 2;'.8; 8 6.112.14.1.1 24771 6
6.20.20.1.1 22571 8 6.128.32.1.1 8:'.165! 5
6.23.23.1.1 237! 7 6.192.12.1.1 22.42.3 5
6.27.3.1.1 373 7 6.192.12.1.2 224723 5
6.27.9.1.1 3.9 7 6.192.12.1.3 2,2.4%.3 5
6.27.9.1.2 397! 7 6.243.9.1.1  3.9° 5
6.28.14.1.1 22771 7 6.243.9.12 3.972 5
6.32.16.1.1  4;.8; 7 6.256.8.1.4  22.82 5
6.32.32.1.1  2,.165" 7 6.256.16.1.3 2;2.82 5
6.32.32.1.2 235116, 7 6.432.6.1.1 27433 4



Rank 5

Imfdb label genus symbol precision | Imfdb label ~ genus symbol precision
5.4.8.1.3 4.1 19 5.40.80.1.1 815 12
56.12.1.1 233 17 5.4824.1.1  272.4,.37! 11
5.8.4.1.1 273 16 548.96.1.1 16,3 11
5.10.20.1.1  2,.5 16 554.12.1.1 231373 11
512.24.1.1 4.3 15 5.54.36.1.1  2;%.3.9 11
512.24.1.3 431371 15 5.54.36.1.2  25'.3.97! 11
5.14.28.1.1 231771 15 5.56.112.1.1  8;.77! 11
516.8.1.2  22.43* 14 5.64.8.1.3 43 11
516.8.1.7 2724, 14 5.64.8.1.6 453 11
5.16.32.1.1 165" 14 5.64.32.1.1  22.165" 11
5.18.12.1.1  2,.3? 14 5.64.32.1.2 2216, 11
5.20.40.1.1 451571 14 5.64.32.1.3  2;%.165" 11
5.22.44.1.1 23111 13 5.64.32.1.5  22.16;" 11
524.12.1.1 233 13 5.72.48.1.1  8;'.3? 10
5244811 8;7'.3 13 5.96.12.1.1 231423 10
5.24.48.1.2  8;.3 13 5.96.48.1.1  2;28;'3 10
5.28.56.1.1 4,771 13 5.96.48.1.2  22.8:.3 10
5.30.60.1.1 2313571 13 5.96.48.1.3  22.8;'3 10
5.32.8.1.2  2,.4;° 12 5.108.24.1.1 47373 10
5.32.16.1.5 272.8;1 12 5.108.72.1.1  47.3.97! 10
5.32.16.1.6 2728, 12 5128.8.1.1  2,.872 9
5.32.16.1.7  22.8; 12 5.128.16.1.4 4,28, 9
5.36.24.1.1 451372 12 5.128.16.1.5  4;2.85" 9
5.40.80.1.1 &'5 12 5.128.16.1.7  2;'.82 9
5.48.24.1.1 2724,.37! 11 5.128.64.1.2  22.32, 9
548.96.1.1  167.3 11 5.162.12.1.1  2,.37* 8
5.54.12.1.1 231373 11 5.216.48.1.1  8;.373 8
5.54.36.1.1  25'.3.9 11 5.216.144.1.1 8;.3.9 8
5.54.36.1.2  2;1.3.971 11 5.256.8.1.5  4,.872 8
5.56.112.1.1 8,771 11 5.256.32.1.1  4%2.165" 8
5.64.8.1.3 43 11 5.256.32.1.2  472.16;" 8
5.64.8.1.6  45° 11 5.256.32.1.4  4;%.165" 8
5.64.32.1.1  22.165" 11 5.256.32.1.6  42.165" 8







List of Symbols

(D, Q) A finite quadratic module,

(a,b) = ged(a, b), the greatest common divisor of a and b
(a,b), the p-adic Hilbert symbol of a and b

(z,y) A bilinear form, [9]

A The adeles of Q, [2]]

ag(y,n) Fourier coefficients of f,

A, The A, root lattice, [82]

(bT,67) The type of a lattice of space,

b5 (km, s) A function used to compute local densities,

C The field of complex numbers

X A Dirichlet character

Cran A constant used to estimate Fourier coefficients of Eisenstein series,
D A diagonal matrix of elementary divisors, [67]
D/D,, A finite quadratic module derived from D,
det(L) The determinant of the lattice L,

disc(L) The discriminant of the lattice L,

D™ A finite quadratic module derived from D, [7]]

D, The D,, root lattice,

(%) The Kronecker symbol

e(z) = 2w

E, kp The vector valued Eisenstein series for an isotropic f3,
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List of symbols

N(D, j)
N tosion(D, )
N, (a)
Nag(n,5)
o(D)

O(D,p* vy, ...

oddity (D)

b
p-excess(D)
Py

108

The Jacobi-Eisenstein series of weight £ and index m,
An Eisenstein series associated to L,

The E, root lattice, 82|

A Gauss sum,

The complex upper half-plane, H={z € C | <(z) > 0}
A Heegner divisor,

The imaginary part of z

Usually a half-integer (a weight)

A square-free integer associated to the discriminant of L,
A lattice (usually even),

The dual lattice of L,

= (L'/L,Q (mod 1)), the discriminant form of the lattice L,
A lattice with quadratic form scaled by f,

The p-adic lattice associated to L,

A modified L-function,

The level of a lattice or finite quadratic module,

A representation number,

A representation number with regard to 2-torsions,

A representation number,

A square representation number (mod n),

The orhtogonal group of D,

t1,...,t,) The description of an orbit of D,

) Upk )
The oddity of D,
Usually a prime

The p-excess of D,

The principal part of f,



Q A quadratic form, [9)

q Usually g = €™ or g = p!

" A Jordan component for an odd prime,

i An even 2-adic Jordan component,

" An odd 2-adic Jordan component,

Qp The field of p-adic numbers

Qe () The reduced norm of ~,

R(2) The real part of z

PL The Weil representation associated to the lattice L,
oL The dual Weil representation associated to the lattice L, [I7]
S Usually a set of “bad” primes or a Gram matrix, [43]
% (m, x) A modified divisor sum,

sign(D) The signature of the finite quadratic module D,
sign(L) The signature of the lattice L,

sign(V) The signature of the real space V/,

O A square

T T=u+iwecH

0op(2) An even theta constant,

O.+1 A theta series for the coset v + L,

Or A vector valued theta series,

e A symmetrized vector valued theta series,

eI A special weighted sum of symmetrized vector valued theta series,
U(N) A scaled hyperbolic plane,

Ut The orthogonal complement of U, [

v(7) The multiplicity of -,

Win.s(8) A product of local densities,
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List of symbols

Wpmoux A Whittaker polynomial,
W,(s + so) A generalized local density or Whittaker function,

/ The ring of integers

Zi~o The set of positive integers

¢5(s) A modified zeta function,
Zy(s) The Igusa local zeta function,
7y, The p-adic integers
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