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Abstract

This thesis is motivated by the problem of studying the Ikeda lift via a converse theorem due
to R. Weissauer. We investigate a certain function; denoted by ¢(a; B), where a is a positive
integer and B is a symmetric positive-definite half-integral matrix; appearing in the Fourier
coeflicient formulas of a linear version of the Ikeda lift due to W. Kohnen. We develop
new methods for computing ¢(a; B) via the extended Gross-Keating (EGK) datum of a
quadratic form and develop novel combinatorial interpretations for ¢ (a; B) which involve

integer partitions with restrictions depending on the EGK datum attached to B at each prime.
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Introduction

Based on numerical examples of Hecke eigenvalues of Siegel cuspforms of genus two,
in 1978 H. Saito and N. Kurokawa [Kur78|] independently conjectured a lifting of automor-
phic froms from SL,(Z) to Sp4(Z). The existence of this Saito-Kurokawa lift was quickly
proven by Maass, Andrianov, and Zagier using the theory of Jacobi forms [EZ85]. In 1996,
Duke and Imamoglu [DI96] proved the modularity of the Saito-Kurokawa lift using the
explicit formulas for its Fourier coefficients and converse theorem due to Imai. In 2001,
Ikeda [IkeOI]] generalized the Saito-Kurokawa lift to a lifting from SL,(Z) to Sp,,,(Z) for
all n. Like the Saito-Kurokawa lift, this Ikeda lift was proven using the theory of Jacobi
forms. This thesis is motivated by the following two developments: (1) Kohnen [Koh02],
in 2002, developed a linear version of the Ikeda lift. Kohnen’s Fourier coefficient formu-
las for the Ikeda lift are a more direct generalization of the corresponding formulas for
the Saito-Kurokawa lift; (2) Weissauer [Wei84], in an unpublished manuscript from 1984,
proved a converse theorem for Sp,,(Z). As far as we know, this theorem has not yet seen
applications. The motivation for this thesis is to prove the modularity of the Ikeda lift using
Weissauer’s converse theorem and Kohnen’s linear version of the Ikeda lift. However, even
the first step of Duke and Imamoglu’s proof — namely, writing a certain Dirichlet series
attached to the lift as a Rankin-Selberg convolution — evades the author’s persistent attacks.
The difficulty arises due to the complicated terms — which we call Kohnen’s phi function

here — appearing in Kohnen’s linear lift. This thesis investigates these terms in greater depth.



The Fourier coefficients of the Saito-Kurokawa lift are given as follows:

A(B) := Z c('Dfl)ak,

a

a|contB

b1 b12/2
cont(B) := ng(bll,blz,bzz), Dp := —det(2B) B =

bi2/2  ba
Above, B is a positive-definite 2 X 2 half-integral matrix. These matrices index the Fourier
expansion of a Siegel cuspform of genus 2. The c(n), n > 0 are the Fourier coefficients of a
modular form for a congruence subgroup I'g(4) of SL,(Z). This is the form we are lifting.

Kohnen’s formulas for the Fourier coefficients of the Ikeda lift are given as follows:

A(B) = Z c (%) a“¢(a; B), Be S (Z)",
alfs

where Dp := (—1)"det(2B) = Dp fg s.t. Dp is a fundamental discriminant.

Above, S (Z)* denotes the set of positive-definite 2n X 2n half-integral matrices. These
matrices index the Fourier expansion of a Siegel cuspform of degree 2n. The term ¢(a; B)

is what we call Kohnen’s phi function. Kohnen [Koh02] proves that for n = 1, we have:

a if a|contB,
¢(a;B) =

0 otherwise.

Thus, Kohnen’s formulas agree with the Saito-Kurokawa lift when n = 1. In this thesis, we
obtain more detailed information about ¢(a; B) for n > 1. First, we remark that ¢(a; B) is
multiplicative in the parameter a. Thus, it suffices to study ¢(a; B) at prime powers a = p*.

Our investigations of Kohnen’s phi function were driven by the following two developments:



(1) Kohnen and Choie [[CKOS], in 2008, showed that ¢(p*; B) is the coefficient of the p-
local Siegel series F »(B; X) attached to B under a suitable basis. (2) More recently, Ikeda
and Katsurada [IK18] have developed the theory of extended Gross-Keating (EGK) data
attached to half-integral symmetric matrices (or, equivalently quadratic forms) over Z,.
They also develop inductive formulas [IK22b] for computing the Siegel series F »(B; X)
attached to B in terms of this EGK data of B. Although inductive formulas due to Katsurada
[Kat99] were available much earlier, the inductive formulas using EGK data are easier to
manipulate and they treat the dyadic (p = 2) and non-dyadic (p # 2) cases uniformly. Using
these inductive formulas, conjectures about ¢(p*; B) obtained from numerical experiments,
and calculations based on Kohnen’s linear lift, we develop combinatorial interpretations of
Kohnen’s phi function. Namely, we prove that ¢(p*; B) is connected to integer partitions.

We now outline the contents of this thesis. Chapters[I][2} and[3|are primarily expository.

In Chapter [T, we highlight essential aspects of the theory of quadratic forms and
automorphic forms. This chapter mostly serves to fix notation.

In Chapter [2] we detail the historical developments of the Saito-Kurokawa and Ikeda
lifts. At the end, we state Weissauer’s converse theorem for Sp,,(Z). Although we have
not yet applied this result, it will be helpful to state it explicitly here for future reference.

In Chapter [3| we describe the extended Gross-Keating data as developed by Ikeda and
Katsurada. When then connect the EGK data to classical invariants of quadratic forms.

The technical heart of this thesis lies in Chapters {4 [5 and [6]

In Chapter ] we introduce the inductive formulas for the Siegel series. These inductive
formulas are expressed in terms of a Laurent polynomial in two variables X, Y; denoted
by ¥ (H;Y, X); where H is an (abstract) naive EGK datum. This polynomial specializes
to F »(B; X) in a sense we will describe below. An (abstract) naive EGK datum of length
nisatuple H = (ai,...,ay;&1,...,&y); Where a; € Zsg and g; € Z3 := {0, 1,—1}; with

certain restrictions enforced by Definition The polynomial ¥ (H;Y, X) for H a naive



EGK datum of length n is defined inductively in terms of the polynomial ¥ (H’;Y, X),
where H' := (ay,...,an-1;€1,...,&n—1) is a naive EGK datum of length n — 1. The
inductive formulas depend only on the parity of the length n. The bulk of this chapter is
then devoted to making these induction formulas as explicit as possible. After this, we
give explicit formulas for ¥ (H;Y, X) when H is a naive EGK datum of length 2 and 3.
Finally, we strategically reorganize these inductive formulas in a way which will unveil the
combinatorial aspects of ¢(p*; B) in Chapter [0 The point of these calculations is that the

Laurent polynomial # (H;Y, X) specializes to the p-local Siegel series of B € S] (Z)* via:
Fy(B; X) = F(EGK(B)"); p?, X),

where EGK(B)?) is the EGK datum attached to B viewed as an an element of S,(Zp)*.
In Chapter[5] we formally introduce the Kohnen’s phi function ¢ (a; B). We then describe
the algorithm we used to calculate ¢(p*; B); p an odd prime; to make conjectures. For a

B e Sén(Z)‘”; n=1,2,3,4; and u satisfying p < ord,(contB), we observed these trends:

u | ¢(p*; B); where B € S(Z)*
0 1
2 p?
4 p*
6 p°




u | ¢(p";B); where B € S;(Z)*

0 1

2 p(p*+p?)

4 p*(p*+p +p°)

6 pP(p®+p’+p®+p?)

8 p4(p8+p9+p10+p11 +p12)

u ¢(p*; B); where B € S((Z)*

0 1

2 p(p?+p*+p?)

4 p*(p*+p°+p’+p+p’+p'?)

6 p3(p6+p8 +p9+p10+p11 +2p12+p13 +p14+p15)

8 p4(p8 +p10+p11 +p12 +p13 +2p14+p]5 +2p16+2p17+p18 +p19+p20)

u ¢(p*; B); where B € S((Z)*

0 1

2 p(p*+p*+p°+p7)

4 P2(pt+ O+ 2p8 4 p2+ pl0 g pll 4 pl2 4 13 4 pl4)

6 | pP(pS+pB+2p10 4 pll 4 2p12 4 pl3 L 2pld L 2pl15 4 pl6 4 1T 4 I8 L 19 4 520 4 121y

The formulas for B € Sé (Z)* were, as stated above, already proven by Kohnen. However,
the data for n = 2,3,4 is new. We were especially intrigued by the seemingly sporadic
appearance of the coefficient 2 in the data for n > 3. Can we explain this phenomenon?

Indeed we can. Kohnen’s formula for ¢ (p#; B) involves a sum over a set denoted by D, (B).

Under the assumption u < ord,(contB), this set is:

Dp (B) = GLZn(Zp)\MZn (Zp) N GLZn(Qp)~



Let D, (B), denote the subset of D,(B) > G with ord, det(G) = v > 0. We can explicitly
express the size of this set as a sum indexed over the partitions of v. Specifically,
2n .
#0,(B), = . [ [p%
(A)elvlan i=1
where
2n
[V]on = {a = (A ) €27 420, Y A= v}.

i=1

Using Kohnen’s formulas, the formula for #0,(B),, and some combinatorics, we prove:

Proposition Let B € S;(Z)*. For u < ord,(contB) — ord,(2), we have

2
., %) . .
#(p";B) = pi*t 2 Z np(m)/ll,

(A)ellu/2]] =1

where,

0 if ueven,
02(u) =
3 if u odd.

Proposition Let B € §((2)". For u < ord,(contB) — ord,(2), we have

4
o, 63w . .
o' By =pi | [N

(Ai)ellu/2]]4 i=1
A2=0



where,

0 if u even,
o3(p) =
5 if p odd.

Proposition Let B € S4(Z)*. For u < ord,(contB) — ord,(2), we have

@)}

s(piB)=p S [t
()€lTa/2lls i=!

Aa=24=0
where,
0 if u even,
0a(p) =
7 if u odd.

These formulas agree with our numerical data. From these three results, we (correctly)
conjectured and proved

Theorem Let B € S] (Z)*,n > 1. For u < ord,(contB) — ord,(2), we have

2n-2
B On(p) ; .
¢(p*;B) =p1* 2 > [ | P00

(A)e[lu/2lon— i=1
A2;=0, i<n—1

where,

0 if u even,
on(p) =
(2n—1) if u odd.

We delay the proof of this result until Chapter [6] After this work, we introduce a



generalization of Kohnen’s phi function; denoted ¢(u, H;Y); attached to a naive EGK
datum H. This ¢(u, H;Y) is a Laurent polynomial in the variable Y. It is related to

F(H;Y, X) in the same way that ¢(p*; B) is related to F,(X). In particular, we have:

$(p*; B) = ¢(u, EGK(B)); p?).

Continuing in Chapter [5| we develop a key lemma which allows us to compute ¢(u, H;Y)
in terms of the coefficients of ¥ (H’;Y, X), where H’ is the truncated version of H. By
specialization, this gives us a method to compute ¢(p*; B). We conclude this chapter by
applying this key lemma to reproduce some of the formulas we derived above for ¢(p*; B).

In Chapter [6] we combine all the technical results of Chapters [ and [5] to prove and
extend our conjectures. At the start of the chapter, we prove a generalization of our earlier
conjecture. Itis phrased in terms of ¢(u, H;Y), i.e. the (generalized) Kohnen’s phi function
attached to a naive EGK datum H. Specifically, we prove:

Theorem[6.1} Let H € NEGK>,, with n > 1. Then for u < e,

2n-2
o(u, H;Y) = Y/“'(Sn(ﬂ) Z l—[ Y2(i+1)/li’ 0.1)
() e[lu/2]lon—2 i=1
12[:0, i<n—1
where
0 if u even,
5n(ﬂ) =
2n—1 if g odd.

The parameter ¢ is the EGK analogue of the invariant ord,(cont B) for B € S; (Z,)".
The proof of this conjecture requires all the technical results we developed in the previous

chapters. Upon specializing this result with H = EGK(B)?) and Y = p%, Wwe recover our



original conjecture for ¢(p*; B). The chapter ends with a technical result which shows that,
under the reorganization of the inductive formulas at the end of Chapter @, we can connect
Kohnen’s phi function for B € 8] (Z)" at a = p* to integer partitions with restrictions
depending on the datum EGK(B)(). To conclude, we note that our picture of Kohnen’s
phi function is incomplete. However, we have constructed the appropriate framework for

further developments of combinatorial descriptions of this somewhat mysterious function.



Chapter 1

Preliminaries

In this preliminary chapter, we review the basics of quadratic forms and automorphic forms.

We will highlight aspects of the theory which are needed to understand subsequent chapters.

1.1 Notation

We fix some common notation. For a ring R, let M,,(R) denote the n X n matrices over R.
For B,U € M,,(R), let ‘U denote the transpose of U, let B’) denote the upper lefthand i x i
submatrix of B, and let B[U] := 'UBU. For a subset S C M,,(R), let S™ C S be the subset
of non-degenerate matrices in S. For a symmetric matrix B, we write B > 0 (resp. B > 0)
when B is positive-semidefinite (resp. positive-definite). Let [x| := max{a € Z : a < x}.

Let Z5:={0,1,-1}.

10



1.2 Quadratic Forms

1.2.1 Quadratic Forms over Fields

We outline the theory of quadratic forms over fields. For a treatment of the odd characteristic,
see [Cas78], [LamO3l], and [O’MOO]]. For arbitrary characteristic, we recommend [EKMOS].

Let F denote a field of any characteristic. We first recall some basic definitions:
Remark 1.1. All vector spaces in this section are finite-dimensional over the base field F.

Definition 1.2. Let V be a F-vector space. A quadratic foomonVisamape :V — F

satisfying:
(1) ¢(av) =a*>e(v)forallveV,acF,

(2) The map b, : V XV — F defined via:

byo(v,w) = (v +w) — (V) —¢(w)

is an F-bilinear form. We call b, the polar form of ¢.
For clarity, we sometimes write V,, for the underlying vector space associated to ¢.

Definition 1.3. Let ¢ and ¢ be quadratic forms. An isometry is a linearmap f : V, — V,

with ¢ = ¢ o f. If such an isometry exists, we write ¢ ~ ¢ and say ¢ and ¥ are isometric.

Definition 1.4. For a subspace W C V, the restriction of ¢ on W is the quadratic form;

denoted by ¢|w; whose polar form is given by b, := bylw. ¢lw is called a subform on W.

Definition 1.5. Let ¢ be a quadratic form on V. A vector v € V is called anisotropic if
¢(v) # 0 and isotropic if v # 0 but ¢(v) = 0. We call ¢ anisotropic if there are no isotropic

vectors in V and isotropic otherwise. AW C V is called totally isotropic whenever ¢|y = 0.

11



Definition 1.6. For a quadratic form ¢ on V, and a subspace W C V, let W+ denote
the ortogonal complement of W relative to the polar form of ¢. Let ¢ be a subform
of ¢ on a subspace W, C V. The restriction of ¢ on (W,)" is denoted by ¢ and is
called the complementary form of Y in ¢. If V.= W @ U is a direct sum of vector spaces
with W C U+, we write ¢ = ¢|w L ¢|y and call it an internal orthogonal sum. Thus

e(w+u) =¢(w)+¢(u) forallw € Wand u € U. Note that ¢|y is a subform of (¢|y)*.

Definition 1.7. For a quadratic from ¢ on V, define the radical of b, by:

radb, :={veV :by,(v,w)=0forallw € V};

and define the quadratic radical of ¢ by:

radp = {v €radb, : ¢(v) =0}.

Definition 1.8. Let V be an F-vector space. Define the a quadratic form on V & V* by:

eu(v, ) = f(v).

We write H(V) := ¢y and call it the hyperbolic formon V. If ¢ is a quadratic form isometric
to H(W) for some vector space W, ¢ is called a hyperbolic form. The form H(F) is called
the hyperbolic plane and we denote it simply by H. If ¢ ~ H, two vectors e, f € V satisfying

p(e) =¢(f) =0and by(e, f) = 1 are called a hyperbolic pair.

A cornerstone result on quadratic forms over fields is Witt’s Decomposition Theorem:

Theorem 1.9. ([EKMO08, Theorem 8.5]) Let ¢ be a quadratic form on a vector space V.

12



Then there exist subspaces V,, and V), of V such that

¢ = @ladp L @lv, L @lv,, |y, anisotropic, ¢y, hyperbolic.

Moreover, ¢|y, and ¢l|y, are unique up to equivalence.

1.2.2 Integral Quadratic Forms

With the theory covered, we describe a way to work with quadratic forms via matrices.
Specifically, we need to work with quadratic forms with coefficients lying in R = Z and Z,,.

Such a form can be written as a homogeneous multivariate polynomial of degree 2:

e=0x1,...,x,) = Z a;jXix;j, a;j € R. (1.1)

1<i,j<n

We may associate to ¢ a symmetric n X n matrix with coefficients in %R:
1
B¢ = (bij)a b,‘j = E(aij + ajl-). (12)

The coefficients of B satisfy:

ZbijER, 1§i<j$n. (13)

With this in mind we define:
Definition 1.10. Let S,(R) denote the set of symmetric n X n matrices over R.

Definition 1.11. Let R = Z or Z,. Let S, (R) denote the set of matrices B € Sn(%R)

satisfying (1.3)). We call S;,(R) the set of n x n half-integral symmetric matrices over R.

13



Via the symmetrization trick (I.2]), we have a correspondence:

n-ary n X n half-integral
quadratic forms ¢ & | symmetric matrices

over R over R
1.2.3 Local Quantities Attached to Quadratic Forms

Here, we collect some local quantities which we will frequently need in later chapters.

Definition 1.12. For B € S, (Z), we define the signed determinant as
Dg = (-4)"2 det(B). (1.4)
We define Dp, fp € Z via:
Dp=Dpy fg, Dp is a fundamental discriminant. (1.5)

For a prime p, we define

1 if Dge QX

D
& (B) =&pp = (%) =

A

-1 if Q,(vDp)/Q, is unramified quadratic, (1.6)

0 ifQ,(vVDp)/Q, is ramified quadratic.

1.3 Automorphic Forms

In this section, we collect basic information about various types of automorphic forms:

specifically, Siegel modular forms, half-integral weight modular forms, and Maass forms.

14



1.3.1 Siegel Modular Forms

We now review the basic theory of Siegel modular forms. For a unital commutative ring R,

we define the symplectic group of similitudes via:

0 I
GSp,,(R) := 4U € GLy,(R) : 'UJU = u(U)J, u(U) € R, J = "
-1, 0

We have the subgroup
SPou(R) 1= {U € GSp,,(R) : u(U) = 1}.
Let
™ := Sp,,(Z).
For N > 1, we define the congruence subgroups:

I'(N):={U eT™ : U= I, mod N},

() A B o
[y (N) = e’ : C=0mod N
C D

Remark 1.13. For simpler notation in subsequent chapters, we denote:

T(N) :=TO(N),  To(N) =T (W),

r™.=r"1), forn>1.

15



The Siegel upper half space of genus 7 is:
H, ={Z=X+iY e M,(C) : 'Z=2Z, Y > 0}.
In particular, we denote H := ;. This is the Poincaré upper half plane. Let
GSp, (R)* = (U € GSpy, (R) : u(U) > 0}

Then GSp,, (R)* acts on H,, via:

A B
U(Z) := (AZ+B)(CZ+ D)™, U= e GSp,,(R)*, ZeH,. (1.7
C D

For k > 1, the weight k slash operator on the space of complex functions on H,, is:

(fIU) = det(CZ + D)™ det(U) T F(U(Z)), vo|*F € GSp,,(R)*. (1.8)
C D

Remark 1.14. The normalizing factor det(U)§ in |i differs from some sources; for

n(n+l)

instance Equation (15) in [Pit19] uses u(U)*~ "2 = det(U )k_w. The choice is a matter

of convenience. In fact, [DS03]] uses both normalizations in the SL;(Z) setting (i.e. n = 1).
We are now ready to define a Siegel modular form:

Definition 1.15. Fix integers k,n > 1. A function F : H,, — Cis called a Siegel modular

form of weight k, genus n if it satisfies:
(1) F is holomorphic on H,,,

(2) F|xM = F for M e T,

16



(3) If n=1, Fisbounded in Y > ¥ for any ¥y > O.
The C-vector space of such functions is denoted by My (I'™).

A Siegel modular form F has a Fourier expansion of the form:

F(Z) = Z A(B) X T(BZ) Z e H,.

BeS! (Z)
B>0

The subspace of cuspforms, denoted by Sy ('), consists of forms with A(B) = 0 unless
B > 0. The Fourier coefficients A(B) of a Siegel modular form have certain symmetries

with respect to '™ and satisfy a growth condition. We summarize these properties below:
Definition 1.16. A sequence {A(B)}, B € S,,(Z)*, is called SL,(Z)-admissible if:

(1) |A(B)| < det(B)* for a fixed constant c,

(2) A(B[U]) = A(B) forall U € SL,(Z).

A Siegel modular form of genus 1 is called an (elliptic) modular form. For a congruence
subgroup I' C I'(1), the set of functions f : H — C satisfying Definition — with the
modularity property (2) holding only for the subgroup I" and the condition (3) replaced with
holomorphy at each cusp of I'\'H — is denoted M (I"). The subspace of cusps forms is

denoted by S¢ (I"). See [DS03, Chapter 1] for further details on congruence modular forms.

1.3.2 Modular Forms of Half-Integral Weight

The theory of (elliptic) modular forms can be meaningfully extended to half-integer weights.

The model example is the classical theta function:

o0

0(z) := Z ez”i”zz, zeH.

n=—oo

17



Let

_0(y(2))

J(y’ Z) = H(Z) > Y € F0(4)

Definition 1.17. A function f : H — C is a modular form of half-integral weight k + 1/2

(where k € Z) with respect to the congruence subgroup I['g(4) = {(ff bBYer(1) : 4| c} if:
(1) f is holomorphic on H,

2) f(¥(2) =y, 2* ' f(2),

(3) f is holomorphic at the cusps.

The space of such forms (resp. cuspforms) is denoted by My »(I'o(4)) (resp. Si/2(I'o(4))).
By M;/Z(Fo(4)) (resp. SZ/Z(F0(4))) we denote the subspace of My ,»(I'o(4)) (resp.

Sk2(I'0(4))) of forms with a Fourier expansion of the type f(z) = > c(n)e? inz,
>0
(—l)knlO,l mod 4
This is called Kohnen’s +-space.

1.3.3 Automorphic Forms on H

In this section, we follow the excellent exposition of [[wa02].

The central object of this section is the hyperbolic Laplacian:

9> 0°
2
A=y (7*@)

This is a I'(1)-invariant differential operator on .
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Definition 1.18. A function f : H — C is called automorphic with respect to I'(1) if:

f(y(2)) = f(2), y € I'(1).

Thus, f may be viewed as a function on the Riemann surface I'(1)\H [DS05, Chapter 2].
We denote the space of such functions by A(I'(1)\H)

Definition 1.19. A function f € A(I'(1)\‘H) which is a A-eigenfunction is called an auto-
morphic form with respect to I'(1). Let A (T"(1)\H) denote the subspace of A (I'(1)\H)
consisting of A-eigenfunctions for A, A := s(1 — s). Thus A (T (1)\H) = A_s(T(1)\H).

We outline the spectral theory of the subspace L>(I'(1)\'H) ¢ AT (1)\H) of square-

integrable functions on I'(1)\H. We have the orthogonal decompsition [Iwa02, Eq. (3.16)]:

LAT(I\H) = C(C()\H) & ET()\H).

Here, the overline denotes the Hilbert space closure in L2(I'(1)\ ), and

C(I'(1)\'H) :=space of cuspforms,

E(I'(1)\'H) :=space of incomplete Eisenstein series.

We have the following spectral resolutions of these two spaces:

Theorem 1.20. ([Iwa02, Theorem 4.7]) The Laplacian A has pure point spectrum (con-

sisting of the so-called cuspforms) in C(I'(1)\H). The eigenspaces are finite-dimensional.

Theorem 1.21. ([Iwa02, Theorem 7.2, Specialized to I'(1)]) The space E(I'(1)\H) splits
into A-invariant subspaces: E(I'(1)\H) = R(I'(1)\H) & E(I'(1)\'H). Here R(I"(1)\H)

denotes the residual spectrum, which for I'(1) simply coincides with the constant functions;
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the space Ew(I'(1)\H) is spanned by the unitary Eisenstein series E(z, 1/2 +ir), r > 0;

where

E(zs)= . (Im(y(2)", seC.
yer\I(1)

Remark 1.22. Insummary, L?(I'(1)\ %) is spanned as a Hilbert space by the A-eigenfunctions:
(1) The constant function ¢y (z) := +/3/7,
(2) An orthonormal basis of cusp forms ¢;(z), ¢2(2), ...,

(3) The unitary Eisenstein series E(z,1/2 +ir),r > 0.

1.3.4 The Symmetric Space P,

We now study the space P, of positive-definite n X n real matrices:
P,={Y e M,(R) : Y=Y, Y >0}

This space is studied in thorough detail in [Maa71l], [Ter16], and [JLOS]]. Let G = GL,(R).

Remark 1.23. %, is a homogeneous space for G via the G-equivariant diffeomorphism:

0, (R)\GL,(R) — P,

0,(R)U — 'UU.

Due to longstanding tradition, the quadratic forms world thinks in terms of K\G; whereas
in the automorphic forms world, the standard is to think in terms G /K. In [JLOS5]], Jorgenson

and Lang retabulate many of the classical results about £, in terms of the G /K perspective.

20



Since we do not make any use of the modern adelic perspective, we opt to phrase results via

the classical “quadratic model” $, = K\G in spite of the “ongoing shift from right to left.”

LetY € P, and f € C*(%P,). Then G acts on P, and on C*(P,) via:

Y[U] ='UYU,

ff) =¥, YeP,UEeG.
The G-invariant volume element du(Y) on $, is given by:

_ntl
du(v) :=det(¥)™ % || ayy, Y = (i) € Py. (1.9)
1<i<j<n
A differential operator 6 on P, is G-invariant if 6 commutes with the G-action. That is,
6N’ =6fY,  UeG, feC(Py.
Define
D(P,) = the C-algebra of G-invariant differential operators on P,,.

The structure of D(%,) as a C-algebra is well-known. Let

1 ifi=j,

d (1 9
— = _(1+61])_) > 61’J':
oY 2 dyij 1<i,j<n 0 otherwise.
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Theorem 1.24. ([Maa71l, §10],[Terl6, Theorem 1.1.2],[JLOS, Theorem 4.2.3]) Let

P i
l'I:T Y—
0 r(( (9Y)

These 6;,i = 1, ..., n, form a basis for D(#,) viewed as a C-algebra. Therefore D (#,) can

, i=1,...,n.

be identified with the polynomial ring C[61, . .., d,]. In particular, D (#,) is commutative.

Remark 1.25. The above is a special case of the Harish-Chandra isomorphism [HC51]].

1.3.5 Automorphic Forms on #,

We finally define automorphic forms living on the space P,:

Definition 1.26. A Maass Groflencharacter with respect to SL,,(Z) is a function u on P,

which satisfies:

(D) u € C®(Pn),

(2) uis SL,(Z)-invariant. That is, u¥ = u for U € SL,,(Z),
(3) u is a simultaneous eigenfunction of D (%)),

(4) u is homogenous of degree zero. That is, 6;u = 0,

(5) For each h > 0, there exist constants ¢y, ¢», depending on A, for which

h
‘ Ou) | _ . Te(Y)%, Y € P, det(Y) = 1.

oY ---0Y

Remark 1.27. In modern parlance, GroBencharacters are called Maass forms. Refer to
[Gol06]] for an account of Maass forms via the generalized upper half-plane model (N.B.
this is not the same as the Siegel upper half space!). See [Terl6] for an account via the

positive-definite matrix space model. Terras provides a map between these modelsin §1.5.4.
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Chapter 2

Lifts of Siegel Modular Forms

In this chapter, we introduce the Saito-Kurokawa lift and the Ikeda lift. These provide
correspondences between classical cuspforms and a certain subspace of Siegel cuspforms.
The Saito-Kurokawa lift was originally conjectured based on numerical evidence of H. Saito
and N. Kurokawa from their investigations of the Euler factors of the standard L-function
attached to cuspidal Siegel eigenforms. For this reason, we first briefly define the standard
L-function attached to a Siegel modular form, so that we can state the relation between
the L-function of a classical cuspform f and the standard L-function of its lift Fr. After
this, we detail the history of the Saito-Kurokawa lift: in particular, we outline the original
proof which uses the theory of Jacobi forms; then we outline the later proof by Duke and
Imamoglu with uses a converse theorem due to Imai. Then, we introduce the lkeda lift
in two ways: first, we introduce Ikeda’s original formulation of the lift; then we introduce
Kohnen’s linear version of the Ikeda lift. We conclude by stating a converse theorem for

'™ due to Weissauer which could be used to study the Ikeda lift from a novel perspective.
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2.1 Hecke Theory and L-functions

We recommend [Pit19] for further details on the Hecke theory of Siegel modular forms. For
F € S (I'™) a Hecke eigenform and prime p, there are n + 1 so-called Satake parameters

®0,p, A1 p, - - -, Ay,p € C depending on F. We use these Satake parameters to define:

Definition 2.1. Let F € S;(I'™) be a Hecke eigenform. The degree 2n + 1 standard

L-function of F is:

L(s, F,std) := ]—[ L,(s, F,std),

p prime

where

L,(s, F, std)™! == (1-p™) n(l —a;pp°)(1 - al-_,;p_s),
i=1

and ag p, @1 p, . .., @, are the Satake p-parameters of F.

2.2 The Saito-Kurokawa Lift

The Saito-Kurokawa lift is a one-to-one correspondence between the space Sy, (I'(1)) and
a subspace of Sk+1(F(2)) known as the Maass “Spezialschar.” With a aid of the Shimura
correspondence (recalled below) we express this lift concretely via Fourier expansions:

The Shimura Correspondence: Kohnen [Koh80] gave a correspondence between the

+

space S»x (I'(1)) and the space Sk+1/

»,(I'0(4)). This correspondence is a sharpening of a lift

due to Shimura [Shi73]]; whence, it is historically also called the Shimura correspondence.

Theorem 2.2. (Saito-Kurokawa Lift) Given f € S, (I'(1)). Letg € S, /2(F0(4)) be the
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form corresponding to f under the Shimura correspondence. Write g(z) = 3.~ c(n)e>™"=.

Define Fr : H, — Cvia Fy(Z) := Y pog A(B)e2mTr(BZ) with:

D
A(B) := Z c(l f')ak, 2.1
a
a|contB
bi1  b12/2
cont(B) :=gcd(b11, b12, b22), B=
b12/2 b

Then Fy € Siq (). If f is a Hecke eigenform, then so it F r and, in this case,
L(s,Fy,std) = {(s)L(s+k, f)L(s+k -1, f).

Here, L(s, f) := Zn>0 a(n)n™* where f(z) = Zn>0 a(n)ezmnz_

This lift was originally constructed by Maass, Andrianov, and Zagier using intermediary
spaces of half-integral weight forms and so-called Jacobi forms. For a complete treatment
of Jacobi forms and an account of the origins of the Saito-Kurokawa lift, refer to [EZ85].

The Saito-Kurokawa lift is a composition of three isomorphisms:

Maass “Spezialschar” C Sy, (I'?)

!

Jacobi cuspforms of weight k + 1 and index 1

!

Kohnen’s +-space C S11/2(I'0(4))

]

S (I'(1)).

The bottom isomorphism is the Shimura correspondence. The remaining two are
explicitly constructed in [EZ85].

Lifting problems have also been studied with the aid of tools called converse theorems.
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For a survey of these applications, see [Cog(07]. A converse theorem, roughly speaking, says
that for suitable class of functions F' (defined on an algebraic group), there is an equivalence
between - on one side - the modularity of F and - on the other side - symmetries of L-
functions attached to F. We will detail one such converse theorem for I'?, due to Imai,

which Duke and Imamoglu [[DI96]] applied to prove the modularity of Saito-Kurokawa lift.

2.3 Duke and Imamoglu’s Proof of the Saito-Kurokawa
Lift
We first develop Imai’s Converse Theorem:

Remark 2.3. In Deﬁnitionsand thenotation >,  denotes summation over the
B>0/SL,(Z)

classes of S,,(Z)* under the equivalence relation By = B, if B = B;[U] fora U € SL,(Z).

Definition 2.4. Given {A(B)}, with B € S;(Z)*, an SL,(Z)-admissible sequence, and ¢

a A-eigenfunction in L2(I'(1)\H), we define the Koecher-Maass Dirichlet series as:

Z(p;s) =Z({A(B)}, ¢;5) =

Z A(B)p(zp) Re(s) large,

k—1)/2°
Bo07sia(z) ¢ (B) det(B)+(t=D/

where the sum runs over the SL,(Z)-equivalence classes of S>(Z)* (See Remark 2.3)),
e(B) := #{U € SL,(Z) : B[U] = B} < oo,

and zp :=x +iy € H is defined via the Iwasawa decomposition [Gol06, §1.2]:

B= K- A, K € SO»(R), A €R*,
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Theorem 2.5. ([Ima80]) Suppose {A(B)} is an SL,(Z)-admissible sequence. Define

F:Hy, — Cvia F(Z) = Y .o A(B)e*™TB2) Let k > 0. The following are equivalent:
(1) F € Sp(T'?),

(2) For all A-eigenfunctions ¢ in L?(I"(1)\H) with the same parity as k, the function:
A(g;s) = Cn) > T(s+k/2=3/4+ir/2)T(s+k/2=3/4—ir/2)Z(¢;s)
(where Ap = (1/4 + r?)) is entire, bounded in vertical strips of C, and satisfies:

Ag; 1= 5) = (=1)*A(g; s).

Duke and Imamoglu verify the modularity of the Saito-Kurokawa lift as follows:

(1) They start with a f € S;{“+1/2(F0(4)) with Fourier expansion f(z) = 3,0 c(n)e>™"3.
They define a I'®-admissible sequence {A(B)} using (2.1).

(2) For ¢ a A-eigenfunction in L?(I"(1)\'H), they rewrite the Dirichlet series Z(¢; s) as:

c(n)b(-n)
Z(grs) =2 Z s+ —1)/2
n>1

where b(n) are the Fourier coefficients of a certain “modular” function; which we

denote by g(z); which depends only on the data of the twisting eigenfunction ¢.

(3) Using the unfolding procedure, they derive a Rankin-Selberg convolution:

dx dy
¥

Algss) = 2% / A () 0(2) B2 5)

Fo(MH\H

where E,(z, s) is a certain normalization of an Eisenstein series for ['y(4),
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(4) Using the functional equations of the Eisenstein series for I'g(4) (with respect to the

change of variable s +— 1 —s), they prove the desired functional equation for A(¢; s):
Alpi1=5) = (=D A(g;9),

(5) They conclude that F/(Z) := 3 5.0 A(B)e? (B2 is in ;. (T'?).

2.4 The Ikeda Lift

In [IkeO1], Ikeda constructed a generalization of the Saito-Kurokawa lift conjectured by
Duke and Imamoglu. For n > 1, the lift is from the space S»; (I'(1)), k = n mod 2 into the
space Sk+n(F(2”)). To write the Fourier expansion of the Ikeda lift, we recall some local
quantities attached to B € 8 (Z). Our aim here is to rapidly define the Siegel series. For
further detauls, see [IkeO1l]. For each p, let ¢, : Q, — C* be the unique additive character

such that ¢, (x) = exp((—1)""127ix) for x € Z[p~']. The Siegel series for B is defined by:

b,(B,s) = Z W, (Tr(BR))p~odr (/(R)s Re(s) > 0
RGSZn(Qp)/SZn (Zp)

where
v(R) :=det(D) - Z,, where C, D € My, (Z,,) are coprime with D7'Cc =R.

Recall the quanties D, f3, and &,(B) from Definition Define v, (B; X) € Z[X] by:

¥p(B,X) = (1= X)(1 - p"&,(B)X)™" [ |(1 - p¥X?).
i=1
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There exists a polynomial F),(B; X) € Z[X] such that
bp(B,s) =yp(B;p~*)Fp(B;p™")
Put
F,(B; X) := X /e, (B; p71/2X).
Then F »(B; X) is a symmetric Laurent polynomial. That is,
Fy(B;X)=F,(B;X™")

We are ready to state Ikeda’s result:

Theorem 2.6. ([IkeO1, Theorems 3.2 & 3.3]) Fix n > 1 and k = n mod 2. Suppose

f € S (I'(1)) is a normalized Hecke eigenform with Satake parameters a/;—;l at p; that is,

(1= p Py X) (1= p*~1 20,1 %) = 1 —a(p)X + p* X2,

a(p) = pth Fourier coefficient of f.

Letg € S}, P (I'o(4)) be the form corresponding to f under the Shimura correspondence.

Write g(z) = 3,0 c(n)e? 2. Define Fy: Ho, — Cvia Fr(Z) == Ypeo A(B)e?"Tt(BZ),

where

AB) = c(Dpol fy 7 || Fo(Biap), B eSu(@), (2.2)
p|Dp
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Then Ff € Sgin (F?m)y and F r is a Hecke eigenform for which:

2n
L(s, Fy,std) = £(s) ]_[ Ls+k+n—i,f).

i=1
Here, L(s, f) = X,50 a(n)n™* where f(z) = 3,50 a(n)e? "=,
Soon after Ikeda’s work, Kohnen provides a linear version of the lift:

Theorem 2.7. ([Koh02, Theorem 1 & Corollary]) With notation as in Theorem [2.6

A(B) = Z c (U;_:ﬂ) a*1¢(a; B).
alfs

Here ¢(a; B) are certain integer-valued functions which we will introduce in Chapter

The map

2riz |D| k-1 . 2niTr(BZ)
’B b
E c(n)e — E E c( - )a ¢(a;B) |e

n>0 BGSZH(Z)"' a | fB
(-D*n=0,1 mod 4

z€H, ZeHy,.

maps Si,1/2(I0(4)) t0 Sksn (™) and on Hecke eigenforms agrees with Ikeda’s lifting.

In the next section, we state a converse theorem due to Weissauer which could be used
to prove the modularity of the Ikeda lift in the spirit of Duke and Imamoglu’s proof for the

Saito-Kurokawa lift. To our knowledge, this converse theorem has not yet seen applications.

2.5 Weissauer’s Converse Theorem for ")

We now develop Weissauer’s Converse Theorem at full level:
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Definition 2.8. Given {A(B)}, with B € S,,(Z)*, an SL,(Z)-admissible sequence, and u

a GroBencharacter with respect to SL,(Z), we define the Koecher-Maass Dirichlet series:

A(B)u(B)
e(B) det(B)s+(k-1/2’

ZW (u;5) = ZW({A(B)}, us s) =
B>0/SL,(Z)

Re(s) large,
where the sum runs over the SL, (Z)-equivalence classes of S,(Z)* (See Remark[2.3)), and
e(B) := #{U € SL,,(Z) : B|U] = B} < oo.

Theorem 2.9. ([Wei84]]) Suppose {A(B)} is an SL,(Z)-admissible sequence, n > 1.

Define F(Z) := Y 3.0 A(B)e*™TB2) 7 ¢ H,. Let k > 0. The following are equivalent:
(1) F €8 (r)

(2) For all GroBencharacters u with respect to SL,(Z), the function:

A (uy5) = (27)™ ]_[ (s +(k=1)/2-a)| 2™ us),
i=1

is entire, bounded in vertical strips of C, and satisfies the functional equation:
AW (uz5) = " AP (v; 1 - ), v(Y) == u(¥™).

Note: By [Wei84, §2.1.3], v(Y) := u(Y~!) is also a GroBencharacter. The parameters

@1, ..., a, depend only on the §;-eigenvalues of u. See Appendix[A|for more details.

Remark 2.10. This is precisely Imai’s Converse Theorem when n = 2. Indeed:

(1) Let ¢ be a A-eigenfunction and u the corresponding GroBencharacter for SL;(Z).
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Suppose Ag = (1/4 +r?)p. Then, by Appendix |A] we have:

ay=a =1/4+ir/2.

(2) ForY = (¢2) e P,and S := (¥ ') € 'V, we have:
b 2 1
Y[S] = = (b —ad)- Y.

Hence by (2) and (3) of Definiton [[.26] we have v = u.

Remark 2.11. In [Wei84, §3.1.1], the right hand side of the functional equation (for level
F(()") (N)) has the form K(n) (v; 1 =), where the bar denotes complex conjugation. Indeed,
Weissauer’s results apply to a space of modular forms denoted by Sj (F(()")(N ), €), where
€ : (Z/NZ)* — C* is a Dirichlet character. When N = 1, this character is trivial; hence

real; and the complex conjugation is not needed by the remark before §1.1.3 of Weissauer.
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Chapter 3

The Extended Gross-Keating Data

In 1993, Gross and Keating [GK93] introduced a certain invariant attached to a n-ary
quadratic form over Z, with an impetus towards applications in arithmetic geometry. The
invariant is easy to calculate for p # 2 via the Jordan splitting; while for p = 2, the
Gross-Keating invariant was only well understood for n < 3 until the foundational work
of Ikeda and Katsurada [IK18]] on the so-called extended Gross-Keating (EGK) datum.
Ikeda and Katsurada [IK22b] later demonstrate that the Siegel series F » (B, X) attached
to a quadratic form B € S;(Z,) is completely determined by the EGK datum of B.
Moreover, in the same paper, they provide explicit inductive formulas for computing the
Siegel series via the EGK datum. While explicit formulas for the Siegel series due to
Katsurada [Kat99] were available much earlier, the formulas in [IK22b] treat the dyadic
(p = 2) and non-dyadic (p # 2) settings uniformly. There has since been further work
towards understanding various theoretical and computational aspects of the EGK invariants;
for instance, [CIK*17]], [CY20], [Cho20], and [IK22al]. In this chapter, we introduce Ikeda
and Katsurada’s formulation of the EGK datum. At the end of this chapter, we develop
a connection (which we will need in subsequent chapters) between the Gross-Keating

invariants and two basic invariants, fz and contB, attached to a quadratic form B € S, (Zp).
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3.1 Extended Gross-Keating Invariant of a Quadratic Form

We now introduce the Gross-Keating invariant of a quadratic form B € S, (Z,). Let
[B] = {B[U] : UEGLn(Zp)}’ B[U] = tUBU

We call [B] the equivalence class of B.

Definition 3.1. For B € S, (Z,), define

(8D = | J s(8),

B'€[B]
where S(B’), for B’ = (bl’.j), is the set of non-decreasing sequences (ai,...,an) € Z

which satisfy

ord, (b)) > a; (1<i<n)

ord,(2b;;) > (a; +a;)/2 (1<i,j<n).

Definition 3.2. Let B € S;(Z,). The Gross-Keating invariant of B, denoted by GK(B),
is the greatest element of the set S([B]) with respect to the lexicographic order > on ZZ,.

Definition 3.3. B € S, (Z),) is an optimal form if GK(B) € S(B).

By Definition amatrix B € S;,(Z,) is equivalent to an optimal form.
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Example 3.4. Forp #2,any B € S, (Zp)nd is equivalent to a diagonal matrix of the form:

T = , ord, (1) < --- < ord,(t,).

Then, according to [BouO7, Proposition 2.6]:

GK(B) = (ord,(t1),...,ord,(t,)).

We introduce the technical machinery needed to define the extended Gross-Keating

invariant. We need to recall some concepts from the classical theory of quadratic forms.

Definition 3.5. The Clifford invariant (see [Sch85, p. 333]) of B € S, (Z),) is the Hasse
invariant of the Clifford algebra (resp. even Clifford algebra) of B if n is even (resp. odd).

We denote the Clifford invariant of B by n(B) = np.

Definition 3.6. Leta = (ay,...,a,) € Z, be non-decreasing. Let a] < --- < a; denote
the distinct elements in a. We define ng = #{i | a; =aj}andn; =3 nifors=1,...,r.

In particular n; = n. By convention nj = 0.

Definition 3.7. LetT € S,(Z,) be a diagonal matrix of the form:

n

T = , ord,(t1) < --- <ord,(z,).
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We define

NEGK(T) = (ay,...,an;€1,...,En),

where,

a; = Ordp(ti)a

and,

éro  ifiis even,
E =

nro if iis odd,
We call NEGK(T) the naive EGK datum attached to 7.
Put Z5 ={0,1,-1}.

Definition 3.8. For an optimal form B € S;,(Z,), we define:

EGK(B) = (ny,...,n5a),...,a;581,...,4) € L5y X L X Z5.

Here, via Definition the aT, ..., a, are computed from the Gross-Keating invariants:

(ai,...,a,) = GK(B),

and

Epmy  if ng is even,

s =

ngoy if ng is odd,
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and ny,...,n,, nj,...,n; are as in Definition For any B € S, (Z,), we define

EGK(B) := EGK(B),
B’ € S,;(Z,) an optimal form such that B" = B[U] fora U € GL,(Z),).
We call EGK(B) the EGK invariant attached to B.

Remark 3.9. By [IK18, Theorem 0.4], Definition 3.8|is independent of the choice of B’.

3.2 Definition of Extended Gross-Keating Datum

In this section, we introduce an abstraction of the the extended Gross-Keating invariants.

Definition 3.10. Anclement H = (ay,...,a,;€1,...,&n) € Z’;Ong’ is said to be a naive

EGK datum of length 7 if the following conditions hold:
(N1) a; £--- < ay,
(N2) Assume thati is even. Then g; # 0 if and only if a; + - - - + a; is even,
(N3) Ifiis odd, then g; # 0,

(N4) &1 =1,

a;+a;—
i—1

(N5) Ifi >3 and a; +--- + a;_ is even, then &; = g;_»¢&
We denote the set of naive EGK data of length n by NEGK,,.

Definition 3.11. Let H = (ay,...,a,;€1,...,&,) be a naive EGK datum of length n.
Given0 < m < n, we define the m-truncation of H as H™ := (A1yeesuoms €1y s En—m)-

Observe H™ ¢ NEGK, —m- Wedenote H W H® as H', H”, respectively, for convenience.
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With T as in Definition [3.8] we know via [IK18, Proposition 6.1] that, for p # 2,
NEGK(T) € NEGK,; and conversely via [IK18, Remark 6.1] that for an H € NEGK,
there exists a diagonal matrix of the form in Definition for which NEGK(T) = H.
However, when p = 2 and T = diag(t,...,t,) with ord,(#;) < --- < ---ord,(t,), we
might have NEGK(T) ¢ NEGK,. For an example, see [IK18, Remark 6.2]. Thus, the
naive EGK datum attached to a diagonal 7 is not a robust invariant for a quadratic form.
There are still uses of naive EGK datum towards the computation of the Siegel series.

However, for now we introduce Ikeda and Katsurada’s more refined notion of EGK datum:

Definition 3.12. Let G = (ny,...,n;smy,...,my50,...,¢) € Zrzo XZrzo x Zj. Put

ny = 3., n; for s < r. We say that G is an EGK datum of length n if the following

N

conditions hold:

(El) ny=nandm; < --- < m,,
(E2) Assume that ny is even. Then ¢ # 0 if and only if mn; + - - - + myn, is even,
(E3) Assume that nj is odd. Then {; # 0. Moreover, we have

(a) Assume that n} is even for any i < s. Then we have

+ + _1+myg
é/s :é‘;"l m2§;n2 m3 "'{ZY]I ms‘

In particular, {1 = 1 if n; is odd.

(b) Assume that mny + ---mg_1ns_1 + mg(ng — 1) is even and that n} is odd for

some i < s. Lett < s be the largest number such that n; is odd. Then we have

My +m My2+m Mg_1+mg
{S - §f§;+t1+l 142 é/t+t2+2 3, gs_vl 1 s

In particular, {; = & ift +1 = 5.
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We denote the set of EGK data of length n by EGK,.
Theorem 3.13. ([IK18, Theorem 6.1]) Let B € S/,(Z)". Then EGK(B) € EGK,,.

Proposition 3.14. ([IK18| Proposition 6.2]) Let H = (ay,...,a,;€1,...,&,) € NEGK,.
Letr, ng, n;, 1 < s <r,beasin Deﬁnition For1 < s <r,setms =a, and {5 = &,:.

Then,
G=n,....,npsmyp,...,m:¢1,...,¢) € EGK,. (3.1)
Via Proposition [3.14] we have a map:

Y=Y,: NEGK, — &EGK, (3.2)

H+— G =Y(H), (3.3)

where G is constructed via (3.1). By [IK18| Proposition 6.3]) we know that Y is surjective.

3.3 Connection to the Invariants of fz and cont B

Definition 3.15. We extend the greatest common denominator function to Q as follows.

For a, b € Q, we define:

ged(a, b) = 1_[ pminford, (a),ord, (b))

p prime

Given B = (b;;) € S,(Q), we define a quantity:

cont B :=gcd(bi1,. .. buns2b12, . 2bppo1). (3.4)

n terms Tn—l terms
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Here 7, = "("2+1) denotes the nth triangular number. We call cont B the content of B.

Definition 3.16. Let B € S} (Z)*. For prime p, let GK(B)?) = (aﬁ’7 ) alp )) denote
the Gross-Keating invariant of B viewed as an element of Sén (Zp)nd. Fori=1,...,2n, put
Y a4 xa? if i is odd,

l"; 3.5)

20@ +--+alP)j2) ifiis even.

Let us first relate the local invariant e(p ) to the global invariant fz:
(p)
Lemma 3.17. ([IK22a, Lemma 6.3]) Let B € S}, (Z)*. Then, [1,;, p"n# = f2.
Corollary 3.18. Let B € S} (Z)*. Then ¢}, = 2ord, fj.

Proof. This follows from the fundamental theorem of arithmetic. [ |

(p)

We also have a relation between the local invariant e,"; and the global invariant cont B:

Lemma3.19. ([IK22a, Remark4.5])LetB = (b;;) € S}, (Z)*. Thene{) = min ord, (b.").

1<i,j<n

where

| ifi=j

(1) _ ~1-6;; _ ’
bi,j =2 ’]bi,ja 51"]—
0 ifi#].

Corollary 3.20. Let B € S (Z)*. Then eip ; = ord,(cont B).

Proof. This follows immediately from the definition (3.4). We now provide a direct proof.
By [IK18!| §2], e(”) 0 for B primitive ; i.e. when p~!B ¢ S}, (Zy,)" & ord,(contB) =0

For any B € Sén (Z)*, write B = pk B’, B’ primitive. Then,

eﬁ”; k + eﬁ”;, =k = k + ord,(cont B) = ord, (cont B).
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Remark 3.21. This agrees with [CIK*17, Theorem 3.1]. The relevant cases in the state-
ment of Theorem 3.1, in their notation, are (1) and (2.1), &gs-11 # 0. The case (3) also
seems to apply, but according to condition (PO3) in the definition of a pre-optimal form,

the first block of a pre-optimal form must not be a diagonal unimodular matrix of degree 2.
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Chapter 4

Laurent Polynomial of an EGK Datum

Quite recently, Ikeda and Katsurada [IK22b] have shown that p-local Siegel series F »(B, X)
attached to a quadratic form B € S, (Z) is completely determined by the EGK datum of
B, viewed as an element of S, (Z,). Their proof uses deep facts about local densities of
quadratic forms. Inour work, we are interested in the result of their calculations: an inductive
formula for a certain Laurent polynomial attached to an EGK datum H; denoted ¥ (H; Y, X);
in the variable Xz with coefficients in Z[Y,Y~']. Upon specializing to H = EGK(B)?)
and Y = p%, one obtains the p-local Siegel series F »(B, X). In this section, we develop a
wealth of technical tools for computing this Laurent polynomial efficiently. A novel feature
of our work is a strategic reorganization of the inductive formulas of Ikeda and Katsurada
which unveils a deeper combinatorial interpretation of the coefficients of F(H;Y, X). At

the end of this chapter, we provide explicit formulas for 7 (H;Y, X) in the case n = 2 and 3.

4.1 Definion of the Laurent Polynomial

We now define, a la Ikeda and Katsurada, the polynomial ¥ (H;Y, X) attached to H:
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Definition 4.1. Fore,é € Z, £ € R, we define rational functions in X 3 and Y 3 via:

YEX-9°1(1 - ¢y1X)
XX

C(e,e,&Y,X) =

and

Ysx-o°

D(e,é,f;Y,X) = m

For a positive integer i, put

C(e,é,&Y,X) ifiiseven,
Ci(e,e,&,Y,X) = 4.1)

D(e,é,&,Y,X) ifiisodd.

Definition 4.2. For a sequence a = (ay, . ..,a,) of integers and 1 < i < n, we define

ar+---+a; if i is odd,
¢ = ei(g) =

2|(ay+---+a;)/2] ifiiseven.

We also put e¢g = 0.

Definition 4.3. For a naive EGK datum H = (ay,...,a,; €1,. .., &y,) of length n we define

a rational function ¥ (H;Y, X) in X >and Y2 inductively as follows. First, if n = 1, we set

a
F(H,Y,X) = Z X 2H, 4.2)

i=0
Letn > 1. Then H' = (ay,...,a,-1;€1,...,&n—1) is a naive EGK datum of length n — 1.
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We define, inductively,

F(H;Y,X)=Cpen -1, &Y, X)F (H';Y,YX) 4.3)

+{Cplep, epor, &Y, X F(H Y, YXT),
where

&n if n is even, 1 ifniseven,
&g,-1 ifmis odd, g, ifnisodd.
Although ¥ (H;Y, X) is defined as a rational function in X >and Y2 , we know:

Proposition 4.4. ([IK22b, Proposition4.2]) For H = (ay, ..., a,; €1, . . ., &,) anaive EGK

datum of length n, ¥ (H; Y, X) is a Laurent polynomial in X 7 with coefficients in Z[Y, Y .
We also know that ¥ (H;Y, X) has a symmetry with respect to the variable X:

Proposition 4.5. ([TK22bl Proposition 4.1]) For H = (ai,...,as;€1,...,&,) € NEGK,,
F(H;Y,X) =n,F (H;Y,X"),

where

1 ifniseven,

g, ifnisodd.

As mentioned in the previous chapter, although the naive EGK datum is not a robust
invariant for a quadratic form, it finds its use in the calculation of F (H;Y, X). Specifically,

the following result of Ikeda and Katsurada states that - although ¥ (H;Y, X) is defined via
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an naive EGK datum - it depends only on the image of H in EGK,, under the Y map (3.2).

That is,

Theorem 4.6. ([IK22b, Theorem 4.1]) Let G € EGK,,; take H € Y, !(G) € NEGK,.

Then ¥ (H;Y, X) is uniquely determined by G that is does not depend on the choice of H.

4.2 Technical Lemmas for Calculating the Laurent Poly-
nomial

We now initiate our in-depth analysis of the Laurent polynomial attached an a naive EGK

datum. The main results of this chapter are Propositions 4.12] and 4.14] In these

propositions, we work out the induction step (4.3)) as explicitly as possible. From them, we
obtain induction formulas for # (H; Y, X) involving no division in a rational function field.
We use these results heavily later to study individual coefficients of the Laurent polynomial.

Our induction formulas are phrased in terms of two distinct bases for the symmetric
Laurent polynomials of bounded degree in X. We now introduce these two bases formally.

Let Q(Y) denote the field of rational functions in the variable Y with coefficients in Q. Let
V denote the Q(Y)-vector space of Laurent polynomials in the variable X with coefficients

in Q(Y). For ¢ > 0, let V, denote the following (¢ + 1)-dimensional Q(Y)-subspace of V:

l
V= {Z (V)X +X7) 1 e, (Y) € Q(Y)} :

y=0

That is, V; is the Q(Y)-subspace of symmetric Laurent polynomials of degree < €. The set

LX+X U X2+X72,..., X"+ X ¥is aQ(Y)-basis of V, which we call the natural basis.
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We will also need to work in another basis of V,. Specifically, we define:

X/ —xJ

W = Xj_l + Xj_3 +-.-- 4+ X_j+3 + X_j+], _] > 0. (44)

Yi(X) =

Fix an ¢ € Z3. As in [CKO8, Lemma 1], we conclude that ;1 (X) — SY_ll//j(X); for
j=0,...,¢isaQ(Y)-basis of Vy, which we call the e-Kohnen-Choie basis. We calculate

a change-of-basis formula between the £-Kohnen-Choie basis and the natural basis of V:

Lemma 4.7. Let F(Y, X) € V,. Write

¢
F(Y,X) = Ao(V)+ ) A1) (X + X7,
i=1

Ai(Y)eQ(Y), i=0,...,¢.
and

t
F(Y,X) = ) By(Y) (s (X) =Y 'y(0)) (45)

J=0

B;j(Y) €Q(Y), j=0,....L.

Part I: To the Natural Basis:

Fori=0,...,¢{, we have
AY) = Aig(Y) —eY ' A (V) A= > B(Y), k=0,1. (46)
v—iizskvrigd 2

Part I1I: From the Natural Basis:
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We have, inductively from j = ¢ to 0, the relation:

Bj(Y) = A;(Y) = S;0() +eY7'S;1(Y),  Su(¥)= > BY), k=0,
j<v<t
v—j=k mod 2

Proof of Part I. Observe

Bi(Y) (Yis1 (X) — ¥ yi(X))

= BI(Y)(Xl _ SY_IXi_l + Xi—z +oee X—i+2 _ 8y—1X—i+l + X_i)_
Using Table [d.1] we calculate:

Ai(Y) = Z B,(Y)—ey! Z B,(Y).

i<v<{t i<v<l
v=i mod 2 v#i mod 2
| x | x [ xX7 [ x= [ ] ¥ |
B(Y) 1 —eY! 1
B_1(Y) 1 —ey !
B (Y) 1
: 1
Bii(Y) [y
Bi(Y) ST
Bi-i(Y)
)y Ae(Y) | Ap 1 (Y) | Apa(Y) || --- || Ai(Y)

Table 4.1: An visual aid for the proof of Part I of Lemma 4.7
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Proof of Part Il. From Table we that the jth unknown coefficient B (Y) must satisfy:

Ap(Y) = Z B,(Y) - ey Z B,(Y).

jsvst j<v<e
v=j mod 2 v#j mod 2
This is a triangular system, so we assume B .1 (Y), ..., B¢(Y) have been computed already.
Xt X/ X/
B(£)

_3Y_lBj+l(Y) Bjn(Y)

B;(Y) —eY1B;(Y)
B;_1(Y)
2 AY) || A;(Y) Aj1(Y)

Table 4.2: An visual aid for the proof of Part II of Lemma4.7|

We thus have the a recursive relation for computing the unknown coefficient B;(Y) given

the known coefficient A;(Y) and the previously computed coefficients Bj,1(Y), ..., B¢(Y):

Bj(Y)=A;(Y) - Z B,(Y) +eY! Z B,(Y).

j<v<t j<v<t
v=j mod 2 v#j mod 2

We now develop two fundamental results for performing the induction steps in (.3).

Proposition {.8|treats the case with n even and Lemma [4.10| treats the case with n odd.

Proposition4.8. Fix {, > ¢; > Owith ¢; € %Z, 0, € Z, e € Z3. Define m := min{2¢1, {,}.
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Let F(Y, X) be a Laurent polynomial in X > with coefficients in Q[Y,Y™'] of the form:
26,
F(Y,X) = Z C_p (V)X 0. 4.7)

i=0

Define

G(Y,X) :=C(26,21,,Y, X)F(Y,YX) +C (262,261, 6, Y, X HF(Y,YX™ ).

Then,
G(Y,X) = G.+(X,Y) = G_(X,Y),
where
m ‘ .fz—i 4 m . . 6Hr—i—1 A
G+(Y, X) — Z Y’C_gl.H'(Y)X_[Z-H Z X2] — Z Yl—lc_€1+i(Y)X—€2+t+l Z ij,
i=0 =0 i=0 =0
(4.8)
26, . . —bO+i—2 . 26, —b+i—1
G_(Y,X) = Z YtC_€l+i(Y)sz—l+2 Z X% — ¢ Z Yl—lc_€1+i(Y)sz—l+l Z X2
i=m+1 j=0 i=m+1 j=0
4.9)

Proof. We have

Yflx¢({’2—€1)¢l(1 _ Sy—lxil)

. +1y _
C(26,201,8;Y, X)) = X+ x+l
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We calculate

G(X.Y)

yb x—(—t)-1 (1- gY—lX)
B X1-X
yax (@t — gy-1x-1)
+
X-Xx1
o X E(y Y X) - XM p(y Y X
X1-X
X—(€2—€1)F(Y, YX) _ X(fz—fl)F(Y, Yx—l)
X-1-Xx '

F(Y,YX)

F(Y,Yyx™

=Y

_ 8Y51—1

Note
26 2

F(Y, YXil) = Z C_KI_H.(Y)(YXil)—fH'i — Y—f1 Z Yic_flﬂ_(Y)Xiflii'
i=0 i=0
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Thus, for 6 € {0, 1},

6X‘("2“)1)‘1+‘5F(Y, YX) - x(-t+1=5py yx-1)
X1-X

y-o  [& 2,
- m {Z YIC—€1+1‘(Y)X_€2+’_1+6 - Z Y’C_é,]_'_l.(y)sz—Hl—d}
=0 Py

24 —lr+i—146 b—i+1=6

. X — Xt

= E Y! 5C_[1+i(y){ X-1_x }
i=0

Yo~

20, s borits 1 _ X2€2_2i+2_26
_ 1— . —{r+i+
= D Y C (X" { — }

i=0
m 20,-2i+2-25
. s [1- X2
_ i—0 . —O+i+6
_ ,Zo YOO (V)X { — }

26 s toiineg |1 = X20¥2i-2426
i— —i+2—
- Z Y C—€1+i(Y)X : { 1 — X2 }
i=m+1
t—i—6
Yi—5c_€1+i(y)X—fz+l'+5 Z XZj
=0
20, —lO+i—2+0

_ Z Yi—6C_€]+l_(Y)X€2—i+2—6 Z X2/

i=m+1 j=0

M

Il
o

Remark 4.9. We may easily write G, (Y, X) in terms of the £-Kohnen-Choie basis:

Go(Y,X) = Y Y'Coprai(V) Wis1 (X) = 8 g, i(X)).

i=0
We can also write:
20
G—(Ya X) = Z YlC—fl+i(Y) (‘//—fzﬂ'—l(X) - SY_lw—fzﬂ'(X))'
i=m+1

However, the expression ¥ _¢,+;—1(X) — eY "' _¢,4:(X) is not in the e-Kohnen-Choie basis.
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We call G, (Y, X) and G_(Y, X) the principal part and reflection, respectively, of G(Y, X).

Lemma 4.10. Fix integers k < m < [; £ € Z3. Given a Laurent polynomial of the form:

G(,X) = i Ci(V)X' IZ XY —¢ Z Y7 lc(v)x™! lil X%,
i=k

]=O i=k J:O

’ ' 1 SX 1 ’ '

Then,

1-i—1

Ho(Y,X) = i C/(Y) (Y X Z (YX=H¥ + rixe i YoiC(Y) X,

_ +1
i=k =0 I —eX= —

In particular, for € = 0, we have

m [=i
Ho(Y.X) = ) G X ) (rx=H.
i=k 7=0

52

(4.10)

(4.11)

(4.12)



Proof. We calculate

1 +1
= 1— {Z C/(Y) (Y X£Y Z(YX”)ZJ
j=0
[-i—1
_SZY—ICi(Y)(YXiI)HI Z (YXil)Zj}
i=k j=0
= T {ZC(Y)(YX”) Z(YX”)ZJ
j=0

[—i—1
—eX*! Z C:(Y)(YX*") Z (YX”)zf}

[-i—1

ZC ¥) (Y x*=hy Z (rX=H* + - 1X+1 Zc () (YxE (y x=1)200),

and

m m
i=k i=k

Remark 4.11. We can easily write G(Y, X) in terms of the e-Kohnen-Choie basis:

G, X) =X Y G Wrina (V) = Yy i(Y).
i=k

We will frequently need to switch between the natural basis and the £-Kohnen-Choie basis.

4.3 Calculation of the Remainder Polynomial
In the next two results, we use Lemma[.10]to finish the induction step of (#.3)) for n odd.
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Proposition 4.12. Suppose H = (at,...,ayms1;€15 .- -, 82n+1) e NEGKy,41, withn > 1.

Write H' := (ay,...,au;&€1,...,&xm) € NEGK,,. Set{ = ¢3,.1/2, ' = ¢,/2. Write
t .
FHY,X) = 3 (€ = JH YD (g0 (X0 = 220 ™ 05(X))

J=0

Above, ¢(u, H';Y), for 0 < u < €', is a rational function in Q(Y). Then,

F(H;Y,X) = F(H;Y,X) + €2, F(H; Y, X)) + &3 R(H:Y, X),

where
F(H:Y,X*) = x*34" D oG HY)XE Y (rxEhY,
i=0 7=0
and
YQZnX_ 621214-1 +e2, QT” .
R(H:Y,X) = ————— (i, H;Y)(Yy 2X"")
1 - 82nX =0
e 2
Ye2nX 2ré+1 —ey 2 .
R i i, H:Y)(Y2X)',
ot 2, G H ()
i=0
and
, ay+---+ay+1
e, = 2 >

We call R(H;Y, X) the remainder of ¥ (H;Y, X).
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Proof. First, via a change of variable:
& '
F(H'SY,X) = 3 6 HY ™ (o (X) = oY oi(X)). @13)
i=0
In the notation of Lemma[4.10] set
k=0, m=¢, =0, e=¢€y,, C((Y)=¢( H:Y)Y ™"
With this choice of parameters, we see via Remark {.11] that
G(Y,X)=X'F(HY, X).

Thus,

Cont1(€2n41, €203 €203 Y, XEDYF(H; ¥, Y X*1)
yt xF(=t)

e Yx=EH=C'G(r, yx*
n
F
= ————G(Y,YX*.
l—82nXi1 ( )
Thus, in view of (.3), we have
x-¢ Xt |
F(H;Y,X)=———=G,YX)+¢ —G((Y,YX™
( ) T en X ( )+ €1 ] X ( )

Case I: Suppose &3, = 0. Then,

FHY,X)=XG,YX) + e X'GY,YX™H

By Condition (N2) of Definition [3.10| we have &5, = 0 if and only if a; + - - - + az, is odd.
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Thus, ¢,/2 = ¢} /2 — 1. Applying Lemma.10, we have

G(Y,Yx*h
oG, H ;Y)Y (Y Xt Z(YX”)ZJ ¢(i, H;Y)X* Z (YX*H2,
i=0 =0 i=0 =0
Thus,
2n %—i—l
F(H:Y,X) = X~ 3" qu(z H: V)X Z (YX)%
7=0
ez" eéT"—l 1
+ et X z*lz¢(, HY)X™ Z (yx—H¥

=0

Case II: Suppose &, # 0. Then a; +- - - + ay, is even by condition (N2) of Definition|3.10

Therefore e3,/2 = ¢}, /2 =: ¢'. Using Lemma[d.10} we have

F2n+l e2n+1

+1
T 0T
= —
_ X+ 2n+ ¢(l H Y)Y_I(YX+1)[ Z (YXil)ZJ
i=0 7=0
Yean 2n+l +ey,
Yo, H; Y)Y ' X™
1—82nX+1 Z ¢( )

’
e2n “on —i—1

CHY)XE Z (YX*)2

n

yem xF A xe, 2 o
—_— E (i, H;Y) (Y 2XF)
_ £1
1 -6y, X* pary
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Remark 4.13. The symbols ¢, and s%n are notational aids to unify Cases I and II.
We now calculate the remainder R(H;Y, X) in a more explicit form:

Proposition 4.14. With the setup of Proposition 4.12} let R(H;Y, X) be the remainder of

F(H;Y,X). Then R(H;Y, X) is a Laurent polynomial of degree < <+ —e; in X satisfying:
R(H:;Y,X) = eopn R(H; Y, X71).
Moreover,

R(H;Y,X)

ezn .
€n+1—€2n—€1+

2
— Yeznx—%"'ebl Z ¢(i’ H’; Y) (Y_ZX_I)l Z (EZHX)I
i=0 J=0

€. .
=t er—e—i—1
€2

Pt N H (Y 2X) Y (a2 X).

i=0 j=0

— &an&onr1Y X
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Proof. We calculate the R(H;Y, X) as a formal power series in X. That is,

R(H;Y,X)
O e N
=TT v (LH Y)Y =X7)
1-6,X ; ¢
YeanlezH—l —€2p ezTn
+ ey ——0——— i, H;Y)(Y?X)
o e ;aﬁ( )(Y2X)
YQan—ez’z‘H +e2, ezTn e
=——— ) ¢(LH ;Y)Y T°X)
1 — &, X%l ;
yonX 5t om &y o
— e X————— ) (i, H;Y) (Y 2X)’
1 - 82nX =0

©n

©2n+l

00 2
=y x5 e Z(gan)f Z o(i, H;Y) (Y 2X Y
=0 =0

Qn+l

— &2n&onr1Y X 2

®n
o 3
N (e X)) Y GG HY) (X))
Jj=0 i=0
In the notation of Proposition we have
R(H:Y,X) = F(H;Y,X) — (F(H;Y, X) + eaps1 F(H: Y, X71)).
Via Theorem we have F(H;Y, X ") = €2,.1 F (H;Y, X). Thus,

R(H;Y,X™ ") = &2,,1R(H; Y, X). (4.14)
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We observe, fori =0,...,ep,/2 and j > 0, we have the bounds:
€2n+1 . €1 €2 €2n+1
; T e B

2
€241 . €2n+1
;"L —eop L4 > -

2 2

+ ¢,

€2n+1
+

+ (e2pe1 —€2p) + 1 > —

Therefore, in view of (4.14), R(H;Y, X) is a Laurent polynomial of degree < % — ¢;.
Thus, in our calculation of R(H; Y, X), it suffices to compute the terms up to degree ez”T“ —e1.

That is,

R(H;Y,X)

eon+1—€2n—€1+H
©n+l

2n
2

=YX N o H ) (VX Y ()
i=0 J=0

€5 .
ex—e;—i—1

2
— E2E2t Y X TN G H Y (VXY Y (e X)
i=0 j=0

Remark 4.15. This calculation R(H,Y; X) via a formal series was inspired by [IK22al.

4.4 Explicit Formulas for the Laurent Polynomial for n =
2,3
In this section, we will calculate the Laurent polynomial for EGK data of lengths 2 and 3.

Example4.16. LetH = (aj,as; 1, &7) be anaive EGK datum of length 2. Let H' = (ay; 1).
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Then H’ is a naive EGK datum of length 1 with

FHY,X) =X T +X 34 px3 14 x7
We apply Propositionwith F(Y,X)=FHY,X); {; = %, i =1,2;and C;(Y) = 1,
li] < €. Since ¢; < %2, we have m := min{2¢y, {,} = 2¢; = ¢;. Therefore, in view of 1)

we have

¢ . €y —i—l

=g —=

€] 2 €]
F(H;Y,X) = Z yix~ 2+ Z X% — &, Z yimlx- 2+l Z X% (4.15)
=0 =0 =0 =0

Using (#.15)), we calculate

Proposition 4.17. Let H = (ay,a; 1, &) and F(H;Y, X) be an in Example[4.16] Write

20
F(H;Y,X) = > CO.(r)x=
i=0
Here ¢ = ¢;/2 € Z. Then,
(V) = AP (V) - £242(v) (4.16)
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where

2 Y2 ef2-e < V[ < e/2,v=e/2(2),
Yy 3 y2i er/2—e¢ < |v|<e/2,v#Eer/2 (2),
y2i 0<|v|<ep/2—e,v=12/2(2),

‘b
2 .
Y X Y¥ 0< v <ep/2-ep,v # /2 (2),

=0
|_ez/Zz—l—VJ
> Y% /2—e—1<|v[<e/2-1,v=1¢/2(2),
i=0
: I-22/22—1—\/J
YU 2 Y2 e2-e—1<|v|[<e/2-1,vZe/2(2),
AP (y) = i=0
2 1]
3oy 0<|v|<er/2—e;—1,v=1e/2(2),
i=0
EA
y-l y y2 0<|v|<e/2—e1—1,v £e2/2 (2).
i=0

Proof. Let ¢ € {0, 1}. We calculate:

Q_; 9 i
e 3~i=0 e 3 —i=0 .
2 : yi=0 x—3+i+s z : X2 = z : yi=o 2 : Xit2/-F+5
i=0 j=0 i=0 j=0

The calculation is completed with the aid of Figures @4.1|and #.2]
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Example 4.18. Suppose that H = (ay, as, as; 1, &2, €3) is a naive EGK datum of length 3.
Then H' = (ay,as; 1, &) € NEGK;. Let £ = e5/2. By Example |4.16 we have

FHY, X) = 3 Y (Wi (X) = &2~ ri(X)).

Via a change of variable:

¢
F(HY,X) = ) ¢(— j, H; Y)Y (g0 (X) = 82 (X)),

Jj=0

where

Y# if0<u<e,
¢(u, H';Y) =
0 ife; <u<dt.

Applying Proposition d.12] we have
F(H;Y,X) = F(H;Y,X) +&3F(H;Y,X") + &3R(H; Y, X),

where
Té—l 1
F(H;Y, Xil) _ X+— Z(Y2X+1)z Z (YX+1)2J

and

Yezx——+e2 Yezx——ez
R(H;Y,X) = X' +e3——m » X,
) 52,
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and

To calculate R(H;Y, X), assume &, # 0; for, otherwise, the term S%R(H ; Y, X) vanishes.
By condition (N2) of Definition [3.10} &, # 0 if and only if a; + a5 is even. In this case,

&3 = €577 by condition (N5) of Definition We now calculate R(H;Y, X) as follows:

az+d3+1Xe3—2e2+e1+1 ¢

— Ye2X—%+e2—e1 1 - 2 Z Xi
1- 82X =0

1 - (SZX)e3—2e2+e|+1 €1

1—82X ZXi

i=0

e
— YeZX—73+e2—e1

e3—2er+e;

€1
B G > (@x) Y X
i=0

J=0

Above, we have used

e3—2¢r+e1+1=(ar+ar+az)—2e+a;+1=ay+az+1mod 2.
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Summary: We have

’

[4
2
7 —i—1

F(H.Y,X) = X7 Z(WX)" > rx)¥

i=0 j=0

S

e —i-1
+e3X 7 Drxhy T rxThY 4.17)
i=0 =0
93—262+61

€]
_9_3 _ . .
+EYOXTITETE N (X)) X
=0 i=0

Using (#.17)), we calculate

Proposition 4.19. Let H = (aj,a»,a3; 1, &2, &3) and F (H;Y, X) be an in Example [4.18]

Write
20 ‘
F(H,Y,X) = Z e (r)x{+
i=0
Here £ = ¢3/2 € %Z. Then,
(V) = AP () + 240 (v) + 340(Y) (4.18)

where

3 3
AP (r) =AY (1),

3 3
APV () = 224 (1)
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with

v+e3/2

2 .
yrre/2 3y 0<v+e3/2<e,v=e3/2(2),
=
lv+83/2
2 .
prea/zl 3y 0<v+e3/2<e,vze3/2(2),
i=0
131
yr+e/2 3 y2i e <v+ez/2<e—e —2,v=e3/2(2),
3 =0
APIY) =9 NETIN
prea/2l gy e <vies/2<e,—e -2,y % e3/2(2),
=
I_v+le3/2—eé+2 |
2 .
yre2 3 Y% e - —2<v4e3/2< ¢, -2,y =1e3/2 (2),
=
vl+e3/2—e§+2J
2 .
yrre/zl S yH e —e -2 <vte3/2< e —2,v % e3/2 (2),

i=0
and

v+e3/2—e2+e1 .
; ( D g’z)Ye2 O0<v+e3/2—er+e <ey,
A =4 =

— & .
(35”3/2 DY 8’2) Y2 0<v+e3/2—er <e3/2—e.
i=0

Proof. We calculate:

SN
I\)|N'°\

(3] —i—1 el —ie1
3 ] ; =8 . Lo
X¥2 Z(YZXil)l Z (YXil)zj = X¥7 Z Z Y2(1+1)Xi(l+2]),
=0 j=0 i=0 j=0
and
e3 e3—2er+e; e e; e3—2er+e . o
yex-zte-¢ Z (£2X)’ Z Xi—y® Z Z 8£X’+J—7+°2‘e1,
i=0

=0 i=0  j=0

The calculation is completed with the aid of Figures and 4.9
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Figure 4.4: Region of summation: 0 <i < e;;0 < j < e3 —2¢) +¢y.
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Remark 4.20. Formulas (¢.15) and (@.17) agree with Example (1) in Section 8 of [IK22b]
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4.5 An Algorithm for Computing the Laurent Polynomial

We combine (#.3)) with Propositions 4.8] 4.12] and [4.14] into an algorithm for computing
F(H;Y,X). This method involves a strategic reorganization of Ikeda and Katsurada’s
original induction formulas. Our method allows us to profitably investigate portions of the
Laurent polynomial in isolation. We will see later that our method also exposes combi-

natorial aspects of the coefficients of the Laurent series. We start with some definitions:

Definition 4.21. Let H = (ay,...,a,;¢€1,...,&2,) be a naive EGK datum of length 2n.

For n > 1, define the (as Cartesian products) the sets:
s = (1,2,3)"7, S = (1, -1y
Let
=0, ..., 0) GSE"’), o:=(02,...,0%) eSén/).

For 1 < m < n, we define Laurent polynomials; denoted F' ((5'3;1) (H;Y,X)and F ((?Z)) (H;Y,X);

in the variable X 3 with coeflicients in Z[Y,Y _1] inductively as follows. For m = 1, we set:

€]
F(l) (H, Y, X) — Z X_71+i’
i=0

(¢
) €l 5 eTz_i €l s %_i_l
2 ) _ iy—2+i 2j i—1 y—2+i+1 2j
F@J)(H,Y,X)_ZYX 2 ZX Szzy X7 Z X%
i=0 =0 i=0 =0
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Letm > 2. Write {” = ¢3,, 2/2, ' = ¢3,,_1/2, and € = ey, /2. Write

€,

F2m P (H: Y, X) = ZO CON Wi (X) = a2 'gi(X),  Gi(Y) € Q).

We define

F(H;Y,X) if &m =1,

@n=1)( pr. = i
Fiio (H:Y.X) =362 RH;Y,X) if{w=2,

eoma F(H;Y, XYY if & =3,

where

’
e2m 2 —i—1
T2

(V) (Y XEY Z (Yx*h,

F(H:Y,X*") = X*-

and

R(H:Y,X)

eZm 2 |
€m—1—€2m-2—¢1H

o2 Z C{f”—t(Y)(Y lX_l)l Z (82m—2X)j
7=0

2ml

— Yeszz X~

eam_a—ei—i—1

el ch_z(my ) (X))

J=0

— Eam—2E2m—1Y " X

Write

€2m-1

(2m-1) . _ .
FOm D (H: Y, X) = ZO: C_p
l:

Ci(Y) € Q(Y).
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Let k := min{2¢’, {}. We define

, G+(Y,X) ifon=1,
F( ”’))(H Y,X) =

G_(Y,X) ifo,=-1,

where
—i—1
G, (Y,X) = ZY’C_{»H(Y)X_“’ZXZJ —meZY’ LC_pri(Y) X1 Z X%
j=0
and
20 o ti2 20 A
G_(Y, X) — Z ch_[/+i(y)xf—l+2 Z XZ_] — & Z YI_IC_{/”.H‘(Y)X[_H-I Z X2_]'
i=k+1 j=0 i=k+1 j=0

The point of this formality is the following:

Theorem 4.22. Let H = (ay,...,ay;€1,.-..,&) be a naive EGK datum of length 2n.

With the notation of Definition [4.21] we have, for 0 < m < n:

FH,y,X) = Z F((g(") ")(H;Y, X). (4.19)
(5,0_)6552(11—”1)) ><Sé2(n—m))

Here H®™ denotes the 2m-truncation of H from Definition

Proof. This follows from (#.3)) and Propositions[.8] 4.12] [4.14|using an induction argument.

2(n m)

We note especially that R(H; Y, X) is defined to hold terms up to degree — ¢ ateach
stepm =n—1,...,0. This might be more terms than necessary; however, we need to
carry all these terms at each step since the cancellations guaranteed by the symmetry of
F(H®™;Y, X) will not happen until the we compute the sum at the very last step.

2(n m)

A more careful analysis would be needed to reduce the degree bound —ey. [
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Chapter 5

Kohnen’s Phi Function

In [Koh02], Kohnen introduced a certain integer-valued function, denoted ¢(a; B), where
B €8] (Z)" and 1 < a|fp. Notably, this function appears in the formula (21) of [Koh02]
for the Fourier coefficients of the Ikeda lift. In this chapter, we first formally define
¢(a; B) following Kohnen’s exposition. Then, we calculate ¢(a; B) explicitly under certain
simplifying conditions on a using Kohnen’s definition. We will see that calculating ¢(a; B)
for all a| fz via Kohnen’s definition is likely intractable. We then introduce a novel method
for computing ¢(a; B) in terms of the Laurent polynomial attached to the datum EGK(B).

We then demonstrate the application of our method to the calculation of ¢(a; B) forn = 1, 2.

5.1 Definition of Kohnen’s Phi Function

In this section, a la Kohnen, we formally define the function ¢(a; B) mentioned above.
First, we introduce some local quantities attached to a matrix B € S (Z)*. Fix a prime p.

Let Vg ) = (Pf,”, g) be the quadratic space over the finite field F, where ¢ is the quadratic
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form obtained from the quadratic form X +— ‘XBX, X € Z*", by reducing modulo p. Write

__ y/iso /
Vep=Vg, ®Vp,

Here, V};‘; is a maximal isotropic subspace and V/ pisa complementary subspace. Define

sp=5p(B) = dimV};(;
and

1 if Vz,%, pisa hyperbolic space or s, = 2n,
Ap =A,(B) =

—1 otherwise.

Define a polynomial

1 ifs, =0
15

2 .
Hyp(B:in) =1 1101 - p*1e%) if s, > 0, s, odd
J:

(1+4,(B)p™1)

=y _
(1-p¥~142) ifs, >0, s, even

j=1

With fp as in Definition|1.12] we define a function pg(p*), u > 0, via

Z ( 'u)t'u (l_tz)Hn,p(B;t) ifplfB,
pr(p)t =

uz0 1 otherwise.

Define

D, (B) := GLy,(Z,)\{G € M2, (Z,) N GLy,(Q)) : B[G™'] is half-integral}.
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Above, we recall BJG™!] :='G"'BG~!. We now define Kohnen’s phi function:

Definition 5.1. For B € S] (Z)*, we define a function ¢(a; B) for 1 < a| fp, which we

call Kohnen'’s phi function for B, as follows. For a = p*, p prime, and 0 < u < ord,, f3, set

15)

K _
6(P'B) :=p2 > D pre (PP, (5.6)
v=0 GeD,(B)
ord, det(G)=v

We then extend ¢ (a; B) multiplicatively to all 1 < a | f3.

5.2 Calculating Kohnen’s Phi Function via Brute Force

We now describe the algorithm we initially used to compute ¢(a; B) to develop conjectures.

Let p be any prime.

Lemma 5.2. Fix v > 0. A set of representatives G from GL,,(Z,)\M2,(Z,) N GL»,(Q))

(where GL,,(Z),) acts by left multiplication) with ord,, det(G) = v is given by:

Pl
ptoaix - aion
A2 :
lo = p ’ ) _ A,
G= A4 =0, /l,-—v,()Saij<p . 5.7
azn—1,2n i

p/l2n

Proof. This is seen via Gaussian elimination and a routine calculation. [

Remark 5.3. Observe that the representatives in (5.7)) all lie in M, (Z) N GL,,(Q).
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If p is odd, we may assume that B takes a diagonal form:

up™
ayp <0 S gy,
B = plu e s
Ul,..., Uy, € Z;.
Uz p™
We record a linear algebraic lemma:
Lemma 5.4. Letl <n <4. Let
dq apl ot din
D = , G =
dn Ann
Define,
Ci,i =daj; (1 <i< I’l)

Define recursively, in the lexicographic order < inherited from Z2,

Cika,;
Ci,j::—a,-,j+z . -] (1Sl<]Sl’l)
i<k<j k.k
Then,
» , 1 « d
D[G ]lj =Vij= — Ck,iCk,j 5 (1 <1< < I’l)
4iidj.j = Ak

(5.8)

Remark 5.5. The formula for C; ; depends only on the quantities C; x where (i, k) < (i, j).

Proof of Lemma This was verified with the aid of SageMath. See Appendix
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Remark 5.6. This is likely true for arbitrary n. The algorithm we develop in this section

is prohibitively slow for n > 4, so we opt to abstain from painstakingly verifying this result.

Corollary 5.7. Let1 <n < 4. Let B,G be as in (5.7), (5.8)), respectively. Define,

Cii=ph (1 <i<2n).

Define recursively, in the lexicographic order < inherited from Z2,

Cy af i
Cij=- (ai,j + Z }f/lkk,j) (1<i<j<2n)

i<k<j
Then,
i o
o PM . ugp .
B[G™]ij = YTy Z_;Ck,lck,]W’ (1 <i<j<2n). (5.10)
Proof. This follows immediately by specializing Lemma [ ]

5.3 Kohnen’s Phi Function for y < ord,(contB) — ord,(2)

Let’s calculate ¢(p*; B), p any prime, n = 1,2, 3,4 in the case u < ord, (contB) —ord, (2).

We begin with the following observation:

Lemma 5.8. Suppose that B € S} (Z) and G € M3,(Z) N GL,,(Q) (recall Remark [5.3).
If 2ord,, det(G) < ord,(contB) — ord,(2), then B[G~!] = 0 mod p.

Proof. Indeed, we have

Ay tplpael ] .
BIG™) =67 BG = g Bladi(G).
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Above, adj(G) := det(G) - G~! denotes the adjugate of G. The adjugate lies in Ma,(Z).

Thus ord, (contB[adj(G)]) > ord,(contB). Therefore,

ord, (contB[G™']) = ord, (contB[adj(G)]) — 2ord, det(G)

> ord, (contB) — 2ord, det(G) > ord,(2).

Thus, looking at the definition li we see that B[G‘l] = 0 mod p.

We now introduce a combinatorial object related to the sets D, (B). Define
[v]g := {(/l],...,/ld)EZd A= 0, Z/li:v},
and
D,(B), :={G € D,(B) : ord,det(G) = v}.

‘We observe:

Lemma 5.9. Given B € §] (Z) and 2v < ord,(contB) — ord,(2), we have:

2n
#D,(B), = Z l—[P(l_l)/li-
(A)€lv]an =1

(5.11)

(5.12)

(5.13)

Proof. Via Lemma we know B[G™!'] = 0 mod p for all G € M»,(Z) N GL,,(Q) with
ord, det(G) = v. From Remark[5.3] and definitions (5.5) and (5.12), we see #D,,(B), equals

the size of the set (5.7). The result follows from the parameterization given in (5.7).

We now are ready to calculate:
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Proposition 5.10. Let B € S}(Z)*. For u < ord,(contB) — ord,(2), we have

¢(p"; B) = p*. (5.14)

Proof. We noted B[G~!] is zero modulo p forall G D, (B) for which 2ord,, det(G) < pu.
Thus sp(B[G_l]) =2 and /lp(B[G_ ]) = 1 for all such G. We calculate

1 ifv=0
p% ifv=1
p(p") = PB[G—I](PV) =9-1 ifv=2

—p% ifv=3

0 otherwise.

Assume u is even. By definition,

O(p": B) =p* (#Dp(Bluyz - p(1) +#Dp(Blypa-1 - p(pY))

Using Lemma [5.9] the quantity is parentheses equals,

2 u/2 u/2-1 .
Hp(l—m,» B Z np(z DA; _ Zp _ Z =pI.
(A)€lu/2]2 i=1 (A)elp/2-1], i= i=0
Thus,
uoop
¢(p*sB)=p> -p> =p*
The calculation is essentially the same when u is odd. [
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Proposition 5.11. Let B € S;(Z)*. For u < ord,(contB) — ord,(2), we have

2 L)
(pH: B) = pi+a" >, e :pmlﬂTlJ ”Z P (.15)
i=0

(A)ellp/2]]2 i=1
where,
0 if u even,

02(u) =
3 if g odd.

Proof. We’venoted B[G™!]is zeromodulo p forall G € D(B) for which 2ord,, det(G) < pu.

Thus sp(B[G‘l]) =4and 4, (B[G™']) = 1 for all such G. We calculate

1 ifv=0
3

p? ifv=1
—-(p+1) ifv=2

p(p") = ppig-1(P") =3-p3(p+1) ifv=3

p ifv=4
p% p ifv=>5
0 otherwise.

Assume u is even. By definition,

O(p"; B) = p& (HDp (Bl - p(1) +#Dp(Bapp1 - p(p?) +#Dy (Blupoa - p(p*))
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Using Lemma [5.9] the expression inside the parentheses equals
4 4 4
np(l—l)/li —(p+1) Z 1_[ (i-1)A; +p Z n (=D

(A)elp/2ly i=1 (A)elu/2-11s i=1 (A)elp/2-21q i=1

Note, for k = 1,2, we have

I L I

(A)elu/2-klq i= (A)e[u/2—k+1]4 i=
A1>1
Thus
; 4 4 .
o(pHsT)=p:2 Z 1—[ (i-DAi _ Z rlp(l—l)/li
(A)ep/2)q i=1 (/li)e[y/2—1]4 i=1
41=0 A1=0
H 3 . 3 ,
= p7 pl/li -p Z npl/li
(A)elp/2]3 i=1 (A)e[u/2-1]3 i=1
Observe
3 3
DI BTAE DI I e
(Ai)e[p/2-1]; i=1 (Ai)elu/2]5 i=1
1=1
Finally,

2
s(p*sT)=p> Y l_[p p* Z l_[p(”m"
5 i=1

(A )f /10/2]3 i= (A)elu
-
U w2 U w2 u
=p? ) pP B i N ik S (L p e p)
k=0 k=0

The calculation is essentially the same when u is odd.
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We'll see that for B € S{(Z)", #(p*; B) no longer has a closed form series expression.

The proof is quite satisfying for those who enjoy combinatorics.

Proposition 5.12. Let B € S{(Z)*. For u < ord,(contB) — ord,(2), we have

4
53(p) .
p(phB)=ptTT Y [ pEhh (5.16)
(4)ellp/2]]a i=1
A2=0
where,

0 if u even,

03(u) =
5 if u odd.

Proof. We’venoted B[G '] is zero modulo p forall G € D(B) for which 2ord pdet(G) < pu.

Thus sp(B[G_l]) =6and 4, (B[G™']) =1 for all such G. We calculate

1 ifv=0
p% ifv=1
~(1+p+p?) ifv=2
—p%(l+p+p3) ifv=3
p(P") = ppig11(P") =\ p+p’ + p* ifv=4

pip+pi+ph ifv=5

-p* ifv=6
—p3p* ifv=17
0 otherwise.
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Assume u is even. By definition,

B(p"; B) = p% (#Dp(Bluya - p(1) + 4Dy (Bluyar - p(p?)

D Bz p(p*) +#Dp (B - p(p°))

Using Lemma [5.9] the expression inside the parentheses equals

6 6
np(l—l)ii _ (1 +p +p3) Z np(l—l)/li
(Ai)e[u/2]e i=1 (Ai)e[p/2-1]6 i=1
6 6
(A)e[p/2-2]6 i=1 (A)e[p/2-3]6 i=1
Note, for k = 1,2, 3, we have
6 . 6 .
Z npo—l)ﬂi - Z pli=hai
(Ai)e[p/2—k]e i=1 (A)e[p/2—k+1]e i=1
A1=>1
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Thus,

¢(p"; B)
6 6
= pt Z npo‘—l)zf _p Z npo’—l)ﬁi
(A)e[p/2]6 i=1 (A)€[p/2-1]6 i=1
41=0 A1=0
6 . 6 .
—p3 Z np(l_l)ﬂl +p4 p(l—l)/li
(A)e[u/2-1]q i=1 (A)e[u/2-2]¢ i=1
=0 1=0
U > . > .
=p7| D, ] -r D p™
(1i)elp/2]s i=1 (A)elp/2-1]5 i=1
5 5
_p3 Z n pl/l[ + p4 Z rlplﬂ[
(A)e[p/2-1]s i=1 (A)e[u/2-2]s i=1
Note, for k = 1, 2, we have
5 5
p Z l—[ pt/li — l_[ pz/l,-.
(A)€[u/2-k]s i=1 (A)e[u/2-k+1]s i=1
A1>1
Thus,
i REE S
s(p*:B)=pi| > pli-pt Y p'
(A)elu/2]s i=1 (A)e[u/2-1]5 i=1
1=0 =0
4 4
“ 1 _ : »
= p2 p(H'l)/lz _ p?’ Z p(l+1)/1,
(Ai)e[p/2]a i=1 (A)elp/2-1]4 i=1
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Observe

4 4
3 (i(+1)A; _ (i+1)/1i.
P>l > Il»

(A)€lp/2-1]4 (A)e[p/2]4 i=1
Ar>1
Thus,
4
#(p"; B) = p% Z rlp(i+1)/li_
(A)elp/2]4 i=1
=0
The calculation is essentially the same when u is odd. [

We assume B € S¢(Z)" and 0 < u < ord,(contB) — ord,(2) in the table below:

H ¢(p*; B)

0 1

2 p(p*+p*+p)

4 p*(p*+p®+p7 + P+ p +p'Y)

6 p3(p6+p8 +p9+p10+p11+2p12+p13 +p14+p15)

8 p4(p8 +p10+p11 +p12 +p13 +2p14+p15 +2p16+2p17+p18 +p19+p20)

We omit the proof of the next result, as the technique is the same as in Proposition[5.12]
Proposition 5.13. Let B € S§;(Z)*. For u < ord,(contB) — ord,(2), we have

6
]—[p“”“f. (5.17)

(A)ellu/2]]e i=1
A=14=0

2
H 45#)

¢(p";B) = p?
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where,

0 if u even,
o) =
7 if u odd.

We assume B € Sg(Z)" and 0 < u < ord,(contB) — ord,(2) in the table below:

u ¢(p*; B)

0 1

2 p(p*+p*+p°+p")

4 pZ(p4+p6+2p8 +p9+p10+p11+p12+p13+p14)

6 p3(p6 +p8 +2p10 +p11 +2p12 +p13 +2p14 +2p15 +p16 +p17 +p18 +p19 +p20 +p21)

With Propositions [5.11][5.12] and [5.13]in mind, we (correctly) conjecture:

Theorem 5.14. Let B € S (Z)*,n > 1. For u < ord,(contB) — ord,(2), we have

2n-2
n (1) .
(b(pl't;B) — p%+6 2# Z 1—[ p(l+l)/h. (518)
(A)ellu/2]on-2 i=1
A2;=0, i<n-1
where,
0 if u even,

On(p) =
(2n—1) if u odd.

Remark 5.15. We will delay the proof of Theorem [5.14]to Chapter [6]
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5.4 Calculating Kohnen’s Phi Function via EGK Data

In the previous section, we introduced Kohnen’s phi function ¢(a; B) as a sum over a rather
unwieldy space of matrices denoted D, (B),. We saw that, under a certain simplifying con-
dition; namely ¢ < ord, (contB) —ord, (2); we may compute ¢(p*; B) using the cardinality
formula for O, (B), in Lemma (which applies for only 2v < u with the simplifying
condition on u above) and then applying some combinatorial identities. Unfortunately,
calculating ¢(a; B) in general via Definition [5.1] seems intractable. In this section, we will
introduce an alternative way to compute ¢(a; B) for all a| fg. We start with the following
two results which connect ¢(a; B) to the Laurent polynomial for EGK(B). Firstly, Kohnen

and Choie relate ¢(a; B) to the Siegel series as follows:

Theorem 5.16. ([CKOS8|, Main Result]) Let B € S,,(Z)*. For p|fg, we have

tp+1

Fp(B:X) = ) (v B)p”
=1

tp—j+l1
2

(wj()o - (%)p‘%w,-_lm) . 619

where ¢ = £, := ord,, fg and

X/ — X7

= XV x93 o x4 xIH (5.20)

yi(X) =
Secondly, Ikeda and Katsurada connect the Siegel series to the Laurent polynomial via:
Theorem 5.17. ([IK22b| Theorem 1.1]) Let B € 8§/, (Zp)“d. Then,

F,(B; X) = F(EGK(B): p*, X).
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We recall from (I.6) and Definition [3.8] that:

Dpg

Exyp = f(B) = (7) (521)

With Theorems [5.16] Corollary [3.18] and (5.21)) in mind, we define:

Definition 5.18. Let H = (ay,...,a,;€1,...,&2,) be a naive EGK datum of length 2n.

We define a function ¢(u, H;Y), for 0 < u < € := ¢5,,/2, implicitly from the relation:

+1
F(H:Y,X) = ) ¢ j+ LHY D (4,00 = en ¥ gy (0) . (5.22)
j=1
We call ¢(u, H;Y) Kohnen’s phi function attached to H.

Remark 5.19. ¢(u, H;Y) is well-defined via Proposition[4.5]and Lemma 1 of [CKO0S].

Remark 5.20. Note, by comparing Definition with (5.19), we have:
#(p"; B) = $(1, EGK(B)P; p?). (5.23)

Thus ¢(u, H;Y) captures far more data than ¢(p*; B) about B. In future chapters, we will
study ¢(u, H;Y) in more detail. For now, we explore applications to computing ¢(p*; B):

The following key result allows us to compute ¢(u, H;Y) in terms of ¥ (H'; Y, X).

Theorem 5.21. Let H = (ay,...,ay;&}l,...,&) be a naive EGK datum of length 2n.

Let H = (ai,...,amy-1;€1,...,&m-1) and set ' := ep,,_1/2, € := ¢, /2. Write
20
2n-1 —O'+i
F(H:Y,X) = Z cOD(y)x =+
i=0
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Then,

O H:Y) = YY) = C(u G1Y)). Ospst.

'+

Here, G_ is the symmetric Laurent polynomial in X of degree < —¢ + 2¢’ < ¢ defined via:

20
G_(Y,X) = Z Y Coprai (V) (Y—pai1(X) = £2,Y "W 2i (X)), m = min{2¢’, {}.

i=m+1
The C(u,G-;Y) € Q(Y) are so that, in the &;,-Kohnen-Choie basis, we have:
€ .
G-(Y,X) = ) Y'C(i, G ¥) (Wrin (X) = £2,Y e i(X)).
i=0
Proof. This follows from Proposition 4.8] Remark [4.9] and Definition [5.18] [ ]

Remark 5.22. The statement of Theorem suffers from awkward indexing. The issue

arises as ¢(u, H; Y) evaluated at u = 0 corresponds to the coefficient of X VinF (H"; Y, X).

Remark 5.23. Ikeda and Katsurada have used a similar type of induction formula to obtain

estimates of the Fourier coefficients of the Ikeda lift. Refer to [IK22a, Theorems 5.6 & 5.7].
As a corollary, we obtain a new tool for computing ¢(p*; B).

Corollary 5.24. Let B € S} (Z)". Let G := EGK(B)"); take H € Y™'(G) € NEGK,.
Let H = (al,...,azn;sl,...,szn). Let H := (ay,.. .,azn_1;81,...,82n_1) e NEGK,_;.

Set ' :=¢5,-1/2,{ := ¢y,/2. Write

20
i=0
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Then,
¢(p*;B) = p“(szg’f;lf) - C(u,G-)), 0<uc<t,

Here, G_ is the symmetric Laurent polynomial in X of degree < —¢ + 2¢’ < ¢ defined via:

LA D 1
G_(X) = Z p2C i (lﬁ—fﬂ'—l(X) - (%)P_ill/—m(x)), m = min{2¢’, {}.
i=m+1

Dp

The C(u,G-) € Q are so that, in the basis ¢ ;1 (X) — ( >

)p~ 2y ;(X), we have:

4 ) .
G-(X) = ) piC(i.G) (w_,-+1<x> - (%)p—fw_m) .
i=0

Proof. This follows from Theorems[5.16][5.17} [5.21] Corollary [3.18] and (5.21T). [

Remark 5.25. We recall that ¢(p#; B) is defined only for 0 < u < ord, fp = €3,/2 =: L.

The proofs below implicitly assume y < €.

5.5 Explicit Formulas for Kohnen’s Phi Function for n =
1,2
We may now compute Kohnen’s phi function with our new tools:

Proposition 5.26. (Confer Proposition and [Koh02, Proposition 3]) Let B € S}(Z,)*.

Then,

p¥ if u < ord,(contB),
¢(p";B) =
0  otherwise.
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Proof. Write H := EGK(B) = (ay,a; 1, &2). We recall that ord, (contB) = ¢; = a; < ay;

we also recall ord,, fg = [ (a1 +a2)/2] =: /2 =: {. Therefore a; < £. From (4.2)), we have

20
. e
T(H';P%,X)ZZX_HI, = 51, e] =aj.
=0

Since a; < a,, we have:

1
£+1:%+1:{“1+“2J+1z%

: > +1>a;=2C.

In the notation of Corollary [5.24} this implies G_(X) = 0. Thus,
A (1)
¢(/’t? B) - p'uc_gq_#'
From the expression for F (H’; p%, X) above, we have:

1 ifu<a,

0 otherwise.
The result follows immediately. [
We may generalize the vanishing phenomenon of Proposition [5.26}
Proposition 5.27. Let B € S} (Z)*. Then ¢(p*; B) = 0 for ex,-1 < u < ¢3,/2.

Proof. Write € := ¢p,/2, ¢’ := e3,—1/2. Then u > 2¢’. If 2¢’ > ¢, the statement is vacuous.
Thus, we may assume 2¢” < €. In the notation of Corollary [5.24] this implies G_(X) = 0.

Thus,
1
¢(u; B) = p”Cfg),ﬂ,
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Moreover, since —¢' + u > —’ + 2¢’ = ¢’ > 0, we have Cg,',:;) = 0. Hence the claim.
Remark 5.28. While we have ¢; < ¢,/2, in general, e5,-1 £ €2,/2.
We now record elementary estimate:

Lemma 5.29. For (ay,...,as,) € Z% non-decreasing and ¢; as in Definition :
e, — €1 = max{aj,ax, — 1} > aj.

Proof. In the case a| = - - - = ay,, we have

ay+---+ayy

5 J_(al+"'+a2n—l):a2n:al~

€y — €2p—1 =2 {

Otherwise, when ay,, > ap + 1, we have

ap+ - +a

> J—(611+"'+612n—1)

€2 — €21 1=2{
>(a1+---+ay-1)—(a1+---+ay)

>ay—1>a.

Proposition 5.30. ([See Proposition|5.11])) Let B € S;(Z,)*. For u < ord,(contB),

u+l

/2]
¢(p"; B) =p”+[ 7

i
2
i=0
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Proof sketch. We use the notation of Proposition As in Proposition [5.26] we have:

Lp/2]

(3) _ 43 _ vt (p) 2i
O, ) =aY,,  =yra Ny
i=0

Via Lemma[5.29] we have:
f—(—f+2€’) =20-20' =¢4—¢3 > qajy.

In the notation of Corollary [5.24] this means G _ does not contribute to ¢(p*; B), u < aj.
That is, G_ is a polynomial of degree < —€ + 2¢’ < £ — a; in X; but ¢p(p*;B), u < a

depends on the coefficients of X" for v > ¢ — a;. Thus, using Corollary[5.24] we calculate:

o | W
2 1

Lu/2]
g, 81w l
P -

3 1 i +
¢(p";T) = p“Cfg),m(pz) =plprT > Z p=p"
i=0 i=0

Remark 5.31. We have omitted details (principally, that the remaining coefficients ASV)

and Ag? of Proposition 4.19| do not contribute to ¢(p*; B) for u < a) from the proof of

Proposition[5.30|since we will generalize this calculation in Proposition[6.2| with full details.
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Chapter 6

Combinatorial Aspects of ¥ (H;Y, X)

In this chapter, we fruitfully combine the results of Chapters [ and [5] to study certain
combinatorial interpretations of Kohnen’s phi function (attached to an EGK datum). These

combinatorial aspects; which were foreshadowed in Propositions [5.11] [5.12] [5.13] and

Theorem [5.14} will be extended as far as possible with the aid of algorithm in Section 4.3]

6.1 Proof of Theorem 5.14

In this section, we prove the following generalization of Theorem [5.14}

Theorem 6.1. Let H € NEGK>,, withn > 1. Then for u < ey,

2n-2
G(u, Hyy) =yreon 3 [ y200d (6.1)

(A)e[lp/2]lan—2 i=1
A2;=0, i<n—1
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where
0 if u even,

On(p) =
2n—1 if u odd.

Now, we prove the base case of of Theorem [6.1}

Lemma 6.2. Let H e NEGK,. For u < ¢;, we have

¢(u, H,Y) = yr+oxw yhi+bds, (6.2)
(A)ellu/2]]2

w-3=X
X

£
X= —K'I-a]

Figure 6.1: Coefficient Polygon for #(H’; Y, X) Shifted for Application of Theoremﬂ

Proof. Our calculation relies on Proposition .19 which gives an explicit formula for

F(H';Y,X), where H € NEGKj3 is the 1-truncation of H, and Theorem |5.21] which
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connects the coefficients of ¥ (H’;Y, X) to Kohnen’s phi function for H. First, we note
that the terms C(u, G_;Y) do not contribute to ¢(u, H;Y) for u < e, via the argument
used in the proof of Proposition [5.30} In brief, G_ is a symmetric Laurent polynomial in

X of degree < ¢ — e; but ¢(u, H;Y) for u < e; depends on the coefficients of X" for

|v| > € —¢;. We now show that the the coefficients ASV) (Y) and A§3V) (Y) in Proposition|4.19

do not contribute to ¢(u, H;Y) for u < e;. In view of Theorem|5.21, we must show that the

coeflicients A§33(Y ) and AéSV)(Y ) vanish when —¢’ < v < —{’ + ¢;. We proceed as follows:

Claim I: AY)(Y) = 0 for —¢' < v <~ +¢y.

Via Proposition 4.19, A§33(Y) = 0 except possibly when ¢’ — ¢}, +2 < v < {’. Now,

—'+e <l —e)+2,

since

ay+ar+1

20—, +2=(ar+ar+az) -2 5

|+22a3+1>a1::e1.

Hence Claim I holds.

Claim IL: AY)(Y) = 0for —¢' < v <~ +e¢y.

Via Proposition4.19, Ag (Y) = O except possibly when —¢'+ e, —e; < v < ' —er+ey.

We estimate

—'+e; <=l +er—ey,

since, via Lemma we have

¢y — e > aj =:eq.
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Hence Claim II holds.
Therefore, as claimed, ¢(u, H;Y) depends only on the coefficients ASB(Y) for u < ey.
Thus, in view of Theorem [5.21}

(u H;Y) =YHAT) ,(Y).

Using the formulas in Proposition [4.19] we calculate

Lx/2] Lu/2]
¢(u, H;Y) = Y2Hyr+ortn) Z Y2 = yr+or(w) Z 2120481 (1)=52(1)
i=0 i=0
On the other hand, we have:
3 8§yt 2§ g §
Y4/ll+6/12 — Y4 5 —1)+6i — Y4 5 +2i — Y2ﬂ+2i+(61(ﬂ)_52(’u))_

Above, we have used the identity:

4 V_;J =2u+ (01 () —d2(w)).

We will now complete the induction argument. For u, v > 0, define

HEZ’L)) ::{(/11,...,/12,")6 [om ¢ A2i=0,i<m—1; Z(i+1)/l,-:v; } (6.3)
l

Our induction argument requires the following combinatorial lemma:
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Lemma 6.3. We have

Lp/2]

(2n) _ (2n=2)
ML s peeiu-n = ZO: My
1=

Proof. This result follows from the bijection: for 0 <i < |u/2],

=

(2n-2) (2n) ’ . ’r _
Mivpr @ SUbSCOlIlq, o)y aratuya)y 2 () With Ay = {

2J_i‘

To see this, let (A1, -+, A2,-2) € #1172 with0 <i < |u/2]. That is,

(1,1//2—/1)
2n—-2 2n-2 v
~1/lj:l’ Z;(J+1)/lj=§—,u.
J= J=

Define (1’, ..., /l’zn) € 72" via:

’ H ’ . ’r _ .
AI:bJ—z, X, =0 Vo= j>2
Then
2n 2n n 2n-2 U
2= tie e 3= (5] =)+ =[]
J=1 j= j=
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and

2n 2n-2
Z(j+ DA} =227 + 325 + Z(j+3)/lj
Jj=1 Jj=1

2n-2 2n-2
= (227 +325) +2 Z Aj+ Z(j+ 1)A;
=1 =1

7 (21’!) . /) ﬁ s . . .
Thus (/lj) € #H(Lu/ZJ,V/2+(2L/1/2J—y)) with 4] = |_2J i. The reverse direction is clear.  ®

We will now prove Theorem

Proof of Theorem[6.1] The base case is Lemma Assume the claim holds for all H €
NEGK,, forafixedn > 1. Fix u < ¢;. Let H € NEGK3,1,. Therefore H” € NEGK>,,.

Here H” denotes the 2-truncation of H. Via the induction hypothesis we have, for0 < i < p,

2n-2
 H”-Y) = yi+on() 2(k+1) Ak _ yito, (i) 2n)yj
¢(i,H";Y) =Y > Ty =y N ey,
(A)ellif2]]on—2 k=1 j=0

A2k=0, k<n-1
where,
(2n) . _ (2n-2)
C(i,./) T #H(Lf/ZJ,j/Z)'

From Proposition we have

F(H,Y,X) = F(H;Y,X) + &2, F(H; Y, X™") + 82 R(H'; Y, X).
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where

’

9y n i
F—i—1

2
F(H:Y,X) =X %" Z o, H,Y)X' Z (YX)¥. (6.4)
i=0 =0

As in the proof of Lemma [6.2] we will show that the coefficients of the latter two Laurent
polynomials F(H’;Y,X~") and R(H’; Y, X) do not contribute to ¢(u, H;Y) for0 < p < e;.
Before this, we briefly note, that, as in the proofs of Proposition[5.30]and Theorem [6.2] the
terms C(u, G_;Y) of Theorem [5.21]do not contribute to ¢(u, H;Y) for 0 < u < ¢;. Now,
Claim I: F(H’;Y, X") does not contribute to o(u, H;Y) for0 < u < ey.

The coeflicients of X” in F(H';Y, X‘l) vanishes except when QZ”T“ - e’2n +2<v< ez’—ﬁ“

We estimate:

€2n+1 €2n+1 , 2
—T +¢ < ) - ezn + 2,
since
ay+---+axy +1
’
sl — €&, +2=(ar+---+axy +ays) -2 > +2> a4+ 1 >a; = e.
Hence Claim I holds.

Claim II: R(H’;Y, X) does not contribute to ¢(u, H;Y) for 0 < u < e;.

Indeed, by Proposition{4.14, we know R(H’; Y, X) is a polynomial of degree < <4t —¢;.

Hence Claim II holds.
Now, write
20 '
F(H'Y,X) = " cOP (n)x=+, i) e Q).
i=0
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Using (6.4)), we calculate the coefficient

2n+l . —i
Oy = > eGH Y)Y
0<i<u
i=y mod 2

Above, we have used the fact that, for 0 < i < u with i = g mod 2, we have:

<=-i-1.

i< —,
2 2 2

Indeed, i < p < e1 < ¢3,/2. Moreover, the latter inequality is equivalenttoi < ¢, —u—2.

We estimate:
i<p<e <€, —e <e, — [
As two of the inequalities are strict, we get the desired estimate. Now, from Theorem [5.21}

S(u, H;Y) =Y HCETI (V) =Y YT g, H; Y)Y

0<i<u
i=u mod 2

Plugging in the expression for ¢(i, H”;Y) and noting 6,,(i) = 6,(u) fori = yu mod 2 yields:

.V — y2u i+6, (i) )y j | yu—i _ yu+dn(p) (2n) v 2u+j
S H;Y) =Y |y ZC@-J)Y yri=y > ZC<,-,,~>Y .

0<i<u j=0 O<i<u j=0
i=p mod 2 i=u mod 2
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Swapping the order of summation and making the change of variable v = 2u + j:

2
G(u H;Y) =yt X7 X e, v

v22u\ O<i<u
i=¢ mod 2

_ yu+One (1) (2n) +2(2|p/2]-p)
=y 3L D, Gty [y
v22u\| O<i<u
i=¢ mod 2

Above, we have used that 6,1 (u) = 6, () + 2(u — 2| u/2]), which follows from:

0 if u even,
2(p—2p/2]) =
2 if p odd.

Now, via the definition of C ((,22)-2 and a change of variable:

)
(2n) (2n-2) & (2n-2)
n _ n— _ n—
2 Covan= 20 Mg = 2 I, 6.5)
0<i<u 0<i<u i=0
i=u mod 2 i=¢ mod 2
Thus, via Lemma|6.3] we have:
V) = YHHO (1) (2n) v+2(2| /2] 1)
dlu, HY) =Y 2 M2 w2l 6.6)
v>2u
We calculate an alternate expression for this series. The definition of HETZ)/Z 17/2) gives:
2n (2n)
204+1)A; _ 2n J
[ [¥ = 2 MY
(A)€ellp/2]]on i=1 Jj=0

A2;=0, i<n
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(2n)
(lu/21,j12)

2{% :2211- < Z(i+1)/l,~: é

By definition, we know I1 is empty unless:

Thus,
> ] >,
y2(+DAi - # oyl
(Lu/21.j/2)
(el [a/2]lon i=1 j=4Ta/2]

/12[20, i<n

Making the change of variable v = j + 2(u — 2| u/2]), we have

2n
2(i+1)A; _ (2n) V22 /2] -p)
[y = 2. vy :
(A)ellu/2]]an i=1 v>2u

A2;=0, i<n
Comparing this with (6.6), we conclude
2n

¢(u, H;Y) = Yr+om () Z 1_[ y20+DA:

(A)€lLp/2]]on =1
A2;=0, i<n

This completes the induction. [

We have thus verified a stronger version (without the ord, (2) term) of Theorem

Theorem 6.4. Let B € S} (Z,)",n > 1. For u < ord,(contB), we have

2n-2
o(p'B) =pt 0 [0, 67
(A)ellp/2]lon— =1

A2i=0, i<n-1
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where,

0 if u even,
On(p) =
2n—1 if g odd.
Proof. This follows immediately from (5.23) and Theorem|[6.1] [ |

We can express these results in a cleaner form (by removing the parts with Ay; = 0):

Remark 6.5. Given A := (4;) € Z", define the partition weight function:

n—1
wn(A) = Z 2id; + (2n — DA,
i=1
Then, in Theorem[6.1] we have:

G(u, HyY) = yreont) %" y2en() (6.8)
A€[Lp/2]]n
and, in Theorem [6.4], we have:
p(p":B) = pErEE N pm,

Ae[Lp/2]]n

These formulas cover the case n = 1 as well. We introduce these expressions after the
proofs above as it would be awkward to keep track of the lone part which is weighted by an

odd integer in w, (). This is apparent upon examining (6.11]) and the proof of Lemma
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6.2 Restricted Integer Partitions

We now extend our results by studying the Laurent polynomial F (2" from Section

Here 1" = (1, ...,

(1n,1m)

1) €S, (n) .S (") The coefficients of F*" . involve restricted partitions.

| ——
n entries
We start by formally introducing the necessary combinatorial objects:

Definition 6.6. Let H =

(Cl],...,

ar.am

We define, for 6 € {0, 1}, the sets

——— H, res

(£, 61

A€ [E]lm -

Am-iv1 2 é‘:m i+1 (e2n 2/2 D, l1<i<m,

& 1 <e/2, 1<i<m,
& < (L e2/2);

where £/ .| = 2(XL, s Ak) +6

f,l < e2m/2;

——— H res
(£, 617 = {ae[£0], ,

and

The ¢; are as in Definition 4.2}

Remark 6.7.

TH,res
TR

H,res
H([§5 v -

In our applications, we always plug in £ =

where £ 1= 2(2)L, A4k) +0

{/le[g 6] = wm(/l):v},

={1e &6 @ wu(d) =v}.

&l ¢=2(iﬂi)+6=2{gj+61(u)=u

i=1
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aym; €1, - - - » €2m) be a naive EGK datum of length 2m.

(6.9)

(6.10)

6.11)

(6.12)

/2] and 6 = 81 (u). Thus,



It was essential to upgrade our notation like this to maintain consistency with the previous
results. In Theorem we were able to write ¢(u, H;Y) as a sum over integer partitions of
Lu/2]. However, for our next result, ¢(u, H;Y) is written as a sum over integer partitions
of | u/2] with restrictions which depend critically on the parity of . This information is

lost in the quantity | /2 ]; hence we must include the extra parameter ¢ in our new notation.

Theorem 6.8. Let H = (ay,...,ax;é€1,...,&m) € NEGK,,. Write

{
2 . —j
Foim (Y, X) = 3" deanamy (s Hy V)Y (131 (X) = anthi— (X)),

j=0
\ €25
¢(1n,1n)(];H, Y) € Q(Y), €= 7
Then,
V) — YH+Oa(p) 2wn (1)
$(amam (u, H;Y) = ¥ > y2n(, p<t 6.13)
Ae[Lpu/2].61(w)1n"
where
0 if u even,
on(p) =
2n—1 if podd.
We first prove the base case:
Lemma 6.9. Let H = (ay,as; €1,&2) € NEGK,. Write
¢ &
2 . _i _
Fiingny (H: Y. X) = > ¢ H Y)Y Wi (X) = 82 e (X)), £= 2t

Jj=0
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Then,

o(u, H:Y) = yH+o1 (1) Z Y2Wn(/1)’ u<t.
Ae[Lp/2).61 ()11

Proof. By Definition 4.21] we have

€]

Fiogny = FH Y, X) = "V et (X) = 27— (X)),
j=0

Thus,

Y2 ifp < e,
¢(u; H,Y) =
0 otherwise.

On the other hand, we have [|u/2]]; = {(Lu/2])} and
2{%J+61(u)§e1 = u<ep.

Thus, [L1/2). 61 ()] = {(Lu/2])} if e < e1. Otherwise, [Lue/2], 81 (101" is empty.
Note that w(A) := A for A = (1;). Thus,

Y o122 ity < ey,

yH+o1 (k) Z y2wn(d) —
A€ Lp/2),61 () Hores 0 otherwise.
We are done since 2| u/2] + 61(u) = p. [

We are now ready to prove Theorem [6.8}

Proof of Theorem 6.8} This proof is mostly a refinement of the proof of Theorem[6.1] The

base case is Lemma[6.9l Assume the claim holds for all H € NEGK>, for a fixed n > 1.
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Let H € NEGKy,+». Thus H’ € NEGK,,, where H” denotes the 2-truncation of H.

Write

Fom (H"Y, X) = Zas(lnln)(z H" V)Y (W1-i41(X) = e201-i(X)),

i=0
. 17 e2l’l
¢anam (B HYY) €QY), £:=—=.
By the induction hypothesis, for 0 < i < e,/2, we have:
¢(1" ) (i, H”; Y) — Yi+6n(i) Z Y2wn(/l) _ Yl+6 @) Z C(Zn)Y] (6.14)
Aeflif2). 61 (D1 J20
where
(2n) . _ H” ,res
C(l D #H([LI/ZJ 61(01.j/2)"
By Definition 4.21] we have
e211 e%n —i—1
2n+1 2n+l ”.
F((I:jl 1{HI)(H; Y,X) = Z panam (L HY)(YX)T T (vx=)J. (6.15)
j=0
Now, write
20 e
F((lzlﬁll)nﬂ) (H;Y,X) = Z C(2n+1) (Y)X—€ +i [ = 2;+1 ’ C(?}:ll) (Y) € Q(Y).
i=0
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J

(0.¢5,/2—1)

TN
SRR NN R
~~"~J\ C:( \:::\ ~~“~ B 2 é)]O‘] J
7 R |
SN N N |
(¢},/2-1,0)

. . . . " R
Figure 6.2: Region of summation: 0 < i < %,O <j<F-i-l

The first essential difference in the proof is here. Using (6.15]) and Figure[6.2] we calculate:

2n+1 . .
Cffr/l:p)(y) = § ¢anam (i, H';Y)YH,
0<i<B(u)
i=pu mod 2

where
B(p) ==¢, —2—p.
This B(u) is the i-coordinate of the intersection of the lines:

i+2j=u

i+j=¢,/2-1.
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The proof is exactly the same until we derive the identity:

(2n+1) _ v+, () (2n) +2(2|p/2) )
c?*(yy=y* ﬂz Z Cin) [ em,

—'+u
v22u | 0<i<B(u)
i=¢ mod 2
As before, by a change of variable:
o0 LB(w)/2]
n H”, res H"  res
2 Citan= 20 M sl = Z #1352
0<i<B(u) 0<i<B(u) i
i=u mod 2 i=u mod 2

Above, we have used the facts that m(u) = u mod 2 and that 6; (i) = 61 (u) fori = u mod 2.

By the same argument used in the proof of Lemma we have:

LB(w)/2]

H”, res TTH,res
AL s Go1v2-m = P60 Golo 2+ Lus2)-w)°

i=0

That is, we have the following restriction on A;:

ezl
and

51~ {M| - (ﬁ - M) _ (BOJ) _ 51(3(/1)))

2 2 2 2 2 2
(s (2K &i(w)
|2 2 2 2

=p—(&,/2-1) =& - (,/2-1),
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where
E1 =201+ 4+ App1) + 61 (1) = p.
Thus,

(2n+1) _ v+, (1) = H,res v+2(2 u/2]—p)
Clr V) =Y ZZZ AL 2160012+ L2l -0y Y :
v=2u

Now that we have calculated the coefficients CE%?:;)(Y ) of F ((lzf:;ll)m)(H Y, X), we will

use Definition 4.21| to calculate F ((lzﬁzl)ml)(H ;Y, X). The polynomial G,(Y, X) defining

F ((lzﬁzl)ml)(H ;Y, X) is designed to forget all the coefficients CE%?:;)(Y ) for u > ezp2/2.

This is where we pick up the second new restriction:

’ €2n42
= < .
§1=H< 3
Now, from Remark [4.9] we obtain:
V) = YH+OR (1) H, res v+2(2Lp/2]-p)
Gama, ey (1, H Y) =¥ IR L T IPSINI ¢ :

v>2u
The remainder of this proof is, mutatis mutandis, identical to the proof of Theorem@ []

Remark 6.10. Figure [6.2]aids in understanding the two types of restrictions we obtain at

each step of the proof of Theorem [6.8] The first region, labeled “Restricted Region” are

restrictions obtained by due to the limits of the sum (6.15) defining F ((lzﬂll)ml)(H Y, X).

The second region, labeled “G_"" comes from the way we have constructed the polynomial

G+ (Y, X) in Definition|4.21|to forget all the higher order coefficients of F ((lzfjll)m) (H;Y,X).

Recall, in this regime we no longer have an obvious &7,2-Kohnen-Choie basis expression.
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Appendix A

Maass’s a; Parameters

In this appendix, we follow the exposition of [Maa71]].

We first describe the parameters a1, . . ., @, in the ['-factors of the functional equations

appearing in Weissauer’s Converse Theorem. Let u be a Groencharacter on #, with:
ou = A;u, i=1,...,n; A; €C.
By condition (4) of Definition [I.26] A; = 0. Maass introduces a differential operator:
M, (Y) = Y] ‘% .
On p. 88, Maass proves the operator identity:
Y7M,(D)|Y]S = (=D f(s,61,62,...,6,), Y=yl

Here, f(s,x1,...,x,) is a multivariate polynomial in the n + 1 variables s, x{,x2, ..., X,.
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In the variable s, f is monic of degree n. We define the parameters a7y, . . ., @, via:

f(5,0,22,...,4,) = l_[(s - ;).
i=1

We now calculate a1, a; for the case n = 2. We first remark that the hyperbolic Laplacian

2
A on H and the differential operator 8, := Tr ((Y%) ) on P, are related via 0, = —%A. For

more details see [Ter16} pp. 34-37]. Let ¢ be a Maass form on H with Ag = (1/4+r?)¢. Let

u be the corresponding Maass GroBencharacter on $, with d,u = —%Au = —(1/8+7r%/2)u.

We fix two coordinate systems on $:

a b R a b
Y = , Y =
b c b
These are related via:
c -b a 1
a =—, b= —, ¢ =—, Y| ::ac—bzz—z.
Y] Y| Y] a'c’ - (b')
We calculate:
da da da 2 2
S0 b B a 2ab b
ab  db b | =_ 2
90’ b B ab ac+b” bc
dc dc oc 2 2
da’ 9b ¢’ b 2bc ¢

112



Thus,

0 , 0 0 5 0
= —a’ L _gb— — b2 =
oa = % 0a “ab 7 bc
0 s 0 0
T —Zab% —(ac+b )% —2bc%,
0 , 0 0 , 0
dc’ da bc@b ¢ oc

Remark A.1. The identities that follow are at the level of differential operators.

‘We calculate

1 9
(9a (9c 40b" ob"”

Via the product rule:
0 0 _ 2200 2 3,0 0 4.0 0
daoc =P gana T )5, 8b+( T+ 5 e
9 0 0 0
2.2 7 3 2.2
Habieqy g+ (@be” ””)aba e o
d 0 0
2 27 3 2 2
+2ab 6a+(abc+b)6b+ b“c o
and
o 0 26 0 5 0 9 0
ETRTY = (2ab) Py +2(2ab)(ac+b) b+2(2ab)(2bc)a P
d 0 d 9 0 0
+(ac+b2)28bab+2(ac+b2)(2bc)aba + (2bc )Za o

9 d
+ (6ab® + 24> c)% + (6abe + 2b3)% + (6b%c + 2ac? )%.
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After some routine calculation, we obtain:

98 14 a) 1 9
_ P - e i e
=Yl (aaac 4abab) 2|Y|(“ PREFTREFN &

Via the product rule:

0 0 0 0
_YS: YS—1+YS_ _YS: Ys—l_l_Ys_
VI = eslY Y oIV = asiy e vp o

0 0
—Y|* = 2bs|Y|* L+ Y|P —
abl | S|V + | |ab

and

o 0 ) ., )

_ S_ YS YS_

dade! aa(“s| SR 'ac)

d d d 9

_ s—1 _ §s=2 s—=1 ¥ s=1 Y s ¥ Y
—(s|Y| +acs(s - )Y )+as|Y| — sy Y

o, ., 0

—— Y| = 2bs|Y )+ YT =

abab| > = ab( bs|Y|""" + Y] )

- (—2s|1/|s—1 +4b2s(s — 1)|Y|s—2) Abs|Y|*

After some routine calculation, we obtain:

M, ()|Y|* = |Y|*(s* + As + B),

where

0 0 0 1
A—(G%-Fb%-FC%)—E,

o 0 166) 1(3 o 0
Gt b toa ).

B=ly|[ 2L 22 %) __
"(aaac 49ban) 2 \°
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Now we calculate the G-invariant differential operators:

9 a\?
Tr |y =T
01 = r( aY) 0 r(( ay))
Observe:
d 10 J 1.0 1 0 0
y O _[ @ P 30 295 |_| “aa*2bar 2935 D5
oY 14 d 9 , 1.8 1.0 9
b 396 dc bie+ 3¢9 2035+ Che
We calculate, using the product rule:
9 8 8
51 —aa—+b%+ca
8 0 & d & 0
22299 L4209 2
1= 5q0a " avob ¢ bcoc
8 8 & 0 o 0
Dab— — +2a¢— — + 2bc— —
Woaabr  “aaac " obac
+a—+bi+c(9
da  db " dc
and
8 0 8 0 9 0
s, =222 b2 2
2= 50%a 2 ac+ V5535 T acac
o a o 0 9 0
2ab—— +2b*—— + 2bc— —
W oa ob daoc " oboc
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By comparing the coeflicients A and B with the operators 91, 6%, and 07, we see:

1
A:61_§7

1, 1
B==(07—07) —-9;.
2(1 2) 4l

Thus,
M (DY Fu(Y) = (5 = (1/2)s + (1/16+72/4)) [YFu().
Now,
7= (1/2)s + (1/16 + 77 /4) = (s — 1) (s — ),
where

ay=a;=1/4+ir/2.
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Appendix B

Proof of Lemma

Here, we provide the Python code we used to verify Lemma[5.4|for 1 <n < 4.

# Initialize symbolic matrices D and G

var(’dl,d2,d3,d4’)

D = matrix(SR, 4, 4, [d1,0,0,0,\
0,d2,0,0,\
0,0,d3,0,\
0,0,0,d4]1)

var(’all,al2,al3,ald4,a22,a23,a24,a33,a34,a44’)

G = matrix(SR, 4, 4, [all,al2,al3,al4,\
0,a22,a23,a24,\
0,0,a33,a34,\
0,0,0,a44])

# Calculate matrix product S := D[GA{-1}]

Ginv = G.inverse()

S = Ginv.transpose () *D*Ginv
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# Calculate C_{i,j} Parameters
c=1[[0,0,0,0],[0,0,0,0],[0,0,0,0],[0,0,0,0]]
for i in range(0,4):
CLi][i] = G[i][i]
for j in range (i+1,4):
Clil[3] = -G[il[j]
for k in range(i+1,j):

CLil[j] -= CLil[k]1*G[kIL[j1/G[k][k]

# Calculate D_{i,j}*{\prime} Coefficients
Dp = [[0,0,0,0],[0,0,0,0],[0,0,0,0],[0,0,0,0]]
for i in range(0,4):
for j in range (i,4):
for k in range(0,i+1):
Dpl[i][j] += C[k][i]*C[kI[j1*D[k][k]/G[k][k]*2
Dp[il[j]1 /= (G[il[i1*G[31[3i1)

# Verify correctness of formulas
for i in range(0,4):
for j in range (i,4):

assert(S[il[j] == CLil[jiD)
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