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Zusammenfassung

In dieser Dissertation werden regularisierte Thetalifts zwischen verschiedenen Raumen
harmonischer Maafiformen und ihre Anwendungen untersucht. Die Arbeit besteht aus
drei Hauptteilen.

Im ersten Teil untersuchen wir den sogenannten Millson Thetalift, der harmonische
Maafformen vom Gewicht —2k (mit k € Zs() zu Kongruenzuntergruppen von SLo(Z)
auf vektorwertige harmonische Maafiformen vom Gewicht 1/2 — k abbildet. Wir zeigen,
dass die Fourierkoeffizienten des Lifts einer harmonischen Maafform F' gegeben sind
durch Spuren von CM-Werten und Zykelintegralen von nicht-holomorphen Modulfor-
men, die aus F' durch Anwendung gewisser Differentialoperatoren hervorgehen, und
dass der Millson Thetalift mit dem klassischen Shintani Thetalift durch den £&-Operator
in Beziehung steht. Dieser Teil basiert auf einer gemeinsamen Arbeit mit Claudia Alfes-
Neumann [ANSI16].

Der zweite Teil behandelt neue Anwendungen des Millson und des Kudla-Millson
Thetalifts. Wir konstruieren zunachst Vervollstandigungen von zwei von Ramanujans
Mock Thetafunktionen als Millson Thetalift einer geeigneten schwach holomorphen mod-
ularen Funktion F' und benutzen dies, um Formeln fiir die Koeffizienten der Mock Theta-
funktionen in Termen von Spuren von CM-Werten von F' herzuleiten. Auflerdem erhal-
ten wir durch den Millson und den Kudla-Millson Thetalift £&-Urbilder unarer Thetafunk-
tionen vom Gewicht 3/2 und 1/2, deren holomorphe Teile rationale Fourierkoeffizienten
haben. Wir benutzen diese Urbilder auch, um Petersson Skalarprodukte von harmonis-
chen Maafiformen vom Gewicht 1/2 und 3/2 mit unéren Thetafunktionen zu berechnen,
und erhalten dadurch Formeln und Rationalitatsresultate fiir die Weyl-Vektoren von
Borcherds-Produkten an den Spitzen. Dieser Teil basiert auf einer gemeinsamen Arbeit
mit Jan Hendrik Bruinier [BS17].

Im dritten Teil erweitern wir Borcherds’ regularisierten Thetalift in Signatur (1,2)
auf den vollen Raum der harmonischen Maafiformen vom Gewicht 1/2, also Formen,
deren nicht-holomorpher Teil bei oo linear exponentiell wachsen darf. Wir erhalten reell-
analytische modulare Funktionen mit logarithmischen Singularitdten an CM-Punkten
und neuen Typen von Singularititen entlang von Geodéaten in der oberen Halbebene.
Auflerdem benutzen wir den Thetalift, um modulare Integrale vom Gewicht 2 mit ratio-
nalen Periodenfunktionen zu konstruieren, deren Koeffizienten durch Linearkombinatio-
nen von Fourierkoeffizienten von harmonischen MaaBformen vom Gewicht 1/2 gegeben
sind.



Abstract

In this thesis we study regularized theta lifts between various spaces of harmonic Maass
forms and their applications. The work consists of three main parts.

In the first part we investigate the so-called Millson theta lift, which maps harmonic
Maass forms of weight —2k (with k € Z>) for congruence subgroups of SLy(Z) to vector
valued harmonic Maass forms of weight 1/2 — k. We show that the Fourier coefficients of
the lift of a harmonic Maass form F' are given by traces of CM values and cycle integrals
of non-holomorphic modular forms arising from F' by application of certain differential
operators, and that the Millson lift is related to the classical Shintani theta lift via the
&-operator. This part is based on joint work with Claudia Alfes-Neumann [ANSI6].

The second part discusses some new applications of the Millson and the Kudla-Millson
theta lifts. First we construct completions of two of Ramanujan’s mock theta functions
using the Millson lift of a suitable weakly holomorphic modular function F' and use this
to derive formulas for the coefficients of the mock theta functions in terms of traces
of CM values of F. Further, we use the Millson and the Kudla-Millson theta lifts to
obtain &-preimages of unary theta functions of weight 3/2 and 1/2 whose holomorphic
parts have rational Fourier coefficients. We also use these preimages to compute the
Petersson inner products of harmonic Maass forms of weight 1/2 and 3/2 with unary
theta series, and thereby obtain formulas and rationality results for the Weyl vectors of
Borcherds products at the cusps. This part is based on joint work with Jan Hendrik
Bruinier [BS17].

In the third part we extend Borcherds’ regularized theta lift in signature (1,2) to
the full space of harmonic Maass forms of weight 1/2, i.e., those forms whose non-
holomorphic part is allowed to grow linearly exponentially at co. We obtain real analytic
modular functions with logarithmic singularities at CM points and new types of singular-
ities along geodesics in the upper half-plane. Further, we use the theta lift to construct
modular integrals of weight 2 with rational period functions, whose coefficients are given
by linear combinations of Fourier coefficients of harmonic Maass forms of weight 1/2.
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1 Introduction

1.1 Regularized theta lifts

Over the last two decades, starting with the fundamental work of Borcherds [Bor95,
Bor98], regularized theta lifts between spaces of integral and half-integral weight auto-
morphic forms have become a powerful tool in number theory. For example, Bruinier
and Funke [BF06] used the so-called Kudla-Millson theta lift from weight 0 to weight
3/2 harmonic Maass forms to give a new proof and generalizations of Zagier’s [Zag02]
famous result on the modularity of the generating series of traces of singular moduli.
Further, in [BO13], Bruinier and Ono used a variant of the Kudla-Millson theta lift to
obtain a finite algebraic formula for the partition function p(n) in terms of traces of CM
values of a certain non-holomorphic modular function. A similar theta lift, which maps
weight 0 to weight 1/2 harmonic Maass forms (which will be called the Millson theta
lift in this work), was used in [AGORI5| to prove a refinement of a theorem of [BO10D)]
connecting the vanishing of the central derivative of the twisted L-function of a weight
2 newform and the rationality of some coefficient of the holomorphic part of a weight
1/2 harmonic Maass form.

The present work is concerned with the study of various theta lifts between spaces
of harmonic Maass forms of integral and half-integral weight, their interplay, and their
applications. Roughly speaking, by a theta lift we mean an integral operator of the

shape

I(F,7) = / PR z)ykdz dy

where H = {z = z+iy € C : y > 0} is the complex upper half-plane on which I' = SLy(Z)
acts by Mobius transformations, F' : H — C is some function which transforms like a
modular form of weight & for I, and ©(7, 2) is an integral kernel constructed as a theta
function, which transforms like a modular form of weight k£ in 2z and like a modular
form of some weight ¢ in 7. Here k and ¢ are usually integers or half-integers. If the
theta integral I(F, 7) exists for each 7 € H, then it transforms like a modular form of
weight ¢, so we obtain a linear map from weight k to weight ¢ automorphic forms. Such
a map is very useful in constructing new examples of modular objects from known ones,
and to carry over results from one space of automorphic forms to another.

In many cases, depending on the conditions imposed on F' and the properties of the
chosen theta function O(7,z), the integral diverges and has to be regularized in a
suitable way to give it a meaning. For example, a simple regularization which works in

Y



1 Introduction

many cases of interest to us is given by

pdx dy

?

g dedy _
F(2)O(r, 2)y* = lim F(2)O(T, 2)y
[, FeRE g = im [ PG

where
Fr={z=a+iyeH:|z|<1/2, |z| >1,y<T}

is a truncated fundamental domain for the action of I' on H. This regularization basically
prescribes the order of integration. Once the convergence of a suitable regularization
has been established, one can go on to study the most basic properties of the theta lift,
e.g., its analytic properties (depending on the regularity of the input F') and its Fourier
expansion. It often turns out that such a lift maps eigenforms of the invariant Laplace
operator to eigenforms having related eigenvalues, and that it has a Fourier expansion
involving interesting arithmetic information about the input form F', such as traces of
CM values of F, for example. Besides the study of a single theta lift it is interesting
to study the relations between different lifts, i.e., lifts constructed from different theta
functions. Some theta functions are related by differential equations which translate
into relations between the corresponding theta lifts.

In this work we will mainly consider regularized theta lifts of harmonic Maass forms.
Following Bruinier and Funke [BF04], a harmonic Maass form of weight k& is a smooth
function F' : HH — C which transforms like a modular form of weight £, is annihilated
by the weight k£ Laplace operator

0? 0? , o .0

Ay = —y2 (@"—a—y?) + 1ky (a—i—la—y) ,
and is at most of linear exponential growth at the cusps. One of the most famous
applications of harmonic Maass forms is Zwegers’ [Zwe02] discovery that Ramanujan’s
mock theta functions can be ‘completed’ to harmonic Maass forms by addition of suit-
able non-holomorphic functions, i.e., mock theta functions are the holomorphic parts of
harmonic Maass forms. More generally, it often turns out that the generating series of
interesting sequences (such as Hurwitz class numbers of imaginary quadratic fields or
traces of CM values of modular functions, for example) are not quite modular, but are
holomorphic parts of harmonic Maass forms. By computing the Fourier expansions of
regularized theta lifts of suitable input functions one can often obtain the completions
of interesting generating series. For example, one can construct many of Ramanujan’s
mock theta functions as theta lifts, giving their completions in a unified and conceptual
way.

The work starts with a chapter on the necessary preliminaries about theta functions,
theta lifts and harmonic Maass forms. The Chapters 3,4 and 5 contain the main results
of this thesis. We close with a short outlook on future projects and open problems related
to this work. Let us briefly describe the contents of the main chapters. The results of



1.1 Regularized theta lifts

each of the three main chapters are explained in more detail in separate introductions
below.

Most of the material in the preliminaries is well known and documented in the liter-
ature. The polynomial growth estimates for the coefficients of the holomorphic parts of
harmonic Maass forms whose holomorphic principal part vanishes in Section [2.3.8 are
new.

In Chapter 3 we investigate the Millson theta lift. It maps harmonic Maass forms of
weight —2k to harmonic Maass forms of weight 1/2 — k (for k € Z>¢), and it is related
to the Shintani theta lift via the -operator. Further, its Fourier coefficients are given
by traces of CM values and traces of cycle integrals of automorphic forms arising from
F via differential operators (see Section [L.2)).

In Chapter 4 we dicuss applications of the Kudla-Millson theta lift studied by Bruinier
and Funke [BEF06] and the Millson lift studied in this work and in [AGORI5L [AIf15].
We realize two of Ramanujan’s mock theta functions as images under the Millson lift
of a weakly holomorphic modular function F', thereby obtaining new formulas for the
coefficients of the mock theta functions in terms of traces of CM values of F'. Further,
we construct &-preimages of unary theta functions by choosing appropriate inputs for
the Kudla-Millson and the Millson theta lift, and we use these preimages to compute
inner products of unary theta functions with harmonic Maass forms, yielding formulas
and algebraicity results for Weyl vectors of Borcherds products (see Section [1.3)).

Finally, in Chapter 5 we extend the Borcherds theta lift to general harmonic Maass
forms of weight 1/2. This leads to I'-invariant functions which are real analytic on H up
to logarithmic singularities at CM points and certain new singularities along geodesics
in the upper half-plane. As an application, we consider the derivative of the Borcherds
lift to construct automorphic integrals with rational period functions of weight 2 (see
Section [1.4)).

We will now give some more details on the main results of this work. Throughout we
use the notations 7 = u +iv,z = x + 1y € H and e(z) = e*™* for z € C.



1 Introduction

1.2 The Millson theta lift

A famous result of Zagier |[Zag02] states that the twisted traces of singular moduli, i.e.
the values of the modular j-invariant at quadratic irrationalities in the upper half-plane,
occur as the Fourier coefficients of weakly holomorphic modular forms of weight 1/2 and
3/2. For example, Zagier proved that the function

ar) =gt 2= D), wim)y= Y el

D<0 QeQf,/r |PQ’
is a weakly holomorphic modular form of weight 3/2 for I'g(4). Here
J =7 — 744 = ¢~ + 196884q + 21493760q¢° + . . .

is the modular j-function without its constant Fourier coefficient, the sum in the trace
runs over the (finitely many) I' = SLy(Z)-classes of the set QF of positive definite
integral binary quadratic forms Q(z,y) = az? + bxy + cy? of discriminant D = b* — 4ac,
T denotes the (finite) stabilizer of Q in T = I'/{#1} and 2o € H is the CM point
associated to (), which is characterized by Q(zg,1) = 0. Bruinier and Funke [BE0G]
showed that the generating series of the traces of singular moduli can be obtained as the
image of a certain theta lift of J. Using this approach, new proofs of Zagier’s results,
including the modularity of generating series of twisted traces of singular moduli, and
generalizations to higher weight and level have been studied in several recent works,
e.g. [AE13, BO13, [Alf14, [AGORI5|. For example, in [AGORI15] a twisted theta lift
from weight 0 to weight 1/2 harmonic Maass forms was defined which allowed to recover
Zagier’s generating series of weight 1/2 as a theta lift. Further, it turned out that this
lift is closely related to the Shintani lift via the £-operator on harmonic Maass forms.
The classical Shintani lift establishes a connection between integral and half-integral
modular forms [Shi75] and is an indispensable tool in the theory of modular forms.
Using this relationship between integral and half-integral weight modular forms a number
of remarkable theorems were proven, for example the famous theorem of Waldspurger
[Wal81l [ZK81, [GKZS&T], which asserts that the central critical value of the twisted L-
function of an even weight newform is proportional to the square of a coefficient of a
half-integral weight modular form.

In her thesis [AIf15], Claudia Alfes-Neumann generalized the theta lift studied in
[AGORI5] to other weights, namely to a lift from weight —2k to weight 1/2— k harmonic
Maass forms (k € Zs¢). This lift, which was called Bruinier-Funke lift in [AIf15], is
constructed (at least for even k) by modifying the Millson theta lift from [AGORI5] using
suitable differential operators, i.e., one first applies iterated Maass raising operators to
the input F' to obtain something of weight 0, then plugs this into the weight 0 Millson lift
from [AGORI15], and finally applies suitable iterated Maass lowering operators to make
the resulting lift harmonic again. Alfes-Neumann showed (under the hypothesis that the
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level N of the input form is square free) that the lift indeed maps weight —2k to weight
1/2 — k harmonic Maass forms, she computed the lift of non-holomorphic Eisenstein
series and Maass-Poincaré series, and she proved that the coefficients of positive index
of the holomorphic part of the lift of a harmonic Maass form F' are given by twisted
traces of CM values of R*,, I, where R*,, is an iterated Maass raising operator which
maps automorphic forms of weight —2k to forms of weight 0. At the end of her thesis,
she raised the question if there could be a relation between the higher weight Bruinier-
Funke lift and the Shintani lift via the £-operator as in the case k = 0, and she asked
for a formula for the remaining Fourier coefficients of the lift.

In joint work [ANST6], we proceeded to resolve both problems, and to generalize the
lift to harmonic Maass forms for arbitrary congruence subgroups. To this end, we study
a (at first glance different) generalization of the theta lift considered in [AGOR15], which
we call the Millson theta lift. Our lift also maps weight —2k to weight 1/2 — k harmonic
weak Maass forms, where k € Z>(. It is constructed using a ‘higher weight’ version
of the theta function used in [AGORI5], due to [Cralb]. We call it the Millson theta
function. Luckily, using the higher weight Millson theta function it is easy to show that
the Millson lift is related to the Shintani lift via the £-operator for all £ > 0 as in the
weight & = 0 case. Eventually, we prove that the Millson lift (constructed using the
higher weight Millson theta function) and the Bruinier-Funke lift (constructed using the
weight £ = 0 Millson theta function and differential operators) agree on harmonic Maass
forms up to a constant factor.

We completely determine the Fourier expansion of the Millson lift of a harmonic weak
Maass form F' of weight —2k, and we show that the coefficients of the holomorphic part
of the lift are given by twisted traces of CM values of the weight 0 form R*,, F', whereas
the coefficients of the non-holomorphic part are given by twisted traces of geodesic cycle
integrals of the weight 2k + 2 cusp form & F(z) = 2iy* ZF(z).

To illustrate our results, let us simplify the setup by restricting to modular forms for
the full modular group I' = SLy(Z). In the body of this work we also treat forms for
arbitrary congruence subgroups by using the theory of vector valued modular forms for

the Weil representation associated to an even lattice of signature (1, 2).

We let 2 = z + iy € H and ¢ = ¢*™*. Recall from [BF04] that a harmonic Maass
form of weight k € Z is a smooth function F' : H — C which is invariant under the
usual weight k slash operation of I', which is annihilated by the weight k£ hyperbolic
Laplace operator Ay, and which is at most of linear exponential growth at oo. The
space of such forms is denoted by Hy. We let H," be the subspace of harmonic Maass
forms F' for which there is a Fourier polynomial Pr =Y, _ a"(n)¢" € C[¢™'] such that
F — Pp is rapidly decreasing at co. Every F' € H," has a Fourier expansion consisting
of a holomorphic part F'* and a non-holomorphic part F~,

F2)=Ft(2)+F (2)= Z at(n)q" + Za‘(n)F(l — k., 47|n|y)q"”, (1.2.1)

n>>>—oo n<0
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where I'(s, z) = [° t*'e~*dt is the incomplete Gamma function. Harmonic Maass forms
of half-integral weight for I'y(4) are defined analogously. Important tools in the theory
of harmonic Maass forms are the Maass lowering and raising operators L; = —2iy28%
and Ry = 22’% + ky~!, which lower or raise the weight of a real analytic modular form
by 2, as well as the surjective antilinear differential operator & : H;” — Sa_x, defined by

&P (=) = 20" ZF ().
Let D € Z be a discriminant. We let Qp be the set of integral binary quadratic forms
Q(x,y) = ax? + bxy + cy?® of discriminant b?> — 4ac = D. The modular group I' acts
on Qp from the right, with finitely many classes if D # 0. For D < 0 we can split
Qp = Q},L1Q7, into the subsets of positive definite (a > 0) and negative definite (a < 0)
forms. Further, for D < 0 the stabilizer T'g of Q € Qp in T = I'/{#£1} is finite, and for
D > 0 the stabilizer T is trivial if D is a square and infinite cyclic if D is not a square.
Let Q = [a,b,c] € Qp. For D < 0 there is an associated CM point zg € H defined by
Q(2g,1) = 0, while for D > 0 the solutions of a|z|> + bx + ¢ = 0 define a geodesic cg in
H, which is equipped with a certain orientation.
Let A € Z be a fundamental discriminant (possibly 1), and let
A , :
(—) , if (a,b,¢c, A) =1 and @ represents n with (n, A) =1,
Xa(@) =q\n

0, otherwise,

(1.2.2)

be a genus character. For D < 0 and a I'-invariant function F' we define twisted traces
of CM values of F' by
)F (2q)

wiaD) = Y xal@—==,
’ m Col

QeQly p/T

and for D > 0 and a function G transforming of weight 2k + 2 for I' we define twisted

traces of cycle integrals of G by

rasD= Y (@ | PRECCIERIEE

Q€Qap/T

whenever the integrals converge.
Let F' € H',, be a harmonic Maass form. We define the Millson theta lift by

reg

[%(F,T):/ F(2)Opmpa(T, 2)y 5
T\H Y

—2drdy (1.2.3)

where Oy a(T, 2) is the twisted Millson theta function, and the integral has to be
regularized in a suitable way to ensure convergence. The theta function, and thus also
I (F,7), transforms like a modular form of weight 1/2 — k in 7. We remark that the
Millson theta function for SLy(Z), and hence the Millson theta lift, vanishes identically
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for trivial reasons unless (—1)*A < 0.

For k € Zsq with (—=1)*A < 0 the A-th Shintani lift of a cusp form G € Sop,» is (in
our normalization) defined by

MG, 7) = —|A[T*2N " trg A(D)g".

D>0

It is well known that the Shintani lift of G € Say, 5 is a cusp form of weight k + 3/2 for
['g(4) which satisfies the Kohnen plus space condition, i.e., the D-th Fourier coefficient
vanishes unless (—1)*"1D = 0,1(4). Further, it is also given by a theta lift of G.

We are now ready to state our main result for the Millson theta lift.

Theorem 1.2.1. Let k € Zsq such that (—1)*A < 0 and let F € H*,, with vanishing
constant term a™(0).

1. The Millson theta lift IN'(F,T) is a harmonic Maass form in H1/2 o(Lo(4)) satis-
fying the Kohnen plus space condition. Further, if F' is weakly holomorphic, then
so is INH(F,T).

2. IN(F, 1) is related to the Shintani lift of & o1, .F € Sar1o by
51/2 kTIA __4k\/ |A] £ ka
that is, the following diagram is commutative (up to scaling factors)

§-_2k

! +
MZ,, H—2k Sakt2
I M I3k
M. gy g
1_p 1_p 34k
2 2 2

3. The Fourier expansion of IX(F,T) is given by

k
2 1 s b
T) _DZ<O |D| (27’(’ |AD|> trREQkF,A(D>q
) B 3) et

b>0

1 tre o A(D) —
-2 2(7TD)k+1/2‘A|k/2trf—QkFA(D)F(l/Q + k, 47 Dv)q 7,
D>0
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where R’jzk =R s0R _40---0R_g is the iterated Maass raising operator and &
equals 1 or i according to whether A >0 or A < 0.

Remark 1.2.2. 1. The general results for harmonic Maass forms of higher level can
be found in Proposition [3.4.1] and Theorem [3.4.3]

2. The assumption a™(0) = 0 was imposed here to simplify the exposition in the
introduction and will not be used in the main part of this work. If a™(0) # 0 then
IX(F,7) also has a constant coefficient, and for k& = 0 further non-holomorphic
terms appear. In fact, for k = 0 the &-image of the Millson lift I3 (F, 7) of a weakly
holomorphic modular function F' with non-vanishing constant coefficient turns out
to be a linear combination of unary theta series of weight 3/2. Thus, using the
theta lift, one can obtain formulas for the coefficients of mock theta functions of
weight 1/2 as traces of modular functions, similarly as in [AIf14]. We apply this
idea in Section (4.1l

3. In [BGK14], the authors studied a so-called Zagier lift, which (for level 1 and
k > 1) maps weight —2k to weight 1/2 — k harmonic Maass forms. The proof of
the modularity of this lift uses the Fourier coefficients of non-holomorphic Poincaré
series together with the fact that a harmonic Maass form of negative weight is
uniquely determined by its principal part. Thus their proof does not work for
k = 0. In fact, the Zagier lift agrees with our lift in level 1, so our theorem
generalizes Proposition 6.2 of [BGK14] to arbitrary level and to k& = 0, using a
very different proof.

4. Integrating Oy a(T, z) in 7 against a harmonic Maass form of weight 1/2—F yields
a so-called locally harmonic Maass form of weight —2k. This lift was considered
in [Hov12], BKV13] and [Crald], and it was shown that the resulting theta lift is
related to the Shimura lift via the £-operator.

Example 1.2.3. Let k = 0 and A < 0. For m € Zsy we let J,, € M}(T") denote the
unique weakly holomorphic modular function for SLy(Z) whose Fourier expansion starts
Jmn =q¢ " +0(q), e.g., Jo=1,J; = j—T44. The A-th twisted Millson lift of J,, is given
by

1M (T, 7) _2%( > At 49 ngo\/_ T —2%(m/n>ﬁmm

where f; (for a discriminant —d < 0) denotes the unique weakly holomorphic modular
form of weight 1/2 for I'y(4) in the plus space with Fourier expansion ¢~¢+0O(q), compare
[Zag02].

As a part of the proof of the above theorem, we show that the so-called Bruinier-Funke
theta lift studied in [AIf15], which is a theta lift constructed from the & = 0 Millson
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theta function and suitable applications of iterated Maass raising and lowering operators,
essentially agrees with the Millson theta lift on harmonic Maass forms of weight —2k.
This identity of theta lifts is a bit surprising and interesting in its own right, but due to
its quite technical appearence we chose not to state it in the introduction. We refer the
reader to Theorem [3.2.3]

The relation between the Millson lift and the Shintani lift also yields an interesting
criterion for the vanishing of the twisted L-function of a newform at the critical point.

Theorem 1.2.4. Let F' € H,,, with vanishing constant term a™(0) if k = 0, such that
G = £ o1 F € Sopy is a normalized newform. For (—1)FA < 0 the lift IN(F,T) is weakly
holomorphic if and only if L(G, xa,k+ 1) = 0.

Remark 1.2.5. For the general result regarding forms of higher level see Theorem [3.4.2]
A version of this theorem for square-free level N and odd weight k& has been proved in
[AIf14], Theorem 1.1, using the same techniques. Further, the above theorem in the case
of level 1 and k£ > 0 already appeared in [BGK14], Corollary 1.3.

The Fourier coefficients of the non-holomorphic part of the Millson theta lift in The-
orem [1.2.1] involve cycle integrals of the cusp form &_oF', which reflects the relation
between the Millson and the Shintani lift on the level of Fourier expansions. On the
other hand, the fact that the Millson theta lift agrees up to some constant with a theta
lift of the real-analytic modular function R*,, F', see Theorem suggests that the
Fourier coefficients of the non-holomorphic part of the Millson lift should also be express-
ible in terms of cycle integrals of R*,, F'. Inspired by this idea, we prove the following
identities between the cycle integrals of different types of modular forms.

Theorem 1.2.6. Let D > 0 be a discriminant which is not a square and let () € Qp.
Let k € Z>o and F € H™,,. For j € Zso we have

1 gk — j)!(2k)!
DF=i EI(2k — 27)!

C(R% F,Q) = C(€-arl’, @),

where

CG.Q)= [ GEIQE
To\eg
is the cycle integral of a function G transforming of weight 2k+2, and R2J2J,;1 = R_gj49j0
-0 R_o 18 the iterated Maass raising operator.

We prove this identity by a direct computation using Stokes’ theorem and commuta-
tion relations for the differential operators involved.

Remark 1.2.7. L. It is interesting to note that the cycle integral of £ o, F" on the
right-hand side does not depend on j. In particular, the cycle integrals of RQ_];,TF
for different choices of j are related by a very simple explicit constant.
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2. The general result is given in Corollary [3.6.2] By plugging in special values for j,
e.g. j = k, we obtain further interesting formulas (see Corollaries [3.6.3| and [3.6.4)),
which were previously given in Theorem 1.1 from [BGK14] and Theorem 1.1 from
[BGK15]. The above identity gives a unified proof for these two previously known,
but seemingly unrelated results.

3. We also define a regularized cycle integral Creg(Rz_j;;glF , () in the case that the
discriminant of () is a square and the associated geodesic is infinite, and derive an
analog of the above theorem in this situation, see Section [3.6.2
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1.3 Applications of the Millson and Kudla-Millson theta
lifts

We discuss some new applications of the Kudla-Millson lift from [BF06] and the Millson

lift studied in this work. This chapter is based on joint work with Jan Hendrik Bruinier,
see [BS17].

Algebraic formulas for Ramanujan’s mock theta functions

We give finite algebraic formulas for the coefficients of Ramanujan’s order 3 mock theta
functions f(¢) and w(q) in terms of traces of CM values of a weakly holomorphic modular
function (see Theorem [4.1.1). For example, we show that the coefficients as(n),n > 1,
of Ramanujan’s mock theta function
(o) an (e,
=1+ =1+ af(n)q" 1.3.1

are given by
1 F(zq)
— - RASCZ )
ar(n) = = e ( Q;; o )

L1 By(2) + 4E4(22) — 9E4(32) — 36E4(62)
40 (n(2)n(22)n(32)n(62))?

is a I'g(6)-invariant weakly holomorphic modular function, Q, is the (finite) set of
[(6)-equivalence classes of positive definite integral binary quadratic forms Q(z,y) =
az® + bry + cy® of discriminant 1 — 24n with 6 | @ and b = 1(12), zg € H is the CM
point characterized by Q(zg,1) = 0, and wq is half the order of the stabilizer of @
in ['(6). Moreover, E4 denotes the normalized Eisenstein series of weight 4 for I" and
n=q"Y#T[>_,(1 — ¢") is the Dedekind eta function.

For the proof, we use Zwegers’ [Zwe02] realization of Ramanujan’s mock theta func-
tions as the holomorphic parts of vector valued harmonic Maass forms of weight 1/2,
then construct the corresponding harmonic Maass form as the Millson lift of F', and
finally obtain the formula by comparing Fourier coefficients.

=q'—4-83%+... (13.2)

Rationality results for harmonic Maass forms

By applying the Kudla-Millson and the Millson theta lifts to a suitable weakly holomor-
phic input function, we construct harmonic Maass forms of weight 3/2 and 1/2 whose

11
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images under the differential operator &, = 21’1}’“% are vector valued unary theta func-
tions of weight 1/2 and 3/2, and whose holomorphic parts (which are mock modular
forms) are given by traces of CM values of the input function (see Theorem . This
implies that these mock modular forms have rational coefficients (see Theorem [£.2.6),
which in turn yields a rationality result for the holomorphic parts of harmonic Maass
forms that map to the space of unary theta functions under £ (see Theorem .

More specifically, we show that if f is a vector valued harmonic Maass form of weight
1/2 whose principal part is defined over a number field K, and whose shadow lies in
the space of unary theta functions, then all coefficients of the holomorphic part of f lie
in K. This contrasts a conjecture of Bruinier and Ono [BO10b], stating that if f is a
harmonic Maass form of weight 1/2 whose shadow is orthogonal to the space of unary
theta functions, then all but a set of density 0 of the non-vanishing coefficients of the
holomorphic part of f should be transcendental.

Inner product formulas and Weyl vectors of Borcherds products

We use our ¢-preimages to evaluate the regularized Petersson inner product of a harmonic
Maass form f and a unary theta function of weight 1/2 (see Theorem , and apply
this to compute the Weyl vectors of the Borcherds product of f (see Corollary. For
example, for N = 1 the Borcherds product associated to a weakly holomorphic modular
form f =5 o cp(n)g” of weight 1/2 for I'y(4) in the Kohnen plus space with rational
coefficients and integral principal part is given by

Uiz, f)=q¢” [JQ-q)=™,  (g=e""),
n=1

where p; is the so-called Weyl vector of f. The product converges for Im(z) > 0 large
enough and extends to a meromorphic modular form of weight ¢;(0) for I', whose divisor
on H is a Heegner divisor. For higher level N, the orders of ¥(z, f) at the cusps of T'o(N)
are determined by Weyl vectors associated to the cusps. These vectors are essentially
given by regularized inner products of f with a unary theta function of weight 1/2; and
can be explicitly evaluated in terms of the coefficients of the holomorphic part of f and
the coefficients of the holomorphic part of a {-preimage of the unary theta function. In
particular, we show that all Weyl vectors associated to a harmonic Maass form with
rational holomorphic coefficients are rational (see Corollary .

12



1.4 Borcherds lifts of harmonic Maass forms

1.4 Borcherds lifts of harmonic Maass forms

In [Bor95], Borcherds defined a regularized theta lift which maps weakly holomorphic
modular forms of weight 1/2 to real analytic modular functions with logarithmic singu-
larities at CM points. His results were generalized to twisted lifts of harmonic Maass
forms which map to cusp forms under &; /2 by Bruinier and Ono [BO10b]. We extend the
lift to general harmonic Maass forms (which may map to weakly holomorphic modular
forms under &; /) and give some applications. In the introduction, we restrict to modular
forms for the full modular group I' = SLy(Z) for simplicity, but in the body of the work
we treat modular forms of arbitrary level I'g(IV).

A harmonic Maass form of weight 1/2 for I'y(4) is a smooth function f : H — C which
is annihilated by the invariant Laplace operator Ay, transforms like a modular form
of weight 1/2 for I'y(4), and grows at most linearly exponentially at the cusps of I'y(4).
Such a form can be written as a sum f = f* + f~ with a holomorphic part f* and a
non-holomorphic part f~ with Fourier expansions of the shape

= Zc}“(D e(Dr

Dez
F(r) = ¢ (0o + Y ¢ (D)Wobijz(4n|Dlv)e(Dr)
D<0
+Zcf \/_61/2( dmDv)e(Dr),
D>0
with coefficients ¢; (D) € C, where 81 5(s) = [, e™*'t~"/2dt and B 15 (s) f e~st=124t,

Note that we use a slightly different normalization of the Fourier expansion compared
to the one in since it is more convenient here. We let H/ denote the space of
harmonic Maass forms satisfying the Kohnen plus space condition, which means that
the Fourier expansion is supported on indices D = 0,1(4).

Let A be a fundamental discriminant. For simplicity, we assume that A > 1 in the
introduction. We define the Borcherds lift ®(z, f) of a harmonic Maass form f € Hy
by the regularized integral

reg o
DA(f,2) = CTsop [lurn / F(T)OA(T, 2)01/2_5du dv 7

2

where O (T, z) is a twisted Siegel theta function which transforms in 7 like a modular
form of weight 1/2 for I'y(4) and is invariant in z under I'; Fr(4) denotes a suitably
truncated fundamental domain for I'g(4)\H, and CT—, F(s) denotes the constant term
in the Laurent expansion at s = 0 of a function F'(s) which is meromorphic near s = 0.
Borcherds [Bor98| proved that for A = 1 and a weakly holomorphic modular form
feM /o the regularized theta lift ®A(f,2) defines a I'-invariant real analytic function
with logarithmic singularities at certain CM points in H, which are determined by the

13
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principal part of f. Bruinier and Ono [BO10b] showed that this result remains true
for twisted Borcherds lifts of harmonic Maass forms f € H 1+/2, i.e. forms which map to
cusp forms under &;/2. One of the main aims of the present work is to generalize the
Borcherds lift ®A(z, f) to the full space Hys.

We let HX(f) be the set of all CM points zq corresponding to quadratic forms @ €
Qap with D < 0 such that ¢; (D) # 0, and we let Hx(f) be the union of all geodesics
cq corresponding to quadratic forms @ € Qap with D > 0 such that ¢, (D) # 0. We

obtain the following extension of the Borcherds lift on the full space H; .

Theorem 1.4.1. Let A > 1 be a fundamental discriminant. For f € H,y, the Borcherds
lift ®a(f,2) defines a T-invariant harmonic function on H\ (HX(f) U Hx(f)). It has
‘logarithmic singularities’ at the CM points in HL(f), and ‘arcsin singularities’ along
the geodesics in Hx(f). More precisely, this means that for zo € HX(f) U HA(f) the
function

@A(f,z)—Zc;{(D) Z xa(Q)log |az® + bz + |

D<0 Q€Qap
20=2Q
c; (D 1
+ Z </<_> Z Xa(Q) arcsin -
pso VP qcon, \/1+ apye (a2 + bz + c)?

20€CQ

can be continued to a real analytic function near zo. Here xa is the genus character
defined in|(1.2.2). Note that all the above sums are finite.

We refer the reader to Theorem for the general result.

Remark 1.4.2. The logarithmic singularities imply that the Borcherds lift blows up at
the Heegner points zg € HX(f), and the arcsin singularities show that it is continuous
but not differentiable at points on the geodesics cg C H (f).

Using non-holomorphic Maass-Poincaré series one can always write a harmonic Maass
form f € Hyj as f = fi + fo where fi, fo € Hy), satisfy cjfl(n) =0 for all n < 0 and
cp, (n) = 0 for all n > 0. In particular, we have fy € Hfr/Q, and since the Borcherds
lift of harmonic Maass forms in Hfm has already been investigated by Bruinier and
Ono [BOI0B], we assume from now on that c¢;(n) = 0 for all n < 0. In this case, the

Borcherds lift @A (f, z) only has singularities along the geodesics in H (f). Furthermore,
the Fourier expansion of ®(f, z) can be stated as follows.

Proposition 1.4.3. Let A > 1 be a fundamental discriminant and let f € Hi/ such
that C}L(n) =0 for allm < 0. Then for z € H\ HA(f) the Borcherds lift of f has the

14



1.4 Borcherds lifts of harmonic Maass forms

Fourier expansion

Dalf.2) =4 cf(Am?)

3 (%) log |1 — e(mz + b/A)]

b(A)
+VAL(1,xa) (2¢5(0) + y 5 (0))

c; (D T
_42 i/(ﬁ) Z xa(@)1g(2) (arctan <—a]z|gé\—/|-%+ c> + §> ;

D>0 QeQap
a>0

where 1¢(z) denotes the characteristic function of the bounded component of H \ cg.
For the general result, see Proposition [5.2.2]

Remark 1.4.4. 1. For Q) € Qap with a > 0 the corresponding geodesic ¢, is a semi-
circle centered at the real line which divides H into a bounded and an unbounded
connected component, so the characteristic function 15 makes sense.

2. The sum over D in the third line is finite since f has a finite principal part. The
sum over () € Oap is locally finite since each point z € H lies in the bounded
component of H \ ¢¢ for finitely many geodesics ¢g € Qap, and it vanishes for
y > 0 large enough since the imaginary parts of points lying on geodesics cq for

Q € Qap are smaller than VAD.

3. We have z € cg for Q = [a,b,c] if and only if a|z|? + bx + ¢ = 0. Further, for
a > 0 a point z € H lies in the inside of the bounded component of H \ ¢ if and
only if alz|* + bz + ¢ < 0. Since lim,_,_, arctan(z) = —%, we see from the Fourier
expansion that ®a(f, z) is continuous. However, computing the derivative of the
above expansion for z € H\ H, (f) shows that the third line is not differentiable
at points z € H,(f). More precisely, the derivative of ®(f, 2) has jumps along
the geodesics in H, (f).

We apply the (derivative of the) Borcherds lift to certain interesting harmonic Maass
forms of weight 1/2 for I'y(4), in order to construct modular integrals of weight 2 with
rational period functions. In [DITT11], Duke, Imamoglu and Téth constructed a basis
{hq4} (indexed by discriminants d > 0) of H /o, which under &;/, maps to a basis {gq} of
the space of weakly holomorphic modular forms of weight 3/2 for I'y(4). More precisely,
the g4 are the generating series of traces of singular moduli, see [Zag02]. The coefficients
of the hy are given by traces of CM values and traces of (regularized) cycle integrals of
weakly holomorphic modular functions for I'. For example, the Fourier expansion of the
function h = h; is given by

h(t) = % Z try(D)g"” + 2\/555/2(_47”1)(] — 8V + 2\/52 trj(D)51/2(47T|D|U)qD-

D>0 D<0

15



1 Introduction

Here the traces for D > 0 being a square need to be regularized as explained in [BEFI15].
The harmonic Maass form h does in general not map to a cusp form but to a weakly
holomorphic modular form under &;/,, so it is interesting to apply our extension of the
Borcherds lift to it. The coefficients ¢ (D) for D < 0 vanish, so the Borcherds lift
®A(h, z) is a harmonic I-invariant function on H\ H, (h) with arcsin singularities along
the geodesics in H (h). In this case, the latter set is just the union of all geodesics cq
for @) € Oa. Hence the derivative @5 (h, 2z) = %@A(h, z) is a holomorphic function on
H \ H,(h) transforming like a modular form of weight 2 for I'. Moreover, it turns out
that @'y (h, z) has jump singularities along the geodesics in H, (h), and admits a nice
Fourier expansion.

Proposition 1.4.5. Let A > 1 be a fundamental discriminant. The derivative @5 (h, z)
of the Borcherds lift of h is a holomorphic function on H\ H  (h) which transforms like
a modular form of weight 2 for I'. For z € H '\ H,(h) it has the ezpansion

e 5 (2 ) 2 3 385

where 1¢ denotes the characteristic function of the bounded component of H \ cg.

The result for general harmonic Maass forms f € Hj/, of higher level is given in

Proposition [5.3.3] and Corollary [5.3.5]

Remark 1.4.6. The Fourier series over n is holomorphic on H, whereas the sum over
() has jump singularities along the geodesics cg with Q € Qa. Again, the sum over @
is locally finite and vanishes for y > 0 large enough.

In [DITT1], Theorem 5, the authors proved that the generating series

1 o0
= —Zter(A e(mz
W1n:0

with J,,(2) = ¢ ™+ O(q) € M}, e.g. Jo =1 and J; = J, defines a holomorphic function
on H which transforms as

272F (—%) Z Q (1.4.1)

QeQ
c<0<a

so Fa(z) is a holomorphic modular integral of weight 2 with holomorphic rational period
functions in the sense of [Kno74], whose definition we now recall. A 1-cocycle for I with

16
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values in the set R of rational functions on C is a map ¢ : I' = R, M — ¢ satisfying

quar = qul2M'+ qur

for all M, M’ € T, and a 1-coboundary is a l-cocycle which can be written as ¢y, =
r|oeM — r for some fixed rational function r. We call g parabolic it g7 = 0, and denote
the corresponding parabolic cohomology group by HZ}M(F, R). For example, equation

(1.4.1)| easily implies that the map
1
A
q et
n 2 Q(z1)

QEQA
agp—1 <0<aq

defines a parabolic 1-cocycle for I'. Refining this construction, one can show that for
any ['-class A of primitive indefinite binary quadratic forms the map

1
w= D QG 1)

QeA
aQ]\J—l <0<(1Q

defines a parabolic 1-cocycle (see also [DIT17]). Choie and Zagier [CZ93] constructed
an explicit basis {r*} for H;GT(F,R), which is labelled by the I'-classes of primitive
indefinite binary quadratic forms, and which has the property that ¢4 = r4 4+ r—4.
More generally, the structure of H;GT(G, R) for any finite index subgroup G of I' has
been determined using cohomological methods by Ash [Ash89]. It would be desirable to
construct an explicit basis of H),, (G, R) for all finite index subgroups G of T, and we

hope to come back to this problem in the future.

A modular integral (of weight 2 with rational period functions) for a 1-cocycle ¢ is a
holomorphic function ' =3 - ;a(n)¢" : H — C such that

for each M € T'. For example, Fa is a modular integral for (a multiple of) ¢. The
existence of modular integrals was proven by Knopp [Kno74], and the connection to

generating series of traces of cycle integrals of weakly holomorphic modular forms was
discovered by Duke, Imamoglu and Téth [DIT10], [DIT11], [DIT17].

Returning to the derivative of the Borcherds lift of h, we note that

A 2
try (A) = % (m—/d> dtry, (Ad?), (1.4.2)

compare [Zag81], pp. 290-292, so Fa(z) in fact agrees with @', (h, z) up to some constant
factor if y > 0 is sufficiently large. The transformation behaviour of the singular part

17
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in the Fourier expansion of @', (h, z) can easily be determined, so we can recover
from Proposition|1.4.5] Further, using the Borcherds lift we generalize the construction of
modular integrals of weight 2 with rational period functions from [DIT11] to higher level,
see Proposition [5.4.1] The coefficients of our modular integrals are linear combinations
of Fourier coefficients of the holomorphic parts of harmonic Maass forms f of weight 1/2.
Choosing f as the image of a theta lift of a harmonic Maass form F' of weight 0 studied by
Bruinier, Funke and Imamoglu [BET15], we obtain modular integrals whose coefficients
are linear combinations of traces of cycle integrals of F'. In fact, the construction of F
as a theta lift and its generalizations to higher level were our main motivation to extend
the Borcherds lift to the full space Hy .

Bruinier and Ono [BO10b] defined a twisted Borcherds product associated to a har-
monic Maass form f € H1+/2 with real coefficients C}L(D) for all D, and C}_(D) € Z for
D < 0. For A > 1 a fundamental discriminant and y > 0 sufficiently large the twisted
Borcherds lift of f is given by

- ﬁ it - e(mz + b/a)(3)Fam),
m=14(a)

It has a meromorphic continuation to H with roots and poles at CM points corresponding
to the principal part of f, and it transforms like a modular form of weight 0 with
some unitary character for I'. We will define Borcherds products associated to general
harmonic Maass forms f € H,/,. For simplicity, in the introduction we only consider
the harmonic Maass form mh. The general result is given in Theorem [5.4.10]

Theorem 1.4.7. Let A > 1 be a fundamental discriminant. Then the infinite product

Ua(z) = < \/_tr1 )H H 1—6m2—{—b/A)](%)t“ (Am?)

m=1p(A

converges to a holomorphic function on H. Its logarithmic derivative is given by

% log(Wa(z)) = —27T2i\/ZFA(2)-

Further, it transforms as

Up(z+1)=e (—\/Ztrl(A)) Wa(2),

R (—%) —e|—2 % <1og< _;”;?) ~log (j:;”g)) Wa(2),
QEQA

c<0<a

where wq > wg, denote the real endpoints of the geodesic cq.
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2 Preliminaries

2.1 Quadratic forms, lattices and the Weil
representation

We start with the basic facts about quadratic modules, lattices and the Weil represen-
tation, and we give a brief introduction to the construction of Siegel theta functions
associated to an indefinite even lattice and a homogeneous polynomial. There are many
good books about the theory of quadratic forms, for example [CS99] and [Ebe02]. The
exposition on the Weil representation follows [Bru(2], and the section on theta functions
is based on [Bor98].

2.1.1 Quadratic modules

In the following, we let R be a principal ideal domain and
M = Rby @ --- ® Rb,,

with by, ...,b,, € M a finitely generated free R-module. A map @ : M — R is called a
quadratic form on M if it satisfies

Qra) = r*Q(x)

for all r € R and z € M, and if the map

(z,9) = Qx +y) — Q(z) — Q(y)

is a symmetric bilinear form. If @) is non-degenerate, i.e., if (z,y) = 0 for all y € M
implies = 0, then the pair (M, Q) is called a quadratic module, or a quadratic space
if R is a field. The quadratic form @ is called positive (negative) definite if Q(z) > 0
(Q(z) < 0) holds for all z € M \ {0}. The Gram matrix of (M, Q) with respect to a
basis B = (b1,...,by,) is defined as the matrix whose (i, j)-th entry is (b;, b;).

An isometry between two quadratic modules (M, Q) and (M’,Q’) is an injective R-
linear map o : M — M’ with

Q'(o(x)) = Q(x)

for all x € M. The set of all isometries from M to itself is called the orthogonal group
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of M and is denoted by O(M).

For a pair (p,q) of non-negative integers we let R”? denote the real quadratic space
RP*? with the quadratic form

2

2 2 _ 2
(T1, o Tprg) T+ T, T~ T

p

We let O(p, q) be its orthogonal group. Silvester’s law of inertia asserts that every real
quadratic space (V, @) is isometrically isomorphic to R for a unique tuple (p, q), called
the signature of (V, Q). If (V, Q) is a rational quadratic space, we define its signature as
the signature of the real quadratic space V(R) =V ® R with Q(x @ r) = 72Q(x).

2.1.2 The Weil representation associated to an even lattice

In this subsection we let (V, Q) be a rational quadratic space of dimension m. A lattice
L in V is a Z-module of rank m, i.e., a subset of the form

L=7b® @ Zby,

for a basis (b, ..., by,) of V. The signature of L is defined as the signature of V(R). The
determinant det(L) of L is the determinant of any Gram matrix of L. It is independent
of the choice of basis of L. A lattice L is called integral if (z,y) € Z for all z,y € L, and
it is called even if (x,z) € 27Z for all x € L. Note that every even lattice is integral. An
element x € L is called primitive if Qx N L = Zx. It is called isotropic if Q(x) = 0. The
dual lattice of L is defined by

L'={xeV:(x,y)€Zforall ye L}

UWL=70&- - @Zb,, then L' =7V, ®--- ®ZY,,, where (b),...,0) denotes the basis
of V' defined by (b;,b;) = d;;. Thus L' is indeed a lattice. The level of L is defined as
the smallest positive integer N such that NQ(x) € Z for all x € L.

Let L be an even lattice of level N. Then L C L' and NL' C L, and by the elementary
divisors theorem the quotient L'/L is a finite abelian group of order | det(L)|, called the

discriminant group of L. The quadratic form ) on L induces a well-defined map
Q:L/L—Q/Z, Q(zx+ L)=Q(x) modZ.
It satisfies Q(nz) = n?Q(z) modZ for n € Z and z € L'/L, and the map

(r+L,y+L)=Qx+y) - Qx) — Qy) modZ

defines a non-degenerate symmetric Z-bilinear form on L’/L. The level of the discrim-
inant group L'/L is defined as the level of L, i.e., it is the smallest positive integer N
such that NQ(h) = 0 modZ for all h € L'/ L.
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2.1 Quadratic forms, lattices and the Weil representation

For each h € L'/L we introduce a symbol ¢, and we let

C[L//L] = Z Aen A, €C

hel’/L

be the group ring of L'/L. The multiplication on C[L'/L] is defined by e, - epr = epip.
The natural inner product on C[L’/L] is given by

(3 ne ¥ o) = ¥ i

heL’/L heL’/L heL'/L

We let Mp,(R) be the metaplectic double cover of SLy(R), realized as the set of pairs
(M, ¢), where
a b
and ¢ : H — C is a holomorphic function such that
H(7)? = et +d.
The group structure on Mp,(R) is defined by
(M, (7)) - (M', /(7)) = (MM', 6(M')¢'(7)).

We let T' = Mpy(Z) denote the preimage of SLy(Z) under the natural covering map
Mp,(R) — SLo(R). It is generated by the elements

(A - ()

Further, we let ' be the subgroup of r generated by 7'

Let e(z) = e*™ for z € C. The Weil representation pj, of I associated to the lattice
L is defined on the generators S and T of I' by

pr(T)en = e(Q(h))en,

_e(lg—p)/8)

pr(S)en = L] > (= h))ew.

WeL'/L

We let p} denote the dual Weil representation, which acts by the complex conjugate of
the formula for the action of p; defined above. The Weil representation factors through
SLy(Z/NZ) if p — q is even, and a double cover of SLy(Z/NZ) if p — q is odd. Further,
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2 Preliminaries

it is unitary with respect to the inner product on C[L’/L], i.e., it satisfies

(pL((M, ®))en, pr.((M, d))en) = (en, en)

for all (M,¢) € T and h, ' € L' /L. The element

Z=5%=(ST) = ((_01 _01) 2)

pL(Z)eh = iq’pe,h.

acts as

Explicit formulas for the actions of various congruence subgroups in the Weil represen-
tation can be found in [Sch09] for even signature and in [Str13] for odd signature.

2.1.3 Theta functions associated to indefinite lattices

Let (V,Q) be a rational quadratic space of signature (p,q). We let D be the Grass-
mannian of p-dimensional subspaces of V(R) = VV ® R on which @ is positive definite,
i.e.,

D ={zCV(R):dim(z) =p,Q|. > 0}.

By Witt’s theorem the orthogonal group O(V(R)) = O(p, q) acts transitively on D, so
if we pick a base point zp € D and let O(V(R)),, = O(p) x O(q) denote its stabilizer,
we have a bijection

D~ O(V(R))/O(V(R)). = O(p,q)/(O(p) x O(q)),

which endows D with the structure of a smooth manifold. It admits a complex structure
if and only if the signature of V' is (2,¢q) or (p,2). For an explicit example we refer to
Section where an identification of the Grassmannian of positive definite lines in a
quadratic space of signature (1,2) with the complex upper half-plane H is given.

Let L C V be an even lattice. The Siegel theta function associated to the lattice L is
the C[L'/L]-valued function on H x D defined by

O(r,2) =Im(n)?* 3 3 e(rQ(X.) + FQ(X..))en,

hel'/L Xeh+L

where X, and X, denote the orthogonal projections of X to z and 2z, respectively.
The theta function is a smooth function in 7 and z which is invariant in z under any
subgroup of O(L) fixing the classes of L'/L, and it satisfies the transformation formula

G)(MTv Z) = Qﬁ(T)piqu(Ma (b)@(T? Z)
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2.2 A quadratic space of signature (1,2)

for all (M, ¢) € f, which can be proven using Poisson summation. In fact, the transfor-
mation formula for ©(7, z) naturally leads to the definition of the Weil representation
pr. If L is positive definite, then the Grassmannian D consists of a single point, and the
Siegel theta function reduces to the usual theta function associated to L.

Borcherds [Bor98|] defined a more general theta function by associating to a (possibly
complex valued) polynomial p on RP? and an isometry v : V(R) — RP? the function

oo = 5 3 (ow (~grim ) 7) (00 €U +7QUX e

heL'/L Xeh+L

where
e —7 A — -
P ( 87 Im ) Z k! (—8wIm(r))k O}
is again a polynomial on RP9 vt denotes the preimage under v of R? = {z € RPY :

Tpp1 =+ =Tpry =0} CRPY and v~ = (v)*. Note that v defines an element in the
Grassmannian D, and for p = 1 we obtain

Im(r)26(r,v, 1) = O(,v"),

but for an arbitrary polynomial p the function O(7,v,p) will in general not define a
function on D.

We call p harmonic if Ap = 0, and homogeneous of degree (m™, m™) if it is homoge-
neous of degree m™ in the first p variables and of degree m™ in the last ¢ variables of
R4, The following result can again be proven using Poisson summation.

Theorem 2.1.1 ([Bor98|, Theorem 4.1). If p is a polynomial on RP? which is homoge-
neous of degree (m*,m™) then

q+2m~—

O(M7,v0,p) = $(r)P**" (1) " pr(M,9)6(7,v,p)

for (M,¢) €T

2.2 A quadratic space of signature (1,2)

We now fix the setup which will be used throughout this thesis. The exposition follows
[BEOG] and [AIf15].
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2.2.1 The Grassmannian model of the upper half-plane

For a positive integer N we consider the rational quadratic space

. [ T2 T . )
V_{X_ ($3 _x2)7x17$27x5€(@}

with the quadratic form
Q(X) = Ndet(X) = N(—25 — z123)
and the associated bilinear form
(X,Y) = =Ntr(XY) = =N (22292 + 213 + T3Y3)-

The vectors

o 1 0 1 o I (0 1 o 1 1 0
FTVaN -t o) P AN\ o) P AN \0 —1
form an orthogonal basis of V(R) with
(61761) = 17 (62762) = (63763) = _17

so V has signature (1,2). We endow V' with the orientation induced by this basis, i.e.,
a basis of V will be called positively oriented if the change of basis matrix to the basis
(e1, €2, e3) has positive determinant.

We identify the Grassmannian D of positive lines in V(R) with the complex upper
half-plane H by associating to z = x + iy € H the positive line generated by

1 —z |2]?
650 7o (7))
Note that (X;(z), X1(2)) = 1. The group SLy(R) acts as isometries on V(R) by
9X =gXg™",
and it acts on H by fractional linear transformations. The identification above is SLy(R)-

equivariant, that is, gX;(z) = Xi(gz) for g € SLy(R) and z € H.

2.2.2 Cusps and truncated modular surfaces

Let L be an even lattice in the rational quadratic space V of signature (1,2) defined
above, and let I be a congruence subgroup of SLy(Z) that takes L to itself and acts
trivially on the discriminant group L’/L. We identify the set of isotropic lines Iso(V') in

24



2.2 A quadratic space of signature (1,2)

V with PY(Q) = QU {oc} via

(67

65 PHQ i), wl(as ) =seen (0, %5))

The map ¢ is a bijection and satisfies gi((« : 8)) = ¥(g(a : B)) for g € SLy(Q). Thus,
the cusps of M, i.e., the I'-classes of P!(Q), can be identified with the I'-classes of Iso(V).

If we set l := 1(00), then /., is spanned by X, = (§¢). For ¢ € Iso(V) we pick
oy € SLa(Z) such that o4ls, = £. An element of £ will be called positively oriented if it
is a positive multiple of 0,Xy. We let I'; be the stabilizer of £ in I' =I'/{£1}. Then

U[lfeag = {((1) nfé> n e Z}

for some oy € Qo which we call the width of the cusp £. For each ¢, there is a 5, € Qg

such that (g %f ) is a primitive element of Eooﬂag_lL. We write e, = /5. The quantities

oy, Be and €y only depend on the I'-class of /.

We let
M =T\D=T'\H

be the modular curve for I'. We compactify M to a compact Riemann surface M by
adding a point for each cusp ¢ € I'\ Iso(V'), and we denote this point again by ¢. Write

q = exp(2mio; 'z/ay) for the chart around ¢. We define Dy;r = {w € C : |w| < 572=

for ' > 0. Note that if 7" is sufficiently big, then the inverse images ¢, 'D, /7 are disjoint
in M. We define the truncated modular curve by

Mr=M\ [ &'Dyr (2.2.1)
e\ Iso(V)

A fundamental domain for M7 can be constructed as follows. We let
F={zeH:|z|<1/2,|z| > 1}
be the standard fundamental domain for SLy(Z)\H and we let
Fr={zeH:|z|<1/2,|z| > 1L,y <T}
be a truncated fundamental domain. For a € N we write

J—“a—UljJ-“ J—"“—Ulj}"
0 1) T 0 1)7%

Jj=0
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2 Preliminaries

A fundamental domain for M = I'\H is given by

FO)y = |J o
£eT\ Iso(V)
and a fundamental domain for My is given by

FO)r= |J oFg

LeT\ Iso(V)

2.2.3 Heegner points and geodesics
For X € V with Q(X) =m € Q-( we let
zx =span(X) € D

be the Heegner (or CM) point of discriminant m associated to X. We use the same
symbol for the image of zx in M. Note that the stabilizer I'x is finite.

A vector X € V of negative length Q(X) = m € Q- defines a geodesic cx in D via
cx={z€D:zL1l X}

We write ¢(X) = I'x\cx for its image in M.

If |m|/N is not a square in Q, then X is non-split over Q and the stabilizer I'y is
infinite cyclic. On the other hand, if |m|/N is a square, then X is split and T'y is
trivial. In the first case the geodesic ¢(X) is closed, while in the second case ¢(X) is an
infinite geodesic (see also [Fun02, Lemma 3.6]).

In the case that ¢(X) is an infinite geodesic, X is orthogonal to two isotropic lines
¢x = span(Y’) and Iy = span()N/), where Y,Y are positively oriented such that (XY }N/)
is a positively oriented basis of V. Note that ZX =/{_x.

For h € I'/L and m € Q the group I' acts on the set

Lpp={XeL+h:QX)=m},

with finitely many orbits if m # 0. For m > 0 the set L,, splits into a disjoint union

of the subsets
Li, = {X - (ij _“’;2> € Ly : 3> 0}

_ o i ) T .
Lm,h = {X = (x3 —Iz) € Lm,h t a3 < 0}

Note that x3 = 0 is not possible if m > 0.

and
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2.2 A quadratic space of signature (1,2)

2.2.4 Traces of CM values and cycle integrals

For m € Qs and h € L'/L we define the modular trace function of a I'-invariant
function F : H — C by

trp(m, h) = Z —LF(ZX),

XEM\ L. IPx|

where T'x denotes the stabilizer of X in I' = I'/{£1}. Similarly, we define the trace
functions

tri(m, h) = Z _LF(ZX) and trp(m,h) = Z —F(2x),

Xer\L} , U] Xer\L,,

m,h

such that trp(m, h) = trf(m, h) + trz(m, h).
For m € Q<o and X € L,, ), we define the cycle integral of a function G : H — C,
modular of weight 2k + 2 for T, along the geodesic ¢(X) by

C(G,X)= /(X) G(2)Q% (2)dz, Qx(2) = N(x32® — 2292 — 1),

whenever the integral exists. Note that Qx(Mz) = j(M, 2)2Q -1 x(2) where j (M, 2) =
cz+d for M = (2%) € SLy(R). The orientation of ¢(X) is defined using an explicit
parametrization as follows:

Since Q(X) = m < 0, there is some matrix g € SLo(R) such that

iy fIml (10
g X = N(0—1>'

Recall that the stabilizer 'y is either trivial or infinite cyclic. In the second case, the
stabilizer of g7'X in g~'T'g is generated by some matrix (5_% ) with ¢ > 1. We can
now parametrize ¢(X) by g.iy with y € (0,00) if |m|/N is a square, and y € (1,&?) if
|m|/N is not a square. Note that

d
d—yg-'iy =i j(g,iy)"2

and
Qx(g.iy) = (9, 1) Qg+ x(iy) = §(g,i9)~ (=2/Im|Niy) .

Writing G, = Glart29 = j(g,2) 2 2G(gz) we find

k o
(. x) = (~2vml¥i) i [ Gyfinyatan
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2 Preliminaries

if |m|/N is a square and similarly (i.e., with the integral from 1 to £2) if |m|/N is not
a square. Using the transformation behaviour of G it is easy to see that the right-hand
side, and thus the implied orientation of ¢(X), is independent of the choice of the matrix
g. Finally, we define the trace of G for m < 0 by

tra(m,h) = > C(G,X).

XeT\ Ly, n

2.2.5 A lattice corresponding to I'y(NV)

A particularly interesting lattice is given by

L:{(_ab _Cb/N) :a,b,cEZ}.

L= {(_bézN Z/CQ/]]\\;) ca,b,c € Z}.

We see that L'/L is isomorphic to Z/2NZ with quadratic form z + —z?/4N. Thus
the level of L is 4N. By a slight abuse of notation, we will view elements h € L'/L as
elements of Z/2NZ and vice versa. The group I' = I'g(IV) acts on L and fixes the classes
of L'/L, and the modular curve I'\ D equals Yy(N) = T'o(N)\H under the identification
given in Section [2.2.1]

The significance of the lattice L lies in the fact that the elements

X — (—b/QN —c/N) eI

Its dual lattice is

a b/2N

correspond to integral binary quadratic forms

(0 N _ (aN b/2
Ox = (—N 0>X_ (b/2 c)‘
For h € Z/2NZ and D € Z with D = h?mod4N we let On.p,n be the set of integral
binary quadratic forms

Q(z,y) = aNz® + bay + ey’ = (v y) (b% béz) (5)

of discriminant D = b*> — 4Nac with a,b,c € Z and b = hmod2N. We sometimes
write @) = [aN, b, c| for brevity. The group I'((N) acts on Qn py from the right by
QM = M'QM, with finitely many orbits if D # 0. The identification of X and Qx is
compatible with the corresponding actions of I'o(N), in the sense that Q,x = Qxg™*
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2.3 Harmonic Maass forms

for g € I'o(V). In particular, we have a bijection
Co(N)\Lmn = QN —anmn/To(IN).

Let @ = [aN,b,c] € Qnpp. If D <0, then the order of the stabilizer of @ in I'g(N)
is finite, and there is an associated Heegner (or CM) point

29 = b +i”|D|EH
¢~ 9Na " "2N|d| ’

which is characterized by @Q(zg,1) = 0. Further, Oy p splits into a disjoint union of
the sets QN p,, and Qy p, of positive definite (a > 0) and negative definite (a < 0)
quadratic forms, which correspond to the sets Li—D/4Nh and L:D/4Nh.

If D > 0, then @ is indefinite, and the stabilizer of Q) in I'((N)/{£1} is trivial if D is
a square, and infinite cyclic otherwise. There is an associated geodesic in H given by

cog=1{z€H:aN|z|* +br+c =0}

These definitions of Heegner points and geodesics agree with the definitions made above,
i.e., we have cx = cg, and zx = zg, for X € L, ;.

2.3 Harmonic Maass forms

In this section we introduce the notion of harmonic (weak) Maass forms, following Bru-
inier and Funke [BF04]. In contrast to the classical definition of Maass wave forms (see
[Bum98]), which are required to be eigenforms of the invariant Laplace operator and to
be square integrable with respect to the Petersson inner product, harmonic weak Maass
forms should be harmonic with respect to the invariant Laplace operator but are allowed
to grow linearly exponentially at the cusps. Since harmonic and square integrable au-
tomorphic forms are trivial (i.e., constant in weight 0 and vanishing identically in other
weights), we will omit the word ’weak’, and understand that a harmonic Maass form
might grow linearly exponentially at the cusps.

We treat the theory of vector valued harmonic Maass forms of half-integral weight
for the Weil representation associated to an even lattice L in some detail, and mention
the necessary adjustments when working with scalar valued harmonic Maass forms of
integral weight for congruence subgroups of SLy(Z) at some places.

Throughout we let V' be the rational quadratic space of signature (1,2) from Sec-
tion 2.2l Further, we let L C V be an arbitrary even lattice (unless otherwise specified)
and I' a congruence subgroup of SLy(Z) which acts on L and fixes the classes of L'/ L.
We reserve the variable 7 = u + iv € H for vector valued functions f(7) : H — C[L'/L],
and z = = + 1y € H for scalar valued function F(z) : H — C.
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2 Preliminaries

2.3.1 Harmonic Maass forms

Let k € % + Z be half-integral. For (M, ¢) € Mp,(R) and a vector valued function

f=Y_ fuen:H—C[L/L]

heL’/L

we define the half-integral weight slash operator

(flip (M, 0))(7) = 6(7) " pr(M, ¢) 7' f(MT).

2 2
Ay =—v° (8_ —i—a—) + kv (g—i-zg)

We let

ou?  Ov? ou ov

be the weight k& hyperbolic Laplace operator. It acts component-wise on vector valued
smooth functions f : H — C[L'/L] and is invariant under the weight & slash action, that
is,
Ak(flkpr, (M, $)) = (Aif) i (M, D)
for (M, ¢) € Mp,y(R).
We recall the definition of a harmonic Maass form from [BF04].

Definition 2.3.1. A harmonic Maass form of weight k € % + Z for pp is a smooth
function f: H — C[L'/L] with

1. Apf =0,

2. flip, (M, @) = f for every (M, ¢) €T,

3. f(1) = O(e®?) as v — oo for some constant C' > 0.
We denote the space of such functions by Hy, ,, .

Scalar valued harmonic Maass forms of integral weight k£ € Z for I' are defined analo-
gously, but the growth condition has to be checked at each cusp of I'. The corresponding

space is denoted by H(T").

Remark 2.3.2. The action pz(Z)e;, = ie_; of Z = S? in the Weil representation implies
that Hy,,, = Hy,: = {0} unless k € 1+ 7Z, and that the components fj, of f satisfy the
symmetry f_, = (—1)¥/2f,. Further, using the explicit formula for the action of the
principal congruence subgroup I'(M) in the Weil representation, where M denotes the
level of L for the moment, we see that the components f;, of a vector valued harmonic
Maass form f are scalar valued harmonic Maass forms for I'(M).
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2.3 Harmonic Maass forms

Every harmonic Maass form f € Hy ,, can be written as a sum f = f* 4 f~ of a
holomorphic and a non-holomorphic part having Fourier expansions of the form

fr(r) = Z Z c}f(n,h)e(m’)eh,

hel’/L neQ
n>>>—oo

(2.3.1)
() = Z (c}((),h)vl_k-# Z cJI(n,h)Hk(Zlﬁnv)e(nT))eh,

heL'/L neQ\{0}
n<Koo

with coefficients c}t(n, h) € C, where

Hk(w):/ et kat.

w

For w < 0 we see that Hy(w) = I'(1 — k, |w|) is an incomplete Gamma function, whereas
for w > 0 the integral in Hy(w) converges only for k& < 1 and can be continued analyti-
cally in k£ to C in the same way as the Gamma function. Scalar valued harmonic Maass
forms of integral weight k& # 1 for I' have a Fourier expansion of the above shape at each
cusp of I', but without the sum over L'/L, of course. The finite sums

Pf(r) = Z Zc}f(n, h)e(nt)ep,

heL'/L neQ
n<0

P]?(T): Z (cf(O,h)vlk—l— Z cf(n,h)Hk(Zlﬂnv)e(nT))eh

hel’/L neQ
0<n<oo

are called the holomorphic and the non-holomorphic principal part of f. Note that
f— Py — P; is rapidly decreasing as v — oc.

Remark 2.3.3. Sometimes it is convenient to use a slightly different normalization of
the Fourier expansion of the non-holomorphic part of a harmonic Maass form, given by

= > (cf(O,h)vlk—l—Zcf(n,h)vlkﬂk(—47mv)e(n7')
n< (2.3.2)

+ Z cf(n,h)vlkb’,f,(—llwnv)e(nT))eh,

neQ
0<n<oo

with coefficients cjf(n, h) € C, where

00 1
Br(w) = / e Rt = wF T (1 =k w), Br(w) = / e vitkat.
1 0
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In fact, all the special functions appearing in the two normalizations of the Fourier
expansions are special cases of Whittaker functions, compare the expansion given in

(2.312)]

We let H ,j ,, be the subspace of harmonic Maass forms f whose non-holomorphic
principal part P; (1) vanishes, which means that the non-holomorphic part f~ of f is
rapidly decreasing as v — oco. Further, we let M, ,L o, be the space of weakly holomorphic
modular forms, consisting of the forms in Hj, ,, which are holomorphic on H, i.e., f~ = 0.
We let My, be the space of holomorphic modular forms (cj (n,h) = 0 for n < 0) and
Sk.p, the space of cusp forms (¢} (n, h) = 0 for n < 0). We have the inclusions

! +
Sk:PL g Mk:PL g Mk‘,pL g Hk,pL g Hk7pL'

Example 2.3.4. 1. The non-holomorphic Eisenstein series
Ej(z)=——+1— 242 o1(n)e(nz)
Ty n=1

is a scalar valued harmonic Maass form of weight 2 for SLy(Z).

2. Zagier’s non-holomorphic Eisenstein series

3/2(T ZH e(dr) + on \/_2/83/2 (4mn2v)e(—n’1),
d=0

with H(0) = —=5 and the Hurwitz class numbers

12
H(d) = Z 1
QEQ_4/SLa(2) | PSL2(Z)el

is a scalar valued harmonic Maass form of weight 3/2 for I'g(4) satisfying the
Kohnen plus space condition, meaning that its Fourier expansion is supported on
indices with —d = 0,1mod 4 (see [Zag75]). It can be viewed as a vector valued
harmonic Maass form for the Weil representation p; of the lattice L defined in
Section (see Theorem below) or as a harmonic Maass Jacobi form of
weight 2 and index 1 (see Theorem below).

2.3.2 Differential operators
For 7 = u +iv € H we let

0
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2.3 Harmonic Maass forms

be the usual Wirtinger derivatives. Recall that a function f is holomorphic if and only
if % f=0. For k € %Z the Maass lowering and raising operators are defined by

0 0
[, = —2 22 = 29— -1
k W =, Rk (4 kv s

and they act component-wise on functions f : H — C[L’/L]. These operators commute
with the slash operator, in the sense that

(ka)lk—Q,pL (Ma ¢) = Lk<f|k,p[, (Ma ¢))7 (Rk.f)|k+2,pL (Mv ¢) = Rk(.ﬂk’,pL(M? ¢))

for all (M, ¢) € Mpy(R). In particular, if f is modular of weight k for py then L f and
Ry f are modular of weight k — 2 and k + 2 for pp, respectively.

The lowering and raising operators are related to the weighted Laplace operator by
—Ap =Ly oRy+ k=R _oLy. (233)
This implies the commutation relations

ReAy = (A2 — k)R,
Ay oLy = Lk(Ak +2— k)

We also define iterated versions of the lowering and raising operators by

Ly = Lk—Q(n—l) o--+0Lp g0 Ly, Ry = Rk+2(n—1) 0+ 0 Rpygo Ry.

For n = 0 we set L) = R} = id. Using (2.3.4) and (£2.3.5)) inductively one can find many
interesting commutation relations between the iterated lowering and raising operators
and the weighted Laplacian. We collect some identities for later use.

Lemma 2.3.5. We have the following relations.

1. Fork € Z>o and { =0, ...,k we have

Ay R = RN (A gy — (k= O)(k+(+1)).
2. If k 1s even then
Avp ol = 2 (A + 1
1/2=kH12 = H1/2 1/2+Z( +1) ),

k
A3/2+kR§g = R];g (Azz/z + Z(k + 1)) ;
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3. If k is odd we have
k
Avpn L2 = LIV (A3/2 o (ko 1)) ,

k
A3/2+kR§};;1)/2 = RY;;LIW <A1/2 + Z(k + 1)) -

An important tool in the theory of harmonic Maass forms is the antilinear differential
operator

&of = 0" PLof(T) = RO () = 2@'@’“%]’(7).

It defines a surjective map
fk; . HkhpL _> Mé_k,ﬂz

Note that a harmonic Maass form f lies in H ,j o, 1 and only if & f is a cusp form.

There is another important differential operator which acts on harmonic Maass forms
of integral weight k¥ € Z with & < 1. In [BORO0S§] the authors introduced the linear

differential operator
1 9\ *
Dl—k — - =
(27rz' 82)

DR Hy(T) — My, ().

which defines a map

It acts on the Fourier expansion of F' by

D' FF =DV = Z ch(n)n'Fe(nz).

n>>>—oo
Bol’s identity states that D'~* is related to the iterated raising operator by

1

Dl—k —
(—am)*

1-k
R

By applying the Hecke bound to the cusp form D'~*F we immediately obtain that the
coefficients c¢}.(n) of a harmonic Maass form F grow polynomially in n if the holomorphic
principal parts of I’ vanish at all cusps. The analogous result in the half-integral weight
setting is quite difficult to prove, and involves the explicit construction of a basis of the
space of harmonic weak Maass forms and a detailed study of their Fourier coefficients,
see Section below. Unfortunately, this differential operator does not have a half-
integral weight counterpart.
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2.3 Harmonic Maass forms

2.3.3 The regularized inner product and integral formulas

Let k € % + Z. The regularized inner product of f € M, ,L o, and g € Si ;s defined by

pdudv

2 )

(f,9)* = lim [ (f(7),9(7))v (2.3.6)

T—o0 Fr v

where
]:T:{T:u+iv€H:|u|§%,|T|ZLUST}

is a truncated fundamental domain for the action of SLy(Z) on H. For k = 1/2 the
regularized inner product also converges for g € M5 ,, . If the integral exists without
regularization, e.g., if both f and g are cusp forms, then (f, g)"® agrees with the usual
Petersson inner product (f, g).

An application of Stokes’ theorem (compare Proposition 3.5 in [BF06]) shows that
for f € M,LPL with coefficients cy(n,h), and g € Hy  p» with holomorphic coefficients
ci(n,h)and & 1§ = g € Skp, (or g € My, if k = 1/2), the regularized inner product
can be evaluated as

(f.9)® = (f.ud)™ = > _ > cp(n.h)ct(—n,h). (2.3.7)

heL’/LneQ

The regularized inner product of scalar valued forms of integral weight for I' is defined
analogously, and the above evaluation works in the same way, but now the Fourier
coefficients at all cusps of I' contribute on the right-hand side.

The above formula can be employed to show the following useful lemma.

Lemma 2.3.6. Let f be a harmonic Maass form of weight 2 — k for pr, or p} whose
principal part vanishes and which maps to a cusp form under &y (or a holomorphic
modular form if k =1/2). Then f is a cusp form.

Proof. Suppose that g = &_;.f is a cusp form. By we see that (g,9) = (g,9)"8 =
(9,&-1f)™8 =0, so g = 0. This means that f is holomorphic, hence a cusp form. For

k = 1/2 the inner product (g, g) also converges if g € M5 ,,, so the same argument
works in this case. O

Now let k € Z. For the computation of the Fourier expansion of the theta lifts studied
in this work we will need integral formulas which allow us to move differential operators
from one function in the integral to another. The formulas are simple consequences of
Stokes’ theorem, which states that for a smooth (n — 1)-form w on some n-dimensional
compact oriented smooth manifold X with boundary dX we have

/dw:/ w,
X X
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where d denotes the usual exterior derivative. Let
de Ndy 1 dzANdz
v 2y

du(z) =

be the SLy(R)-invariant measure on H.

Lemma 2.3.7. Let k € Z, and let F,G : H — C be smooth functions which transform
like Flo_xM = F and G|, M = G for all M € T'. Then for T > 1 we have

G F(R)G(2)y du(z) + /M F()GCE)y (=) = — / F(2)G(2)dz.

M

Proof. Writing d = 9 4 0 with 0F = £ F(z)dz and F = £ F(z)dz, and

d(F(2)G(2)dz) = 0(F(2)G(z)dz) = (%(F(z)(}’(z))) dz N\dz

— (& FRIGE), + F()aGE ™) du(z),

the formula follows from Stokes’ theorem applied to the smooth 1-form F(z)G(z)dz on
M. ]

Remark 2.3.8. Let F' and G be as in the lemma above. For each cusp ¢ € I'\ Iso(V') of
I', choose a matrix oy € SLy(Z) with o,00 = ¢ and let o, denote the width of ¢. Write
F, = Fly_ro, and Gy = G|oy for brevity. The integral over the boundary can then be
written as

/BMTF(Z)G(z)dz: > /MWFE 2)Gy(2)dz

LeT\ Iso(V

ag—l-zT
=— Z / Go(z)dz,

£el\ Iso(V)

since in the integral over 0F7* all terms but the horizontal boundary piece cancel out
due to the modularity of the integrand. The minus sign comes from the fact that we
integrate over 0F;¢ in counter-clockwise direction.

Using Ay = —&; &, we obtain the following result.

Lemma 2.3.9. Let F,G : H — C be smooth functions which transform like F| M = F
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2.3 Harmonic Maass forms

and G|M = G for all M € T'. Then for T > 1 we have

| SFGcE e - [ FEAGE )

M~

= / (& F(2))G(2)dz — / F(2)(&G(2))d=.
OMr

OMr

2.3.4 Jacobi forms

We now define holomorphic and skew-holomorphic Jacobi forms of integral weight and
explain their connection to vector valued modular forms of half-integral weight. The
standard reference on Jacobi forms is the book [EZ85] by Eichler and Zagier.

Throughout this section we let L be the lattice related to I'g(N) which was defined in
Section [2.2.5] Equivalently, we could take the one dimensional negative definite lattice
7 with the quadratic form n — —Nn? instead of L, since its discriminant group is also
isomorphic to Z/2NZ with the finite quadratic form x — —z?/4N.

The group SLy(R) x Z? (with elements of Z? viewed as row vectors) with group law

(M, X]- [M',X'] = [MM', XM+ X']

acts on holomorphic functions ¢ : H x C — C by

N K(; Z) A ”]] (7.2) (2.3.8)

c(z 4+ AT+ p)? ar+b 2+ AT+ p
cr+d cr+d  er+d )’

¢

= (cr +d)FeN ( + N1 + 2)\z> o (

where e(x) = €2™@ and eV (z) = 2™N* for x € C, N € Z.

Definition 2.3.10. A Jacobi form of weight £ € Z and index N is a holomorphic
function ¢ : H x C — C with

1. ¢lrn[M,X] = ¢ for every [M, X| € SLy(Z) x Z2.

2. The function ¢(7, z) has a Fourier expansion of the form

o) = 3 DT, (g=e(r), = e(2)),
D,reZ,D<0
r2=D(4N)

with coefficients ¢, (D, r) € C.

If cs(D,r) = 0 whenever D = 0, we call ¢ a Jacobi cusp form. The corresponding spaces
of Jacobi forms are denoted by Jj y and J,Sf,p.
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The invariance property
H(rz+ A +p) =0(r,2), [\ €2,

of a Jacobi form implies that for fixed D the coefficient ¢,(D,r) only depends on the
residue class of r mod 2N. Thus we can write

$(r.2) = > fo(m)0,(r,2),
(2N)

where .
)= > cDr)g v, di(rz)= Y giv(™

DeZ,D<0 meZ

D=r2(4N) m=r(2N)
This is the so-called theta decomposition of the Jacobi form ¢. The transformation laws
of ¢ and of the theta functions ¥,.(7, z), which can be derived using Poisson summation,
together imply a certain transformation behaviour of the functions f,.(7). More precisely,
we obtain:

Theorem 2.3.11 ([EZ85], Theorem 5.1). The map

¢ Z fr(T)er

r(2N)
yields isomorphisms

qusp ~

Jen = My—1y2,p,  and  Ji y = Sk-1/2,0,-

Next, we will see that the space My1/2,: of holomorphic modular forms for the dual
Weil representation is isomorphic to the space Jj y of skew-holomorphic Jacobi forms,
whose definition we now recall from [Sko90]. We define a modified slash operation |}
of SLy(Z) x Z? on functions ¢ : H x C — C by replacing the factor (¢t +d)~* in
by

ler +d| 7 (eF 4 d)

Definition 2.3.12. A skew-holomorphic Jacobi form of weight & € Z and index N is a
smooth function ¢ : H x C — C with

L. ¢l y[M, X] = ¢ for every [M, X] € SLy(Z) x Z2.
2. The function ¢(7, z) has a Fourier expansion of the form

$(r2) = Y c¢(D,T)e(%iv)q

DreZ,D>0
D=r2(4N)

-2

o, (g=elr), ¢ =e(2)),
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2.3 Harmonic Maass forms

with coefficients c4(D,r) € C.

If ¢y(D,r) = 0 whenever D = 0, we call ¢ a skew-holomorphic Jacobi cusp form. The
corresponding spaces of skew-holomorphic Jacobi forms are denoted by Ji \ and J,:f\}mp.

Similarly as above, each ¢ € Ji v has a theta decomposition
o(r,2) = D fr(1)0n(7,2)
r(2N)
where ,.(7, z) is the same theta function as above, and
()= > cs(D,r)e(—D7).
DEZ,D>0

D=r2(4N)

We obtain
Theorem 2.3.13 ([EZS85], Theorem 5.1). The map

¢ > fo(r)e
r(2N)

yields isomorphisms
* A~ *,CUSP ~v
Jen = Mi—rjopp and 'y = Sko1)2,; -

This connection enables us to carry over results from the theory of Jacobi forms to
vector valued modular forms for the Weil representation.

Theorem 2.3.14 ([EZ85], Theorem 5.7; [SZ8S], p. 130). We have

M1/27PL g JLN = {O}

and
: . 1
dln’l(Ml/Q’p}:) = dlm(Jl’N) = 5(0'0(./\7) +o(N =0)),
for all N, where og(N) = 3,y 1 is the number of positive divisors of N, and 6(N = [J)
equals 1 if N is a square, and 0 otherwise.

We remark that in [SZ88], p. 130, the authors also construct a basis of J§ 5, which con-
sists of certain theta series. Analogously, we will construct a basis of M/, » consisting

of unary theta series in Lemma [2.3.17]
Theorem 2.3.15 ([EZ85], Theorem 5.6). Let k € 5 + Z. Then the map

S e D fu(dNT),

hel!/L hel'/L
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sends a holomorphic vector valued modular form of weight k for pr, (resp. p} ) to a scalar
valued holomorphic modular form of weight k for T'o(4N) whose n-th Fourier coefficient
vanishes unless —n (resp. m) is a square mod 4N. If N = 1, or if N = p is a prime
and k + % is even (resp. odd), this map is an isomorphism between the two spaces of
holomorphic modular forms.

As a special case, let N = 1 and let M, (I'((4)) be the space of scalar valued holo-
morphic modular forms of weight & for T'g(4) satisfying the Kohnen plus space condition
¢f(n) = 0 unless (—1)*"2n = 0,1mod 4. Then the map

fo(T)eo + fi(T)er = fo(47) + fi(47)

defines isomorphisms My, ,, = M, (To(4)) if k + 5 is even, and My, = M, (To(4)) if
k+ Lis odd,

2.3.5 Atkin-Lehner and level raising operators

Let k € § + Z. The orthogonal group O(L’/L) of the finite quadratic module L'/ L acts
on vector valued modular forms

fr) =Y fulr)en

heL'/L

for pr, or p} by
fo(r) = Z Jn(T)eon)s

hel'/L
where o € O(L'/L). Now let L be the lattice related to T'o(NN) from Section [2.2.5 such
that L'/L = Z/2NZ, and vector valued modular forms can be identified with Jacobi
forms. Then the elements of O(L’/L) correspond to the Atkin-Lehner involutions from
the theory of Jacobi forms, see [EZ85], Theorem 5.2. These operators in turn correspond
to the exact divisors ¢ || N (i.e., ¢ | N and (¢, N/¢) = 1). The automorphism o,
corresponding to c¢ is defined by the equations

oc(h) = —h (2¢) and o.(h)=h (2N/c) (2.3.9)

for h € Z/2NZ. Note that the Atkin-Lehner involutions only permute the components
of a vector valued modular form.

For each positive integer d there is an operator U; which maps Jacobi forms of index
N to forms of index Nd?, see [EZ85], Section 4. Using the isomorphism Jy, v = My_1/2,,,
it yields an operator which maps modular forms for the Weil representation of the lattice
L of level 4N to forms for the lattice L of level 4Nd?. Its action on the Fourier expansion
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2.3 Harmonic Maass forms

of a holomorphic modular form

ZZcfnh

h(2N) neQ

for pr, is given by

(FlUD(r) = D D esn/d, h/d)e (nT) e, (2.3.10)

In particular, Uy only distributes the components of f in a certain way, but does not
change the set of Fourier coefficients of f.

The Atkin-Lehner and U, operators also act on harmonic Maass forms by the same
formulas as above, and they commute with the £-operator.

We now introduce Atkin-Lehner operators on scalar valued modular forms. Let k € Z,

let N be a positive integer, and let I' = T'o(IV). For each exact divisor d || N (meaning
d| N and (d, N/d) = 1) choose a matrix

N _ da 3
Wd_(ny dé )’

with a, 3,7,0 € Z such that W2 has determinant d. The operator
[ Fwy

is independent of the choice of the parameters and defines an involution on Hy(I'o(N)),
which is called the Atkin-Lehner involution corresponding to d. For two exact divisors
d,d of N we have

FlaWg' (W' = FliWile,

where d x d' = ddj,)z is again an exact divisor of N. In particular, the Aktin-Lehner

involutions form a finite abelian group which is isomorphic to the set of all exact divisors
with the x multiplication.

2.3.6 Unary theta functions

Let L be the lattice related to T'o(N) from Section [2.2.5] We define the unary theta
functions

91/2 N Z Z b2’7'/4N and 03/2 N Z Z be b2’7'/4N

h(2N) beZ h(2N) beZ
b=h(2N) b=h(2N)

(2.3.11)

41



2 Preliminaries

They are holomorphic vector valued modular forms of weight 1/2 and 3/2 for p}, which
follows from Theorem by noting that they are the theta functions associated to
the 1-dimensional positive definite lattice Z with the quadratic form z — N2? and the
polynomials 1 and z. By Theorem one can view 65 and 65/, as skew-holomorphic
Jacobi forms of weight 1 and 2.

Definition 2.3.16. The space of unary theta functions of weight 1/2 for p} is defined

as
Yy c 075, x| Ud -

dIN of| 2]

The space of unary theta functions of weight 3/2 for p% is defined analogously.

We defined the spaces of unary theta functions only for the dual Weil representation
p} since there are no similar theta functions for py.

We now show that the space of unary theta functions of weight 1/2 agrees with the
whole space M; /2,07 -

Lemma 2.3.17. Let D(N) be the set of all positive divisors of N modulo the equivalence
relation ¢ ~ N/c. Then the theta functions

Oe/(e,N/e)
81/2,N7(C,N/c)2|U(CvN/C)7 ¢ € D(N),

Jorm a basis of My, .

Proof. Using the dimension formula for Ji y = My ;= from Theorem [2.3.14] we obtain
that the number of given theta functions agrees with the dimension of M ,:. On
the other hand, by looking at the constant terms and the coefficients at qu/ 4Ne, for

d € D(N), we see that the given functions are linearly independent. ]

2.3.7 Maass Poincaré series

We construct some explicit examples of vector valued harmonic Maass forms using Maass
Poincaré series, with special focus on the case k = 1/2. In the next section, we will
estimate the growth of the coefficients of such series, yielding an estimate for the growth
of the coefficients of arbitrary harmonic Maass forms.

We let M, ,(z) and W, ,(z) be the usual Whittaker functions as defined in [AS64],
Chapter 13. For k € %Z,n €Q,v>0and s € C we set

F(?s)‘1(47r]n]v)_k/2Ms n(n)k/2.5—1/2(4T|njv), n # 0,
_/\/ln7k<1)’3) = {,Us—k/Q gn(n)k/ /

n =20,
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and

D(s + sgn(n)k/2) " [/ (4m0) M Wognupinocr o (dalnlo), 1 # 0,

Wk(v,s) = { (4m)t—k 1—s—k/2
(@s— D) (s—k/2)T(s1k/2) V 2, n =20.

The normalization is taken from [JKKI3] and is chosen such that the Fourier expansion
of the Maass Poincaré series studied below takes a simpler form. We will be particularly
interested in the point s = 1 — k/2 for k < 1/2. We abbreviate

Mnyk(v) = Mnyk(l), 1-— k?/?), ka(v) = Wn,k(v7 1-— k‘/?)
Then we have

(=1 — k)70 = k, —4mnv) — 1], n >0,

M, () =e ™1 —T(1 - k)7'T(1 — k, —4mmw), n <0,
vk, n =0,
and
nk1, n >0,
Wii(v) = e 2™ S |n|F1T(1 — k)~'T(1 — k, —47nv), n <0,
(2 — k)~ Y(4m)tF, n = 0.

The Fourier expansion of a harmonic Maass form f € Hj ,, can also be written in the
form

f(r) = Z Zaf<n;h)Mn,k(U)€(nu)eh+ Z be(n,h)Wn’k(v)e(nu)eh (2.3.12)

heL! /L neQ heL! /L neQ

with coefficients a(n,h),b(n,h) € C. The translation between the normalizations in
[(2.3.12)| and [(2.3.1)| is simple. Note that the condition f(7) = O(e®?) as v — oo and
the asymptotic behaviour of the Whittaker functions imply that the first sum over n is
finite. This normalization of the Fourier expansion emphasizes the splitting of f into an
increasing and a decreasing part (as v — 00), and is more convenient for the construction
of Maass Poincaré series.

Let k € 1/2+4+ 7Z with k < 1/2. For h € L'/L and m € Q we consider the non-
holomorphic Maass Poincaré series

Pema(ri9) =5 3 Muslo,)elmu)en] g, (M, 6).

(M,$)€Toc\I

It converges absolutely and locally uniformly for Re(s) > 1, and it has weight k& with
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respect to pr. Maass-Poincaré series for the dual Weil representation pj are defined
analogously, and everything we say in this section remains true for these series as well.
The Poincaré series satisfies the Laplace equation

AkPk,m,h(T7 S) = (S — k’/2)(1 — k/2 — S)P]ﬁm,h(T, S), (2.3.13)

which follows by a direct calculation from the defining differential equation of the M-
Whittaker function. This implies that Py, (7, s) is real analytic in 7 € H. Note that
for K < —1/2 the Poincaré series converges at s = 1 — k/2, giving a harmonic function.

The Fourier expansion of Py, (7, s) has been computed in several recent works, for
example in [BruQ2, Theorem 1.9], [DIT11, Proposition 2] and [JKKI3, Theorem 3.2].
The result is as follows.

Proposition 2.3.18. For Re(s) > 1 the Poincaré series Py, n(7,s) has the Fourier
expansion

Premn(T,8) = M r(v, s)e(mu)(ep, +e_p) + Z Z bm.n(n, By 8) W, (v, 8)e(nu)e

WeL! /L neQ
where the Fourier coefficients by mn(n, ', s) are given by

imn| P2 Joy (47 |mnl/|c]), mn > 0,
(=k)/27 (4 <0
o S Holhym,#,m) x 4 101 e (s fmin/Ie),mn <,

o =L th /2=y |SR2 |22 = 0,m +n # 0,
222k =1 (25)[2¢ 2, m=n=0.
Here
e(—sgn(c)k/4 ma + nd
b, ) = D57 ) Ve T e ene (M)

d(e)”
(& §)esL=@)

1s a Kloosterman sum, and I»s_1 and Jos_1 are the usual Bessel functions. The Fourier
expansion converges for Re(s) > 1/2.

In the following, we restrict to the case k = 1/2 for simplicity, but the results remain
true for £ < —1/2, with much simpler proofs since Py ,, (7,1 — k/2) converges in these
cases.

By the theory of the resolvent kernel, the Poincaré series P, ,, (7, s) has a meromor-
phic continuation to Re(s) > 1/2 which is analytic up to finitely many possible simple
poles in the real segment (1/2,1). These poles occur at points of the discrete spectrum of
A1)z, so the corresponding residues are square-integrable with respect to the Petersson
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inner product. We define the function
Pf;;?;zi,h(T) = CTs=s/a (Prjomn(T, s))

as the constant term at s = 3/4 in the Laurent expansion of the meromorphic continu-
ation of Py /o mn(7,5s), and we let

R1/2,m,h(7_) = ReSs=3/4 (P1/2,m,h(T> 5))

denote the residue of the Poincaré series at s = 3/4.

Proposition 2.3.19. The function Pf‘;;q;:h(T) is modular of weight 1/2 for pp and
satisfies the differential equation

sesqui 1
A1/21[)1/2(,1771,;1(7) = _§R1/2,m,h(7—) € My, - (2.3.14)
It has the Fourier expansion
Pyt (7) = Munaja(0)e(mu)(en + ep)
+ Z Z CTys/a (bij2mn(n, b, 8)) Wi /2(v, 3/4)e(nu)ey
WelL! /L neQ
+ Z ZRGSS:3/4 (51/2,m,h(n> W, 5)) (% Wn,1/2(v73)) ’s=3/4€(nu)€h/-
hWeLl’'/L n>0

In particular, it is a sesquiharmonic Maass form in the sense of [BDR135).

Proof. The Laplace equation shows that Ry /9, ,(7) is harmonic and that the
function Pf;’;qr‘:h(T) satisfies the differential equation |(2.3.14)] The fact that Ry m4(7)
is also square-integrable implies that it is actually a holomorphic modular form of
weight 1/2 for py. This also implies that the Fourier coefficients of negative index
of Py /3mn(7,s) are holomorphic at s = 3/4. Now we obtain the stated expansion from

Proposition [2.3.18] 0

We compute the action of &/, on the non-harmonic part in the third line of the
expansion above.

Lemma 2.3.20. Forn > 0 we have

12 ((dii Wn,1/2<71, 3))

e(nu) = ’ )
s=3/4 —/7T(=1/2,47nv)e(—n1), n > 0.
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Further, for n > 0 we have

d
(E Wn,l/?(vvs>>

as v — 0o or v — 0, where the implied constant does not depend on n.

= O(n’1/2| log(m})|e’2”"”)
s=3/4

Proof. For n =0 a direct calculation gives

= 2w1/2§ (—2log(v) — 4I"(1) + 4log(2)) = —2v~ /2,
T

d
§1/2 (E Wo,1/2(71> 3))

s=3/4
For n > 0 we first compute the derivative in 7,

} T a v
§1/2 (Waajalv, s)e(nu)) = 2“]1/26(_"7)E (Wa1j2(v, 5)e*™)
n—3/4y1/2 P 1
= —e(—nT)— —1/4 27mnv
[(s+ 1/4)6( nT)@v ((4mo)=VAP™Wy g o1 o (dTn))

Using the integral representation

RF1/20—0/2

Werl®) = S0 =%

) /OO e—vtt,u—l/Q—n(t + 1)#—1/2+ndt’
0

valid for Re(u—1/2—k) > —1 by [AS64, (13.1.33), (13.2.5)], and the recurrence relation
[AS64], (13.4.30)] for the W-Whittaker functions, a short calculation yields

0
o (7171/46”/21/1/1/475_1/2(1))) =—(s—1/4)(s - 3/4)075/461)/2”/—3/4,5—1/2(U)-

Now we take the derivative with respect to s and plug in s = 3/4. Using the identity
W_z/a1/4(v) = e”/2v3/4F(—1/2, v)

and taking everything together, we obtain the stated formula.
The growth estimates can easily be shown using the integral representation for the
W-Whittaker function given above. O]

Theorem 2.3.21. Let f € Hyy,, with a Fourier expansion as in ((2.3.12). Then we
have

1 sesqui
f= 2 Z Z af(m’h)P1/2?m,h € M, (2.3.15)

heL’/L meQ

i.e., every harmonic Maass form in His ,, can be uniquely written as a linear com-

bination of the sesquiharmonic Poincaré series Py, (T) and a holomorphic modular
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form.

Proof. Let g be the difference in [(2.3.15)] Applying & /2 to the Fourier expansion of
Pfj;?;:ﬁ, and taking into account Lemma [2.3.20, we see that g = &;/2¢ is a harmonic
Maass form of weight 3/2 for pj whose principal part is given by some constant in
C[L'/L] times v~*/2, and whose coefficients b5(0, #’) vanish for all /' € L'/L. Further,
§3/29 = —Aj 29 is a linear combination of the residues R, /2, 5, and hence a holomorphic

modular form. By the Petersson norm of £3/5g can be evaluated as

~ o~ 2 / / — !/ !/
(53/29’ S3/29) - Z (;bﬁ(ov h )b§3/25(07 h ) + Z |7’L| 1/2a§(n7 h )b§3/2§(_n7 h )) .

weL'/L n<0

Note that the Petersson norm of a holomorphic modular form of weight 1/2 converges
even if the form is non-cuspidal. The right-hand side vanishes by what we have said
above. This implies {3/ = 0, so g is holomorphic and ¢ is actually a harmonic Maass
form. From the Fourier expansion of g we see that &2 is a cusp form. Since the
principal part of g vanishes by construction, we obtain (&1/29,&1/29) = 0 by the same
argument as above. Thus &; /29 = 0, which means that g is holomorphic. O

2.3.8 Estimates for the Fourier coefficients of harmonic Maass
forms

As an application we show that the W-Whittaker coefficients bg(n, h) of positive index
n > 0 of a harmonic Maass form f € H,s,, are of polynomial growth if the M-
Whittaker coefficients as(n, h) of negative index n < 0 vanish.

Theorem 2.3.22. Let f € Hy5,, be a harmonic Maass form of weight 1/2 for py.

(a) We have
be(n,h) = O(ec |”|) as n — £00,

for some constant C > 0 which is independent of n.
(b) If af(n,h) =0 for alln >0 and h € L'/L, then
br(n,h) = O(|n|3/4) as n — —oo.
(¢) If af(n,h) =0 for alln <0 and h € L'/L, then

br(n,h) = O(n3/2) as m — oo.

47



2 Preliminaries

Remark 2.3.23. 1. The estimate O(n*?) in part (c) is probably not optimal, but
much better than the exponential growth obtain from the estimate in (a). The
proof of (c) presented below is very complicated compared to the proofs of (a) and
(b), so it would be desirable to find a simpler proof of (c).

2. In terms of the normalization |(2.3.1)| of the Fourier expansion of a harmonic Maass
form, the result says that the coefficients c}f(n, h) of the holomorphic part of f grow
polynomially in n if the holomorphic principal part ij vanishes.

Proof of Theorem [2.3.23. The first statement is Lemma 3.4 in [BF04], and can be proven
by the same arguments as in the proof of the usual Hecke bound for holomorphic modular
forms. The second claim follows from the Hecke bound applied to the cusp form &/ f.

We now prove the third bound. Theorem [2.3.21| implies that the non-harmonic parts
of the functions Pf?;q;:;h cancel out in the linear combination [(2.3.15)l This, together
with the assumption as(n,h’) = 0 for n < 0 and &’ € L'/L, implies that bs(n, ') can
be written as a linear combination of the constant terms CTy_g/4(b1/2,m,n(n, 1, s)) with
m > 0, plus the coefficient ¢,(n, h’) of a holomorphic modular form

g(1) = Z ch(n, W yn2e(nt)en € Mija,,.

WeL' L n>0

Since the latter space of holomorphic modular forms is either trivial or spanned by
unary theta series, we have c,(n,h’) = O(n/?) as n — oo. We are left to estimate the
coefficients of the Poincaré series. The basic idea is that for m > 0 the decay of the
J-Bessel function appearing in these coefficients results in polynomial growth, whereas
the growth of the I-Bessel function would yield exponential growth. The proof is quite
technical due to the poor convergence of the series defining the Fourier coefficients.

If m = 0, then the Fourier expansion of Pfj;?(;l, lh given in Proposition [2.3.19 and the

growth of the appearing Whittaker functions (see also Lemma [2.3.20]) show that

Pyt (1) = O(w'?), as v — oo,

uniformly in w. Using the modularity of the Poincaré series, this implies
P (1) = O(v™), as v — 0,

1/2,0,h

uniformly in u. For n > 0 the n-th Fourier coefficient of the Poincaré series is given by

1
/ <P15?3%1,1h(7)a e(nu)ep)du = CTy_3)4 (51/2,0,h(n, n, S)) n~l/2e72mmy
0
+ Resg=3/4 (b1/2,0,h(n: n, 3)) (% Wh1/2(v, 5)) |s=3/4-

For 0 < v < 1 the Fourier integral can be estimated by Cv~'e?*™ for some constant C
which is independent of n and v. Further, we have Res,_s/4 (b1/2,0(n, /', 5)) = O(n'/?)
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as n — 0o, since the residues appear as the coefficients of the holomorphic modular form

AN /gPlsj;qsl lh Finally, plugging in v = 1/n and using the estimate for the derivative of

the W-Whittaker function from Lemma [2.3.20, we obtain
CTs:3/4 (bl/Z,O,h(nv h/> S)) = O(n3/2)

as n — 0.

Now let m > 0 and n > 0. By splitting the sum over c in the coefficient by /o 1 (12, 2, 5)
at n and using that

Jas-1(y) = ( )28 1 k'Ts)—kkk) <y>2k and  Jip(y) = \/%Sin(y)

for y > 0 (see [EMOT5H4, 8.440, 8.464]) it is easy to see that

CTo—s/4 (b1j2mpn(n, ', 5)) (2.3.16)
_ (2m)% (mn)*~ 11 / 1-2s 3/2
= CTos)s ( () gH (h,m, b, n)|c| +O0(n*?).

The function
Z(h,m,h',n;s) = Z H.(h,m, k' n)|c|*~2
c#0

appearing above is called a Kloosterman zeta function. Estimates for (scalar valued
analogs of) these zeta functions with respect to m and n have been treated by Goldfeld
and Sarnak |[GS83|, Hejhal [Hej83] and Pribitkin [Pri00]. We sketch the arguments of
[Pri00] that lead to an estimate of Z(h, m,h',n;s) as n — oco. The main tool is Selberg’s
Poincaré series

Pealrs) =5 3 [elmm)ela,, (M.6)

which converges absolutely and locally uniformly for Re(s) > 3/4, and is modular of
weight 1/2 for pr. Using the spectral theory of automorphic forms, Selberg [Sel65] de-
rived the meromorphic continuation of the Poincaré series to all of C. The meromorphic
continuation of the Kloosterman zeta functions then follows from the fact that they ap-
pear in the Fourier expansion of P, (7, s). The Fourier expansion in the vector valued
setting can be found in [vPSV17], Proposition 3.1.

For n > m > 0, a calculation analogous to the one in [Pri00], Lemma 1, gives the
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equation
Z(h,m,h' ;n;1/4+ s) (2.3.17)
L(s+1/2)I'(s+2) _
_ 9s/2+7/2__ 2 /
2 m™mn F(ZS T 3/2) (Pm,h(Ta 5)7 PTLJL (7-7 S+ 2)) + Rm,n<5)

for Re(s) > 3/4, where

_2\/—2 hmhn)

c[2-172
c#0

p —27mnw ,—2Tinvu
cv(u+z)) ve €
dud
// ,m ( ! ><u+z>s+1/2<u—z> o

The function R,,,(s) is holomorphic for Re(s) > 1/4, so [(2.3.17)| extends to this do-
main by analytic continuation. Further, using the fact that the Kloosterman sums
H.(h,m,h',n) are universally bounded together with the basic estimate | Y7, 21| < |z

for Re(z) < 0, we easily obtain R,,,(1/2) = O(n™') as n — oo.

plp'

The Poincaré series P, j (7, 5+ 2) converges at s = 1/2, and the meromorphic contin-
uation of P, 5 (7, s) has at most a simple pole at s = 1/2. Hence, in order to bound the
constant term of Z(h, m,h',n;s) at s = 3/4, we need to estimate the inner products

( CTszl/Q (Pm,h(77 S)) ) Pn,h’ (T7 5/2))

and
(Ressm12 (Pan(7,5)): (5 Pat (7.9))] s )

This can be done using the Cauchy-Schwarz inequality and the fact that the norms
1Py (7,5/2)|| and || (L Py (7, 5))|s=s2|| are O(n=7/47¢) as n — oo, compare [Pri00],
Lemma 3. Taking everythmg together, we finally obtain the desired bound

CTs:3/4 (61/2,m,h(n7 hl? 8)) = O(n3/2>

as n — 00. The proof is finished. m

2.4 Theta functions

In this section we introduce the theta functions that we will employ as kernel functions
for the lifts we investigate in this work. As before we let L C V' be an even lattice with
dual lattice L’ and we let I' be a congruence subgroup of SLy(Z) which maps L to itself
and acts trivially on L'/L.
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2.4 Theta functions

2.4.1 The Siegel, Kudla-Millson, Millson and Shintani theta
functions

For z = z 4+ 1y € H we let

(1 z\(vy O
be a matrix with g, = z. Then the vectors
1 —x z? +1q?
Xi(e) = V2Ny <—1 T T =g
1 r —x?+ P
Xs(z2) = m (1 . Y ) = g:€2,

_ b (y S2ay)
Xs(2) = m <0 —y ) = g:€3,

form an orthogonal basis of V' (R) with

(X1(2), X1(2)) =1 and  (Xa2(2), X2(2)) = (X5(2), X5(2)) = —1.

In particular, for each z € H we have a corresponding isometry

3
v, : V(R) = RM v, (Z aiXi(z)> = (aq, g, a3).
i=1

For z=x+iy € Hand X = (72 %,) € V(R) we define the quantities
Qx(2) = V2Ny(X, Xs(2) +iX3(2)) = N(w32* — 2192 — 21),

px(2) = \/E(X7 Xi(2)) = —g(x3|z|2 — 2x9x — T1).

Under the isometry v, they correspond to the polynomials v/20 and —v2Ny(as + ias)
on R which are harmonic and homogeneous of degree (1,0) and (0, 1), respectively.
For M € SLy(R) we have the transformation rules

(2.4.1)
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and the useful identities

Q(X.1) = ——Qx ()],

4N2

which can be verified by a direct calculation. Here X, and X,: denote the orthogonal
projections of X to the positive line RX;(z) and the negative plane RX5(2) + RX3(z),
respectively. It is common in the literature on theta functions and theta lifts in signature
(1,2) to define the quantity

R(X,2) = ~2Q(X.2) = 1p(2) — (X, X),

which is non-negative and equals 0 if and only if X € RX;(z). Then we have

2mi(TQ(X,) + TQ(X,1)) = —2mvR(X, 2) + 2miTQ(X).

Remark 2.4.1. For the lattice L from Section [2.2.5 and X = (_be ;/CQ/ﬁ) € L' we
have

Qx(z) =aNz*+bz +c

and
) aN\z|2+bx+c
Px\z) =
yVN

In particular, these quantities are related to CM points and geodesics associated to the
quadratic form Qx = [aN,b,c| corresponding to X as in Section If Q(X) >0
then Qx(z) = 0 if and only if z = zx is the CM point associated to X, and if Q(X) <0
then px(z) = 0 if and only if 2 lies on the geodesic cx.

For k € Z>¢ we now define the theta functions

0O (1,0, px (2)Q% (2))

)=w
7,2) = vO(7, v., px (2)),
) =
) — ?}1/2@ (7_7 V., Y —2k— 2Qk+1(2))

which we call the Siegel, the Kudla-Millson, the Millson and the Shintani theta
function, respectively. Here ©(7, v, p) denotes the theta function associated to an isom-
etry v : V(R) — R and a polynomial p on R? as in Section Note that we wrote
p%(2) instead of 202, and Qx(z) instead of Qx(z) by an inessential abuse of notation.

Remark 2.4.2. The above theta functions have been studied in many recent works, for
example [BF04, BF06, Hov12, [AE13, BFT15, [AGORIS, [Cralsl [AIf15], but they date back
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2.4 Theta functions

much earlier. For example, the Siegel theta function was considered by Siegel [Sie51], and
the Shintani theta function was used by Shintani [Shi75], Niwa [Niw74], Cipra [Cip83],
and Gross, Kohnen and Zagier [ZK81IGKZ87| (they actually used a holomorphic version
of the Shintani kernel), to study the Shimura-Shintani correspondence between cusp
forms of integral weight 2k + 2 and half-integral weight 3/2 + k.

In their works [KMS86] and [KM90], Kudla and Millson defined certain Schwartz func-
tions ¢ and ¢ with values in the differential forms of degree ¢ and ¢ — 1 on a rational
quadratic space V of signature (p, q), and they used the associated theta functions and
lifts to show that the generating series of cycle integrals of compactly supported differen-
tial forms along certain special cycles are cusp forms. The 2-form Ok (7, 2)dpu(2) is the
theta function associated to the Schwartz form form ¢ in the case of signature (1,2), and
Onr0(T, 2) is the theta function associated to the Schwartz function ¢ in signature (2, 1).
In fact, the 1-form Ogy, o(7, 2)dz + Ogp (7, 2)dZ is also an instance of a theta function
associated to ¢, now in signature (2,1). The Schwartz forms ¢ and ¢ by construction
satisfy a certain differential equation which translates into a differential equation for
the Shintani and the Millson theta functions (see Lemma [2 , and which is of great
importance for our work.

Remark 2.4.3. Let us give more explicit formulas for the theta functions. Since the
polynomials corresponding to px(2)Q%(2) and y=*~2Q%(Z) are harmonic for each
k > 0, the Millson and the Shintani theta functions can be explicitly written as

Oua(r2) =0 3 3 pr(2)Qh (2)e(rQ(X.) + 7Q(Xw))en

hel!/L X€h+L

and

Osni(T,2) = v'/? Z Z y 2R (2)e(T1Q(X.) + TQ(X.1))en

hel’/L Xeh+L

On the other hand, the function p%(z) corresponds to the polynomial 2a?, and the
polynomial

A 1
R ) PN S .
P ( 81 Im(7’)> “ T T o, Im(7)

corresponds to the function p3(z) — so the Kudla-Millson theta function equals

L
27w
1 _
Orum(T, 2) Z Z (vpx %) e(TQ(X,) + TQ(X,1))en,
hel!/L X€h+L
which is the formula often used in the literature, see [BF06], Section 3, for example.

Next, we summarize the transformation properties of the theta functions.
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Proposition 2.4.4. Let k € Z, k > 0.

1. The Siegel theta function O(T,z) has weight —1/2 for pr, in 7 and weight O for T’
m 2.

2. The Kudla-Millson theta function © kn (7, 2) has weight 3/2 for py in T and weight
0 for T in z.

3. The Millson theta function © (T, 2) has weight 1/2—k for pr, in T and Oy (7, 2)
has weight —2k in for I' in z.

4. The Shintani theta function ©gp (T, 2) has weight k + 3/2 for p} in T and
Osn (T, 2) has weight 2k 4+ 2 for I' in z.

Proof. The behaviour in z follows from the rules|(2.4.1)| and the behaviour in 7 follows
from Theorem if we use that px(z) and Qx(z) are homogenous of degree (1,0) and
(0,1), respectively. ]

2.4.2 Growth of the theta functions at the cusps

Next, we want to investigate the growth of the above theta functions at the cusps of
I'. To describe this in a convenient way, we follow the ideas of [BET15, Section 2.2] and
define certain unary theta functions associated to the cusps.

For an isotropic line ¢ € Iso(V) the space W, = (1 /{ is a unary negative definite
quadratic space with the quadratic form Q(X + ¢) := Q(X), and

Ky=(Lneh)/(Lnd)
is an even lattice with dual lattice
K)=(L'neH) /(L' nY).

The vector X, = 0,.X3(i) is a basis of W, with (X, X;) = —1, and for k € Zx
the polynomial pyx(X) = (—=v2Ni(X, X,))* is homogeneous of degree (0,k). We let
Oyx(7) be the theta function associated to K, and pyj. By Theorem the complex
conjugate Oy (1) is an almost holomorphic modular form of weight k + 1/2 for the
dual Weil representation of K,. Using [Bru02, Lemma 5.6.], it gives rise to an almost
holomorphic modular form of weight k + 1/2 for the dual Weil representation pj of L,
which we also denote by Oy (7). For k = 0 it is a holomorphic modular form, and for
k =1 it is a cusp form.

Remark 2.4.5. We want to make this construction more explicit. Let us write ©y (1) =
> herr /1 2om>0 Vek(m, h,v)e(mT)ey for the Fourier expansion of the theta function. For
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2.4 Theta functions

m = 0 we have by (0, h,v) = 0 unless £ N (L + h) # (), in which case we have

bmmmﬂoz%ig%%me,

where Hy(z) = (—1)’“6“72ddm—k,ce_“’”2 is the k-th Hermite polynomial. Further, for m > 0

we have by (m, h,v) = 0 unless m/N is a square and there exists a vector X € L_,,,
orthogonal to ¢, in which case it equals

b, ) = (0N g, (o)

if h # —hmod L, and 1+ (—1)* times this expression if h = —hmod L. If h # —hmod L
the signis +1if ¢ = £y, and —1if ¢ = ¢_x (if h = —hmod L then the coefficient vanishes
if k£ is odd, and the sign does not matter if k if even).

From the Fourier expansions we find that the theta functions are related by

Nk(k+1)

pp Uk*l/z@z,kq(T),

§3/246O0k41(T) = —

for k > 0.
All of these formulas can be proven by straightforward, but tedious computations.
Since we will not use them, we omit the proofs.

Remark 2.4.6. If L is the lattice from Section m, then the theta functions O (7, 2)
for k = 0,1 and ¢ = oo agree (up to a simple constant) with the unary theta functions
01/2,n(7) and 03/ n(7) defined in Section . More generally, for other cusps ¢, the
functions O x(7, ) are obtained from 6y 5 n(7) and 65/, 5 (7) by applications of suitable
Atkin-Lehner and level raising operators to 6y ,o n(7) and 632 n(7).

We can now estimate the growth of our theta functions at the cusps of T
Proposition 2.4.7. Let £ € I'\ Iso(V') be a cusp of T.
1. For the Siegel theta function we have

1
VN,

as y — 0o, uniformly in x, for some constant C' > 0.

01/2@&0(7') + O(e_CyQ),

O(r,002) =y

2. For the Kudla-Millson theta function we have
Oxu(7,002) = O(e™ ),

as y — oo, uniformly in x, for some constant C' > 0.
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3. For the Millson theta function we have
On k(T 002) = O(e‘cyg),

if k=0, and

. _ ko, 2
j(oy, z)zk@M,k(T, 0pz) = —yk+1mvk 1/2@“_1(7) +O(e Cy ),

if k>0, as y — oo, uniformly in x, for some constant C' > 0.

4. For the Shintani theta function we have

. o1 -~ 1 o
o6 2) 2 O0sn4(7,012) =y O (1) + O,
¢

as y — 0o, uniformly in x, for some constant C' > 0.

Moreover, all of the partial derivates of the functions hidden in the O-notation are square
exponentially decreasing as y — 00.

Proof. Using the rules|(2.4.1)| we can write

j(oe, 2)%@ka (1,002)

=o' > Y px()Q(2)e(TQ(X:) + TQ(X.1)Jen,

he(o; 'LY /(o 'L) Xeh+(o, ' L)

and similarly for the other theta functions, so we can equivalently estimate the growth
of the theta functions for the lattice o, 'L at the cusp co. The result now follows from
Theorem 5.2 in [Bor98] applied to the lattice o, 'L and the primitive isotropic vector
(9%) eleno, L. O

2.4.3 Differential equations for theta functions

The theta functions we just defined satisfy some interesting differential equations, some
of which we collect now. All of the following identities can be checked by a direct
computation using the rules

0 0 i

550 Qx() = VN px (), px(E) = oy Rx (), s
0 T g B L o o
&R(X, z) = _2\/Ny px(2)Qx(2), Yy Qx(2)Qx(Z) = 2NR(X, 2).

Since the computations are rather lengthy and not very enlightening, we skip the proofs.
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Lemma 2.4.8. For k > 0, we have

1 -
A1/27Tv_1/2®(7, z) = Zonzv_l/Q@(T, z),
1

A3/2,T@KM(T7 Z) = ZAO,z@KM<T7 Z),
1 S —
AI/Z—k,T@M,k(Ta z) = ZAka,z@M,k(Ty z),
1

Ajis/2-Osnk(T,2) = 1A2k+2,z@5‘h,k;(7—a z).
Proof. Compare [BFI15, Lemma 5.1], [Hov12, Proposition 3.10] and [Bru02, Proposi-
tion 4.5], O
The Millson and the Shintani theta function are related by the following identities.

Lemma 2.4.9. For k > 0 we have

1
§1/2-kOmp(T, 2) = 2\/N€2k+2,z63h,k(7-: )

and
N
£3/2+k,7Osn k(T 2) = Tf—%,z@M,k(ﬂ z).
Proof. Compare [BKV13, Lemma 3.3] or [Cral5, Lemma 7.2.1]. O

The Siegel and the Kudla-Millson theta functions satisfy the following differential
equations.

Lemma 2.4.10. We have
R_1/2,0(7,2) = =m0k (T, 2)
and
1
L3j2Orm(T,2) = EA()’Z@(T, z).

Proof. Compare [BFI15, Remark 5.3] and [BF04, Theorem 4.4]. O]

We will also need the following relations between Millson theta functions of different
weights and the Millson and Kudla-Millson theta functions:

Lemma 2.4.11. For k > 0 we have

(A_gp—a. — 4k — 6) Opp (T, 2).

==

L72k72,zL72k,zL1/2—k,T@M,k(T7 Z) =
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Further, we have

1 -
Lo-Tani®rm(r2) = ———(A_y. — 2)Oma(r.2).
0.:L3/2:O k0 (T, 2) 2\/N( 2, )On (T, 2)

Proof. This can be shown by a direct calculation using the identities [(2.4.2)] O

2.4.4 Twisted theta functions

We now explain how to obtain twisted versions of the theta functions defined above.
Throughout this section we let L be the lattice defined in Section and we let
I'=Ty(N).

Let A € Z be a fundamental discriminant (possibly 1) and r € Z such that A =
r2(4N). We consider the rescaled lattice L®) = AL together with the quadratic form

The corresponding bilinear form is given by

1
(X> Y)A = |A_|(X7 Y)>

and the dual lattice of L™ is equal to L'.
Following [GKZ87] we define a generalized genus character for § = <7b{l N ;/02@) el
by

(%), if Alp> —4Nac, (b* —4Nac)/A is a

xa(9) = xa([aN, b, c]) = square mod 4N and ged(a,b, ¢, A) =1,
0, otherwise.
Here, Qs = [aN,b,c| is the integral binary quadratic form corresponding to ¢, and n

is any integer prime to A represented by one of the quadratic forms [Nya, b, Naoc| with
N1Ny = N and Ny, N, > 0. Note that the function ya is invariant under the action of
Co(N).

Since xa(9) depends only on § € L' modulo AL, we can view it as a function on the
discriminant group L'/L). Let p; ) be the representation corresponding to L»). In
[AEL3] it was shown that we obtain an intertwiner of the Weil representations corre-
sponding to L and L®) via ya.

o8



2.4 Theta functions

Proposition 2.4.12 (JAE13, Proposition 3.2.]). Let 7 : L' /L™ — L'/ L be the natural
projection. For h € L'/L we define

Yar(en) = > xa(0)es. (2.4.3)

seL/ /L)
7(0)=rh
Qa(d)=sgn(A)Q(h) (Z)

Then a, : L'/L — L’/L(A) defines an intertwining linear map between the representa-
tions pr and pry, where

~ __JpL ZfA>O,
PL=p ifa<o.

We obtain twisted theta functions by setting

Oa,(7,2,p) Z <1/1A7« ¢h), (T,Z7p)> eh,

heL'/L

where OA)(7, 2, p) is the theta function associated to L®) and a polynomial p.

It is easy to check that the twisted versions of the Siegel, Millson, Kudla-Millson
and Shintani theta functions have the same transformation behaviour as their untwisted
counterparts (see Proposition and satisfy the same growth estimates (see Propo-
sition and differential equations if we replace p, by pr, N by N/|A| and Oy

by S
Oukar = Z <¢A,r<eh)= @ﬁ)> Ch
hel’/L

Example 2.4.13. The twisted Millson theta function is explicitly given by

Ompnar(T, 2)

pX(Z)Qk (5> =
=S >, x0T AT ((rQalX) +7Qa(X)en,
hel'/L XeL+rh
QRIX)=AQ(h)(A)

and the twisted Shintani theta function is given by
Oshkar(T, 2)

1/2 y N (2)
v Z Z XA(X) |A| (k+1)/2 (TQA(XZ) + 7_-QQA(‘)(ZJ-))Q}I
hel//L  XeLirh
QRX)=AQ((M)(A)
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3 The Millson Theta Lift

3.1 The Millson and the Shintani theta lift

Let k € Z>g and let F' € H™,, (T') be a harmonic Maass form. We would like to integrate
F against the Millson theta function © (7, 2) on M = I'\H to obtain a function that
transforms like a modular form of weight 1/2—k. Unfortunately, Proposition shows
that the integral does not converge for £ > 0, so it has to be regularized in a suitable
way. Using the regularization of [Bor9§|, we define the Millson theta lift by

IM(F 1) = lim F(2)Ou(T, 2)y 2 du(z), <d,u(z) = dx;ly) .

T—oo My Yy

Note that we integrate in the orthogonal variable z here. The integral in the symplectic
variable 7 was considered previously in [Hov12|, [BKV13] and [Cral5]. It was shown that
the corresponding lift has jump singularities along certain geodesics in the upper-half
plane, which led to the discovery of locally harmonic Maass forms. Similarly, the theta
lifts investigated in the fundamental works of Borcherds [Bor98] and Bruinier [Bru(2]
(which are integrals in the 7-variable) have singularities along Heegner divisors in H. In
contrast to these singular lifts, it turns out that the Millson theta lift is in fact harmonic
on the upper half-plane.

Proposition 3.1.1. For k € Zsq the Millson theta lift I (F,7) of F € H',,(T) is a
harmonic function that transforms like a modular form of weight 1/2 — k for py.

Proof. Using the truncated fundmantal domain F7(I") for M7 given in Section we
see that it suffices to show that the limit

T—o0

T ay
lim / / Fy(2)j (00, 2)*Op (T, 002)y 2 2da dy

1 Jo
exists for every cusp ¢ € Iso(V'), where F; = F|_5;0,. For k = 0 Proposition states
that the Millson theta function is square exponentially decreasing at all cusps, so the

integral actually converges without regularization in this case. For k£ > 0 we see by the
same proposition that it suffices to show that

T ay
lim/ / Fy(2)y " da dy
T—oo Jyq 0
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3 The Millson Theta Lift

exists. But the integral over x picks out the constant coefficient a, (0) of Fy, and the
limit of the remaining integral over y gives % This shows that I (F, 1) is well-defined.
The transformation behaviour of the Millson theta function implies that I (F,7) has
weight 1/2 — k for py.

To prove that I (F,7) is harmonic we first use Lemma to write

Al/z,k,TIM(F, 7) = lim F(2)A1)2-k90,1(T, 2)y R du(2)

T—o0 My

1 —_—
= lim — F(2)A_op,.On (T, 2)y~ Hdu(2).

T—oo 4 My

By Lemma [2.3.9] i.e. Stokes’ theorem, we have

/ F(2)A ok O (7, 2)y P dp(z) — Ao F(2)Oni(7, 2)y dp(2)
Mt

_ / F(2)¢_a.Oma(r, 2)d= — / € or P (2)Brn(m 2)dz.
oM~

OMr

As pointed out in Remark [2.3.8] we can write the boundary integrals above as sums
of horizontal boundary pieces corresponding to the cusps of I'. Then it follows easily
from the growth estimates in Proposition that the boundary integrals vanish in the
limit. Since F is harmonic, we obtain Ay, I (F,7) = 0. O

We define the Shintani theta lift of a cusp form G € Sy, 2(I") by
MG, ) = / (=) (m )2 2d(2).
M

The rapid decay of G at the cusps and similar arguments as above show that I°"(G, 1)
converges to a harmonic function which transforms like a modular form of weight 3/2+k
for the dual Weil representation p7. The Millson and the Shintani theta lifts are related
by the following identity.

Proposition 3.1.2. For F € H{ (T') with constant coefficients a; (0) at the cusps we

have
1

1 -
GpprIM(F7) = ——=I"M& F.r) + 5= Y e (0)00:(7),
2\/N 2N e\ Iso(V)

and for k € Zwo and F € H*,, (T') we have

1 onn (T (F,7)) = —ﬁﬁh@mﬂ .
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3.1 The Millson and the Shintani theta lift

Proof. By Lemma [2.4.9 we have for k € Zx
E1jpnr (M (F7)) = Jim / F(2)&1/2-k,Omn(T, 2)y 2 dp(2)
 J My
L 1 EnromY —2k
= lim N o F(2)&ar+2,:O8n,1(7, 2)y~ " du(2).
Using Stokes’ theorem in the version given in Lemma we obtain

/ F(2)ok12,.O8n1(7, 2)y 2 du(2) = — € on 2 F(2)Osn (T, 2)y* 2 du(2)
MT MT

— / F(2)Ogp (T, 2)dz.
OMr

The limit as T — oo of the first line on the right-hand side is —I°"(¢_o . F, 7). The
boundary integral can be written as

ayp+iT
—/ F(2)Ogp (T, 2)dz = Z / Fy(2)j(0p, 2) 267206 (T, 042)dz,
OM V) 7

£eT\ Iso( T

where F; = F|_o0,. Using Proposition and carrying out the integral we see that
the right-hand side vanishes in the limit if £ > 0 and equals

1 +—
— Y el (0)0(7)
\/N e\ Iso(V)
if £ = 0. This completes the proof. ]

We summarize the most important mapping properties of the Millson and the Shintani
theta lift in the following theorem.

Theorem 3.1.3.

1. The Millson theta lift maps H*,, (T) to H1+/2_k o, Jork =0.
2. The Millson theta lift maps Mg(T') to Hfr/2 5, and M, (T) to Ml!/2—k,pL for k> 0.

3. The Shintani theta lift maps Sapy2(I') to Sz/aqp, for k > 0.

Proof. For the first item it remains to compute the Fourier expansion of the Millson
theta lift, which will be done in Section [3.3] The second claim then follows immediatly
from Proposition if we use that £ 5 annihilates holomorphic functions and that
©¢1(7) is a cusp form of weight 3/2 for pj. The third item then follows by combining
the first item with Proposition and the fact that & o : Hp (') = Sapio(T) is

surjective. O
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3 The Millson Theta Lift

3.2 Higher weight theta lifts via differential operators

The square exponential decay of the £ = 0 Millson theta function and the Kudla-
Millson theta function at the cusps implies that the integral of a harmonic Maass form
F € H{ () against each of the two theta functions over M = T'\H converges without
regularization. Following ideas of [BO13| and [AIf15], we define theta lifts of F' €
H*,,(T) by first raising it to a [-invariant function, integrating it against the two theta
functions, and then applying suitable differential operators to make the result harmonic
again. To make this precise let k € Z>g and F € H*,, (T'). We define

LII%T/ Rlizth(Z)@M,o(T, 2)dp(z2), if k is even,
AM(F, 7_) _ T\H
L:(J,];;)/Q /F\H Rli%,zF(Z)@KM(Ta 2)du(z), if k is odd.

This lift has been considered by Alfes-Neumann in her thesis [AIf15], where it was called
the Bruinier-Funke lift.

Proposition 3.2.1. Let k € Zso and F € H,,(T'). The theta lift AM(F,7) is a
harmonic function which transforms like a modular form of weight 1/2 — k for py.

Proof. By what we have said above, all integrals converge. The transformation behaviour
is then obvious. To prove that the lifts are harmonic we use the relations in Lemma [2.3.5
Lemma 2.4.§ and Stokes’ theorem as above. O

Remark 3.2.2. Similarly, we can define a theta lift

) R / R oy F(2)Ouro(, 2)dp(2), if k is odd,
M(F,7) = o

RS;;T/ RY,, F(2)Okn(T, 2)du(z),  if k is even.
™ Jon :

This gives a weakly holomorphic modular form of weight 3/2 + k for p;, if k& > 0, see
[AIf14) [AIf15]. The case k = 0, i.e. the Kudla-Millson theta lift, was considered by
Bruinier and Funke in [BE06]. It yields a harmonic Maass form of weight 3/2 for p,
which maps to a linear combination of unary theta series of weight 1/2 under £3/5.

We now want to show that the regularized Millson theta lift " (F, ) defined above
agrees with AM(F,7) up to some constant. This connects our work with the work of

Alfes-Neumann [Alf15], and it will be useful when we compute the Fourier coefficients
of IM(F,T).
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3.2 Higher weight theta lifts via differential operators

Theorem 3.2.3. Let k € Z>o and F € H',,(T'). Then

k/2—1

M(F,7) = ( ()" TL =20k 25+ 1>)1AM<F, ),

J=0
if k is even, and

1 (k—1)/2 (k=1)/2 -1

[M(F,T):(—m< ) IT (:—2i+1 (k+2j)) AY(F,T),

7=0

iof k is odd.

Proof. The proof involves several applications of Stokes’ theorem. Using the growth es-
timates of the theta functions given in Proposition it is straightforward but tedious
to verify that all boundary integrals vanish in the limit. We omit these verifications to
simplify the exposition.

First let k£ be even. We consider the expression

I;(F,7) = lim L’fﬁ %JT/M R, F(2)Ona5(7, 2)y~ Vdpu(2)
T

T—o00

for 0 < j < k/2. By the same arguments as above, it converges to a harmonic function
of weight 1/2 — k for p;, which equals AM(F,7) for j = 0 and IM(F,7) for j = k/2. We
split off the innermost lowering operator in 7 and the two outermost raising operators
in z and apply (a variant of) Lemma twice to see that I;(F,7) equals

lim Ly57, /M REET2F(2) Loajoa L Lo 2y O (1, 2)y ™~ dpu(2).
T

T—o0

By Lemma [2.4.11| we have

T . -,
—(A_4j_4: — 85 — 6)Onr242(T, 2).

L_yjo.L_4j:L1/2-2j-Ono(T,2) = N

Using Lemma we now move the Laplace operator to R” QZ"; 2F in the integral over
M. Lemma |2 Shovvs that

A_yja R0 PF = —(k — 2j — 2)(k + 2j + 3)RE 7P,
so together we obtain after a short calculation
1) = =5 (k = 2))(k + 2j + DL (F.7).

The formula for even k£ now follows inductively.
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3 The Millson Theta Lift

For odd k we first split off the innermost lowering operator in 7 and the outermost
raising operator in z in AM(F,7) and apply Lemma to get

AM(F,7) = — lim L(kl_/;)f/ R’S;’ZF(z)LO,ZLg/Q,T@KM(T, 2)y2du(z).
Mt

T—00

By Lemma [2.4.11) we have

1 -
Lo:.Lsj2-Orm (T, 2) = _W(A_2’Z —2)On1(7, 2).

Moving the Laplace operator to R’S,ﬁF with Lemma and using that
A R, F=—(k—1)(k+2)R" F

we arrive at

1 . - _ _
A (F, 1) = —mk’(k’ +1) 711_{120 L(—k1/2£2 /M REQé,zF(Z)@MJ(T’ 2)y 2dp(2).
T

Similarly as in the even k case we consider

]j(F, 7') = lim L(_kl_/;)_/;]_ﬂ]_ /J\/I Rﬁg;;QjF(z)@M,Qj-kl(T, z)y—4j—2du(2)
T

T—o0

for 0 < j < (k—1)/2. Note that

1
——k(k+ DI, =AM and I,_y 0 =1IM.
2\/N( ) 1o (k—1)/2

As above we see that

I = —%(k — @2+ D))k + (25 + 1) + D).

The formula for odd k now follows inductively. O]

Remark 3.2.4. In [AIf15] the relation between the Millson lift and the Shintani lift
from Proposition [3.1.2] was proven for £ = 0 and under the hypothesis that the constant
coefficients a; (0) of F' vanish at all cusps. It was conjectured there that the relation from
Proposition holds for the lift AM(F,7) for all k > 0, but this seems to be difficult
to prove directly. Theorem [3.2.3| and Proposition show that it indeed holds.
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3.3 The Fourier expansion of the Millson lift

3.3 The Fourier expansion of the Millson lift

The Fourier expansions of the Millson lift involves traces of CM values and geodesic cycle
integrals of the input function, as well as the so-called complementary traces, which form
the principal part and are defined as follows. Let m € Q¢ and assume that |m|/N is a
square, i.e. m = —Nd? for some d € Q. Let F' € H',, (T'). For an isotropic line ¢ we let
a; (w) be the coefficients of the holomorphic part F," of F; = F|_gx0,. Let X € L_yg2 .
Recall that T'x is trivial and X gives rise to an infinite geodesic ¢(X). Choosing the
orientation of V' appropriately, we have

— 1 —27‘5
for some 7y, € Q. Note that the geodesic cx in D is given by
cx =0 {z € H:Re(z) =14}

Therefore we call Re(¢(X)) := 7y, the real part of ¢(X). We now define the complemen-
tary trace of F' by

trcF(—NdQ, h) _ Z Zae 47TUJ k 27riRe(c(X))w
XEML_ng2, ~w<O
k—i—l Z af 47rw k QWiRe(c(—X))w) )
w<0

Let L_yaepe = {X € L_na2p : £ = Ux}. Repeating the proof of [BEOG], Proposition
4.7, we see that the complementary trace can also be written as

5 (—=Nd® h) = Y w(=Nd>h) Y af (w)(drw)re ™ (3.3.1)
e\ Iso(V) we%—’;Z«)
+ (=DM YT w(=NE k) Y af (w)(drw)rem
e\ Iso(V) WE%ZQ)

where vy(—Nd?, h) equals 2deg if L g2 # 0, and 0 otherwise. Further r = Re(c¢(X))

for any X € L_ng2 50, and 7' = Re(c(X)) for any X € L_ng2 _py, if there exist such

elements X. In particular, this shows that tr$.(—Nd?, h) = 0 for all but finitely many d.
We are now ready to state the Fourier expansion of the Millson theta lift.
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3 The Millson Theta Lift

Theorem 3.3.1. Let k € Z>y and let F € H',,(T'). For k > 0 the h-th component of
IM(F, 1) is given by

mz>0 2\}% (47\T/\7ﬁ> (tr;’i%F(m’ B+ (-1 tr;f'i'sz(m’ h)a"

1 1 \" )
+ — ) tr%(—=Nd? h)g Ve
Yo (M)  (~N&. h)g

a>0

UK S 0) -9 (G4 k) + (1P + 1,1~ ki8]

+ -_ 7
2v/Nrk+! £eT\ Iso(V) L
N(L+h)#D
1 -
— Z Wtrg_%p(m, h)F (]_/2 + k?, 47T|m|’0) qm7
m<0
where

((s.p)= > (n+p)*

n>0
n+p#0

15 the Hurwitz zeta function, and ky € Q with 0 < ky < By is defined by O'Z_lhg = (8 ’Bl)
for some hy € £ (L +h).

For k = 0 the h-th component of IM(F, 1) is given by the same formula as above but
with the additional non-holomorphic terms

1 o
Z didv/TN Z (af (0) —af (0))T (1/2,4xNd*v) ¢ N

d>0 XeN\L_yy2

Note that the first three lines in Theorem are the holomorphic part of I™(F, 1),
whereas the fourth line and the additional terms (for £ = 0) are the non-holomorphic
part of I (F, 7). The alternative form of the complementary trace given in shows
that the principal part of I™(F,7) is finite. In particular, this completes the proof of

Theorem B.1.3|

Remark 3.3.2. The Hurwitz zeta function ((s, p) is holomorphic for Re(s) > 1 and has
a simple pole at s = 1 with residue 1 and constant term —(p), where 1(0) = —v (with
— M)

v the Euler-Mascheroni constant) and t(p) = T(y 18 the digamma function if p > 0.

Note that k; = 0 is equivalent to h € L. Thus for k£ = 0 we get
(Cls 41, ke/Be) = C(s + 1,1 —ke/B0)) | _,

= (1 —ke/Be) — Y(ke/Be) = {07 whel,

WCOt(Wkg/ﬂg), if h ¢ L.
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3.3 The Fourier expansion of the Millson lift

For k > 0 we can simply plug in s = k in the third line of the theorem. For k;, = 0 we
have ((k+1,0) = ((k+1,1) = ((k+ 1), and if k¢ # 0 then we could also write

(~1)s+!

C(k+1,ke/Be) = o

Yi(ke/Be)

with g (p) = %1&@) the polygamma function.

For the sake of completeness we also state the Fourier expansion of the Shintani lift
in our normalization.

Theorem 3.3.3. Let k € Z>g and G € Sary2(T). Then the h-th component of IS*(G, )
1S given by
™G, 1) = =V N Y tra(—m, h)q™.

m>0

Proof. Since £_y; . is surjective, we can choose some F' € Hfzk(F) with & g . F' = G.
The formula then follows from Theorem combined with Proposition and the
explicit action of & 2 - on the Fourier coefficients. Alternatively, the Fourier expansion

of I°"(G, T) can be computed using very similar, but much easier calculations as in the
proof of Theorem below. O

Remark 3.3.4. By the same arguments as in [BFI15], Lemma 8.2, we see that

=i > (gl (0)—af (0)== D e/ (0)b(Nd* h),

XEN\L_ 2, £eT\ Tso(V))

where by 1 (Nd?, h) denotes the (Nd?, h)-th Fourier coefficient of the theta series O (7).
Using this, we can now directly check on the Fourier expansion that I* (F, 7) is harmonic,
and that it is related to the Shintani lift as stated in Proposition [3.1.2]

3.3.1 Fourier coefficients of positive index

To compute the coefficients of positive index m > 0 we use the relation between I (F, )
and AM(F, 7). The computation of the Fourier coefficients of positive index is completely
due to Alfes-Neumann, and can be found in her thesis [AIf15]. We include the calculation
for even k for convenience of the reader. The case of odd k is similar. In the case that
k is even, the (m, h)-th coefficient of AM(F,T) is given by

Cm, hyv) = 172, /M Reye F(2) S (X, 7, 2)du(2),

XELm,h

where we abbreviated
V3, (X,T,2) = va(z)e’QmR(X’Z).
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3 The Millson Theta Lift

By the usual unfolding argument we obtain

1
C(ma ha U) - L’f;;ﬂ_ Z W /HREthF(Z)d}?W(X? T, Z)dﬂ(Z)

X€ML p

For X = (32 %},) € Ly, and m > 0 we have x3 # 0 and

N(wzz — 21)% + (X ?
—2mvR(X, z) = 2mv(X, X) — v ( (252 = 21)” + g(X) + \/ng,y) :
V N3y

which implies that ¢9,(X,7,2) is of square-exponential decay in all directions of H.
Hence the above integral exists, and the unfolding is justified.

We split Ly, , = L;’h UL, and replace X by —X in the sum corresponding to L, ;.

m,h>
which replaces h by —h and gives a minus sign since 3,(X, 7, 2) is an odd function of

X. Hence it suffices to compute the integral over H above for fixed X € L:rn,h. Following
Katok and Sarnak [KS93|] we rewrite it as an integral over SLy(R),

/ R F (2003 (X, 7, 2)dp(2) = / e P (X7 i,
H SLo(R

where we normalize the Haar measure such that the maximal compact subgroup SO(2)
has volume 1. Since X € L;[hh, there is a g1 € SLy(R) such that

97X = \/% ([1) _01> = —V2mX, (3).

Then g7 is the Heegner point corresponding to zx, and replacing g by ¢g,g we obtain

/ R F(gi)0 (X, 7. gi)dg = /
SLa2(R)

Ry Flg190)08 (—V2mX, (), 7, 97) dg.
SLa(R)

Using the Cartan decomposition of KATK of SLy(R), where K = SO(2) and A" is set
of matrices a(t) = (¢ °,) with ¢t > 0 (see [Lan75], Chapter 7.2), we find

0 et

/ RﬁQk,zF(glgl)w% <_\/%X1(i)77-7 gl) dg
SLa(R)
— 47 /K /0 /K Ry Fgikaa(t)hai)e, (—\/%Xl(i),T, kla(t)kgi) sinh(2t) dk, dt dks
— 4r / ( / R’i%ZF(glkla(t)i)dkl) W2, (-Mxl(i),T,a(t)i) sinh(2t) dt,
1 K

where we used that kyi = i and k;'X;(i) = X1(i), and the integral over ky equals 1.
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3.3 The Fourier expansion of the Millson lift

The function
H(g) = / R o F(g1kgi)dk
K

on G is left and right K-invariant and has the same eigenvalue A = —k(k + 1) under
the invariant Laplace operator as R, F(z). Thus H(g) is a spherical function of
eigenvalue A (compare [Lan75], Chapter 4.3). By the uniqueness theorem for spherical
functions (see [Lan75], Theorem 10 (ii) in Chapter 10.3) it can be written as H (1) times
the standard spherical function of eigenvalue A, which in this case means that

H(g) = H(e)Py(cosh(2t)),

where e € G is the identity matrix, g = kja(t)ks and P is the usual Legendre polynomial.
Note that

Hie) = / RYyy, .F(giki)dk = Ry F(g11) = REy, . F(2x).
K
Summarizing, we obtain
| R Pt (—VEmxi(i). i) dg
SLo(R)
= 87T\/EURk2k7ZF(Zx)/ cosh(2t) sinh(2¢) Py (cosh(2t ) e~ 4mmvsink®(21) gy
0

= QW\/EURZ,MF(ZX)/ Py <\/1 + t> e AT oy

0

where we replaced x = sinh?(2t) in the last step. The latter integral is a Laplace
transform, which is computed in equation (7) on page 180 in [EMOT54], so the last line
equals

mmuREy,  F(2x) (drmo) ™ Wi s o1 ja(drmu)e®™™

2mmu

1
= mRﬁzk,zF (2x )Way243/41 2 (dmmu)e™™,

where Wi, (y) = y~"*Wy a5-1/2(y) is the W-Whittaker function. Using (13.1.33) and
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3 The Millson Theta Lift

(13.4.23) in [AS84] it is easy to show that

L’f?; <W§+%% (47va)e(mu))

LA e Nk
B (m) 11 (T “) (j } 5) We g g-n(dmmoe(mu)

J=0

k/2—1
) () (-8)
— - —‘l‘] j—= emmT‘
(47rm o 2 2

Taking everything together, we finally obtain that C'(m, h,v) equals

1 LN et N[k
2y/m (47rm) H( 2 H) (]_5) (tr;’i%F(m’h)_tr;’i%F(m’_h)>‘

Jj=0

Note that
tr;,i%F(m, —h) = tr]_%,iZkF(m, h).

Combining this with Theorem [3.2.3| we obtain the formula for the coefficients of positive
index.

3.3.2 Fourier coefficients of negative index

The computation of the Fourier coefficients of negative index was conducted in joint
work with Alfes-Neumann.
For m < 0 the (m, h)-th coefficient of I™(F, 1) is given by

Clm,hyo)= > lim [ F(z) > ¢i,0X,72)y " du(2),

Yer T—o00 My
€M Ly 1, YELX\T

where
w?\/l,k<X7 T, Z) = Uk+1pX(Z)Q’)ﬂ((z)eiwwR(X’z).
We compute the individual summands for fixed X € L,, .

The computation follows similar arguments as in the proof of Theorem 4.5 in [BF0G].
First, a short calculation using the rules shows that the function

VN(2N)*

(—2m)k+1”

oF
U(X, T, Z) _ CkUk+1Q;{k_1(Z)— (,U—le—Qﬂ'vR(X,z)) : Ck _

o (3.3.2)

satisfies
£2k+2,27](X7 T, Z) = wg/[,k(*xﬂ T, z)'
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3.3 The Fourier expansion of the Millson lift

Writing e~ 2™H(X:2) — ¢ f;:R( X.2) e V'dt and differentiating k& times under the integral, we
can also rewrite 7 as

n(X,7,2) = (—DFCLQY ()T (k + 1,2mvR(X, 2)). (3.3.3)

Using Stokes’ theorem in the form given in Lemma [2.3.7, we obtain

Jim [ F(2) Y i (01X T )y d(z) (3:34)
Mz ~vel x\I'
——im [ CaiFG Y nXr g () (335)
Mr YEDX\T
—zlglgo F(z) Z n(vX, T, z)dz. (3.3.6)
OMr yElx\I'

Since £_of . F is a cusp form, we can write the limit of the first integral on the right-hand
side as an integral over M.

The integral over M

We first compute the complex conjugate of the integral over M on the right-hand side.
Since Q(X) = m < 0 we can find some matrix g € SLy(R) such that

b iy M1 0
X =g X= N(O _1>.

Replacing z by gz and using the unfolding argument, we find

/ Ean:F(2) Y n(yX, 7 2)y* P dp(z) = / E a2 Fy(2)n(X7, 7, 2)y* 2 dp(2),
M T

yel' x\I' x/\H

where F; = F|_o49.

If |m|/N is not a square then I'x is infinite cyclic and

_ e 0"
FX/:glFXg:{j:(O 5_1) ITLGZ}

for some e > 1. On the other hand, if |m|/N is a square then Ty is trivial, so T'x,\H = H.
Here we only explain the non-square case since the other case is very similar. As a
fundamental domain for I'x,\H we can take the horizontal strip {z € H : 1 < y < &2}.
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3 The Millson Theta Lift

Using the explicit formula

I % —k—1 12
n(X',7,2) = (—1)*C, (—2 \m|NZ> T <k+ 1, 4z |mlv (? + 1)) . (3.3.7)

and replacmg by t in the integral over x, we find that the complex conjugate of -
equals

(—1 k“C’ Tl Bl . [ (k+1,4x|m|v (t* + 1))
e kﬂ/ / (t + )Ry B (y(t +1))dy i

The inner integral is the contour integral of the holomorphic function z¥¢_ o , F,(2) along
the line y(t + i),y € (1,%). Using & ox . F,(22) = e72k72 o1, . F,(2) it is easily seen by
Cauchy’s theorem that the inner integral does in fact not depend on ¢. Thus the double
integral simplifies to

k“C’vk“k+1 T (k+1,47|m|v (£ + 1
( |N k+1 (t2 + 1)k+1

Plugging in the definition of the incomplete Gamma function, interchanging the order
of integration and using [ e’ dt = /7, we compute

/OO [ (k+1,47|mlv (1?2 + 1))

@ A= VT2 4k drfmly).

If we put everything together and recall the definition of the cycle integral C(£_qy . F, X),
we see that (3.3.5)) equals

1

_Wc(f—%,zﬂ X)T(1/2 + k, 47|m|v).

The boundary integral
We now consider the limit of the boundary integral in |(3.3.6)} By the definition of the

truncated curve My we find

ag—HT
_/ F(z) Z n(yX, 1, 2)dz = Z / 77<0£—1,ij7’Z)dz7
dMy

~elx\I Lem\ Iso(V) ¥ #= WEFX\F

where F;, = F|_g,00. As in the proof of Lemma 5.2 in [BF06] we see that for each
isotropic line ¢ the integral vanishes in the limit unless X is orthogonal to ¢ and v € 'y,
which can only happen if |m|/N is a square and ¢ = ¢x or £ = {_x. In particular, if
|m|/N is not a square, then the whole boundary integral vanishes. On the other hand,
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3.3 The Fourier expansion of the Millson lift

if |m|/N is a square, we obtain

Ong+iT
—/ F(2) Z n(fyX,T,z)dz:/ Fo (2) Z n(o, v X, 7,2)dz,  (3.3.8)
OMr  err =T =
ay_+iT
o R RCD SRS
z=1T

WEFLX

We only compute the first integral on the right-hand side since the second one can be
computed in the same way if we first replace X by —X, which gives a factor (—1)**!.

Let ¢ = (x for brevity. Choosing the orientation of V' appropriately, we can assume

that
;1w [Im| 1 =2r,
X = oyt X =y (0 it

for some r, € Q. Then the first summand in |(3.3.8)[ equals

ap+iT
/ Fy(2) Z n(vX', T, 2)dz.

=T 1=
! Y€, 1Fz0‘g

Recall that o, T 0, consists of the matrices ((1) a{”) with n € Z. Using the definition of

n, we see that the first summand in equals

[ oz (VG o) -s)

nez
- v
(—2+/|m|N)k+1 Qvk
ayp+iT A
X / Fi(z) E (2 + apn — T€>_k_16_4ﬂ‘m‘vi’72gdz,
z

=T nez

—1_—4n|m|v

For a function g(t) on R we let g(w) = [ g(t)e*™™dt be its Fourier transform. Using
Poisson summation we can rewrite the inner sum as

Z(z + ayn — rg)_k_le_47r|m|v

ne”L

1 i _dn|mlv s i
_ = Z e—27r7,w(1‘—rg) / (t + Z'y)—k—l6 4m|m/| ") 627mwtdt,
Qy

oo
1 —0oQ
wea—ZZ

(:c+o¢gn—re)2
y2

where we replaced t = (z + ayn — ry). The required Fourier transform is computed in
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3 The Millson Theta Lift

the next lemma. We let a = 2¢/m|m|v/y and b = y for brevity.

Lemma 3.3.5. For a,b# 0 and k € Z,k > 0, the Fourier transform of

t2

hi(t) = (t +ib)F e

s given by

R LS k A A
hi(w) = L et b ( erfc(ab + mw/a) Z (k) (2mw)* 9 (—ia)? H;(iab)
J

<

=0
j—1

<

n e—(ab+ww/a)2% z: (f) (27w)* I (—a)! (‘;) i* Hy(iab)H; 41 (ab + 7Tw/a)> ;

where

£=0

2 < e
erfc(r) = — e “du
7

15 the standard complementary error function and
dn
Hy(z) = (—1)"e" —e

dx™

15 the n-th Hermite polynomial.

Proof. Since
k

&
(t +ib) e = L (abk(t—wb) ) e

the formula for /f;k follows from the one for ho and Leibniz’s rule. Thus it suffices to
prove that the Fourier transform of

_a22
. 1 —aQtQ . 3 (&
is given by R
ho(w) = —ime®? 2™ erfc(ab + mw/a).

—a?t?

Using the well known facts that the Fourier transforms of e and ﬁ are given

by = VT o—mw?/a® and 7 e~2mvl respectively, and that the Fourier transform of a product
of two functions is the convolution of the individual transforms, we see that the Fourier
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3.3 The Fourier expansion of the Millson lift

2
transform of f(t) = %3z is given by

R 71.3/2 oo )
- —72x2/a? —27rb|w—:v|d
Foy =" [ e :
_ 7T3/2 627rbw /OO —m2x2/a? —27rbxdx + 3/2 —27rbw /OO —m2z2/a? _Zﬂ—bxdl‘
ab w ab Cw
- 2%6“21’2 (e*™ erfe(ab + mw/a) + e *™ erfe(ab — mw/a)) .
Since the Fourier transform of ¢f(t) is given by —5--L f(w), we obtain
(t/f)(w) = —%e“sz (e erfc(ab + mw/a) — e *™ erfe(ab — mw/a)) .
Using EO = (t/f\) — z'bf we get the stated formula. O

Let a) (w) and a, (w) denote the Fourier coefficients of Fy. Using the above lemma
with a = 24/7|m|v/y and b = y, we find that the right-hand side of [(3.3.8)| is equal to

—Cpoftlihtlie ok

(—=2/|m|N)k+1E! Ov*

-1 1 + — 2mirgw
v Th_r}rolo Z (a; (w) + a, (w)I'(1 + 2k, 47|w|T))e

wea%Z

x (erfc <2\/W+Tﬁw/(2 \myv))
> (%) erur (coiv/Fmir) m, (2vl)

=0

Jre_(2\/7TITlv+zx/%w/(2\/m)f%i (j) (2mw)* ( Zm/T)

7j—1

:0<)ng< m) J“(Q\/WJrTx/_w/Q \myv)))

.

¢

Note that erfe(z) = O(e ") as £ — +oo and lim, ,_ erfc(z) = 2. Further, the
incomplete Gamma function is of linear exponential decay.

For k = 0 the last three lines disappear (i.e., they have to replaced by 1), and the
summands for w > 0 vanish as T" — oco. Thus all that remains in the limit is

¢ + 2mirpw i +
——— ) a/(w)e™ — a, (0) erfe(2+/m|m|v),
2¢/|ml wz<0 4y/|ml|

in this case. Note that /m erfc(24/7|m|v) = (3,47 |m|v).
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3 The Millson Theta Lift

For £ > 0 all summands for w > 0 vanish in the limit. Further, the summands for
1 < 5 < k in the third row, and the two last rows vanish as T" — oco. Thus we are left
with
(—i)k+

4 k27‘rzrgw
v () S

if k> 0. Here we used v*+! 2 p~1 = (—1)Fk!.

3.3.3 Fourier coefficients of index 0

These coefficients were also computed jointly with Alfes-Neumann. We now want to
compute

C(0.h,v) = Tim [ F(2) (X7, 2)y " du(z),

—00
Mr X€Lop

where

Lop ={X € L+h:Q(X)=0}.

Note that the sum over X is now infinite. Further, we have ¢g47,€(0, 7,2z) = 0 so we can
leave out the summand for X = 0. The computation for Q(X) = 0 is quite similar to
the one for Q(X) < 0 above, so we skip some arguments. Using the function n(X, 7, 2)
defined in and Stokes’ theorem we get

C(0, h,v) = —hm/ ConoF(2) > (X, 7,2y Pdu(z)

T—o0 XGLO .
X0
— lim F(2) Z n(X, T, z)dz.
T—00 8MT XeLO .
X#£0

Since &_g, . F' is a cusp form, we can write the first integral on the right-hand side as an
integral over M.

For each isotropic line ¢ € Iso(V') we choose a positively oriented primitive vector
XeelnL Ifén(L+h)# 0 we can fix some vector hy € £ N (L + h) and write
(N (L+ h)=7ZXy+ he. Note that a[l(nXg + hy) = (8 ”ngf) for some k, € Q.

We now parametrize the set Lo \ {0} by the points n.X, + hy, where ¢ runs through
all isotropic lines with £ N (L 4+ h) # () and n runs through Z such that nS, + k, # 0.
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3.3 The Fourier expansion of the Millson lift

The integral over M
Using the above parametrization for Lgj \ {0} the integral over M in C(0, h,v) becomes

- Z / EonF(2) ok F Z Z V(X + he), T, 2)y** 2 du(2).

Lel\ Iso(V/ neZ ~ely\l
Zﬂ(L—l—h) nBe+ke#0

Replacing z by o,z and using the unfolding argument, we get

0 +k dx d
- / / o Fu(2) ok, - o (2 Z n ((0 "660 e) ' Ts 2) y2k+27y
nez

LeT\ Iso(V
2N(L+h)# nBe+keF#0

where Iy = F|_o,0y. Explicitly, we have

0 nﬁg + k/’g k —k— ak — 77TQ)NM
7]((0 0 ) ,T,Z) =Civ +1(—N(nﬁg+k5)) 1@ vle y ,
(3.3.9)

which is independent of x. Therefore the integral over x picks out the constant coefficient
of & oy . Fy, which is 0 since {_g;, .7 is a cusp form. Thus the integral over M vanishes.
The boundary integral

Plugging in the definition of the truncated curve [(2.2.1)| the boundary integral is given
by

Tlgl;lo Z Z /%/HT Fu(z Z Z (O’Z/I’YO'[ (8 nﬁgo—i- ke) , T, z) dz.

e\ Iso(V) ¢/el’\ Iso(V) neZ ~€elp\l
m(LJrh);éw nBe+ke#0

It can be seen as in the proof of Lemma 5.2 in [BF06] that in the limit only the contri-
butions for ¢ = ¢ and v € I'y remain, so we get

ag—HT
. 0 npBe+ ke
dm, 2 = (o ")) e

Lem\ Iso(V) ¥ #=
(N (L+h) ;A@ nBe+ke7#0

Using the explicit form of n and carrying out the integral this becomes

CpoFtt ok , . (n5gho)?
(—N)k+1 ook’ ' Z aea/ (0) Tlggo Z (nBe + ke)F ! N
LeT\ Iso(V

) neL
eN(L+h)#0 nBe+ke#0
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3 The Millson Theta Lift

If k¢/By € Z, we can shift the summation index by k,/5, and see that the terms with n
and —n cancel if k is even and add up if k is odd, so in this case the limit of the sum
over n is 0 if k is even or 263, " *¢(k + 1) if k is odd. On the other hand, k;/f3; € Z is
only possible if h, is an integral multiple of X, and hence in L, i.e. this only happens for
h =0mod L.

Now let h # Omod L and thus k;/B; ¢ Z. For k > 0 we can interchange the sum
and the limit by the dominated convergence theorem. Splitting the sum into n > 0 and
n < 0 and replacing n by 1 — n in the second part, we obtain

N (nBp+ky)?
TE

lim > (nfy + ke) F e ™
= B (k4 1, ke/Be) + (=1 C(k + 1,1 — ke /Br))

where ((s,p) = >, 5o(n + p)~° denotes the Hurwitz zeta function. For k = 0 we first
reorder the sum as

52
("BZ‘H%)
E /‘ —k— 1 —mNv—-55— -1 _— N—
(nﬁé+kﬁ) wNv T2 _kz e )

neL

. M N EnBetED?
+BZIZ(<”+/%/54)1 NS G (mn /B e N )

n>0

Now using dominated convergence again, this goes to

Bt (Z ((n+ke/Bo) ™+ (=0 +ke/B0) ™) + (ke/ﬁz)l> = B, ' cot(mke/Br)

n>0

B gk (—1)Fk

as T — oo. Note that %%kv = v Lhis completes the calculation of

C(0, h,v), and of the Fourier expansion of the Millson lift.

3.4 The twisted Millson theta lift

Using the twisted theta functions from Section we construct twisted analogs of
the lifts considered above. Throughout this section, we let I' = T'y(N) and we let L be
the special lattice from Section corresponding to ['g(N). Further, we let A be a
fundamental discriminant. Recall from Section 2.4.4] that L(®) denotes be the lattice AL
with the quadratic form Qa(X) = ﬁQ(X ). Tts discriminant group is L'/L"™). We let
I'®) be the subgroup of I which acts on L*) and fixes the classes of L'/L®). Further,
recall that pr denotes pr if A > 0 and pj if A < 0. Throughout, a superscript (A)

indicates that the corresponding quantity or object is taken with respect to L(®) and
&),
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3.4 The twisted Millson theta lift

For a harmonic weak Maass form F' € H™, (I((N)) we define the twisted Millson
theta lift by

I%T(F, 7) = lim F(2)Oumpnar(T, z)y*%d,u(z),

T—o00 My

where

Onkan(T, 2) = Z <¢Ar ¢h), ( )>€h

heL'/L

denotes the (A, r)-th twisted Millson theta function, compare Section[2.4.4f Analogously
we obtain the twisted Shintani lift [ i’fr(F ,7). The twisted theta lifts have the same
mapping properties as their untwisted versions (see Theorem , with pp replaced
by pr. Further, we obtain the following generalization of Proposition |3.1.2]

Proposition 3.4.1. For F € H{ (T') we have

VA g, 1 3
§1/2,T(IKT(F’ 7—)) = — [ (50 z ) EKQZ(O)@Z,LA,T (T),
2VN 2N e\ Iso(V)

and for k € Zso and F € H*,, (T) we have

&1jakr (N (F, 7)) = ;/\‘/g[*% (§onF, 7).

Proof. Let us assume k = 0 for simplicity. Following the approach of [AE13] we write

1
IN(F,r) = T3] Z <¢A7r(eh),]M (£, TyL(A),F(A))> en, (3.4.1)
hel'/L

where

M (F,r, L® . T®) = lim

F(2)05)(7, 2)dpu(2)

is the untwisted Millson theta lift for the lattice L®) and M;A) is the truncated version
of the curve M®) = )\ H. By Proposition we have

e (1M (Fy 7, LW, T@))

/TA A +me@)
| |ISh (fo,zF7 7, L®), [‘(A)) 4+ u E €§A)aj(0)@1(ZAl) (7)-
9 2N 7

VN LT\ Tso(V)

Now a short calculation, using
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3 The Millson Theta Lift

the decomposition |(3.4.1)| and the analogous decomposition for I3".(&,.F,7), yields the
result. O

This relation gives an interesting criterion for the non-vanishing of the twisted L-
function of a newform at the critical point. The corresponding result for square free N
and odd k was proven in the thesis [Alf15].

Theorem 3.4.2. Let F' € H*,, ('), with vanishing constant terms at all cusps if k = 0,
such that G = & _op F' € Sop12(I') is a normalized newform. For A < 0 with (A, N) =1
the lift IN'.(F,7) is weakly holomorphic if and only if L(G,xa,k+ 1) = 0.

Proof. By the last proposition, I KT(F ,7) is weakly holomorphic if and only if the Shin-
tani lift 73" (G, 7) vanishes. Since G is a normalized newform, Corollary 2 in Section II.4.
of |[GKZ8T] shows that the square of the absolute value of the D-th coefficient (D < 0
with (D, N) = 1 a fundamental discriminant) of 13" (G,7) (viewed as a Jacobi form) is
up to non-zero factors given by L(G, xa,k + 1)L(G, xp,k +1). If L(G,xa,k+1) =0,
then all fundamental coefficients of I3". (G, 7) vanish, which implies I3" (G, 7) = 0. Con-
versely, the vanishing of the Shintani lift in particular means the vanishing of its A-th

coefficient, i.e. L(G, xa, k + 1)*> = 0. This completes the proof. n

To describe the Fourier coefficients of the twisted Millson lift we introduce twisted
traces of CM values and cycle integrals.

For h € L'/L and m € Q- with m = sgn(A)Q(h) (Z) we define the twisted trace of
a [-invariant function F' by

X
trha, (mh) = Y Xal >F<ZX),
Pt} ‘FX‘
XGF\LFLA‘th

and try 5 .(m, h) accordingly.
For h € L'/L and m € Q¢ with m = sgn(A)Q(h) (Z) we define the twisted trace of
a cusp form G € Soi12(T") by

trparmh) = > xa(X)C(G,X),

XEF\L\A\m,Th

with the cycle integral C(G, X) defined in Section [3.3]
Finally, for m = —N|A|d? < 0 with d € Qs we define the twisted complementary
trace by

tha VAR = 5 @) X aw)amerem e
XEM\L_ya1242,0n weQ<o
+(_1)k+1 Z ajX(w)(47rw)k62”Re(C(_X))w).
weQ<o
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3.4 The twisted Millson theta lift

Theorem 3.4.3. Let k € Z>o and let F € H*,, (T'). For k > 0 the h-th component of
IN(F,T) is given by

k
1 VN
trt m,h) + (=) m,h))qg™
mZ;OQ\/m (47T\/|A’m> ( RliszvAﬂ"( ) ( ) R’j%F,Am( ))(]

1 ( 1 )k 2 —N|A|d?
+ ; : t5a, (—NAd, h)g M4
;2@\/N|A|d Ami|Ald
—1)kk!
L VIAID

X0 k1
SN 2 %O g

e\ Iso(V) ¢
LO(LA4-rh)#0
xa(n) k+1 Xa(n)
(X el o) =1
n>0 n>0 s=k
n=my(dyp) n=-my(dy)
1

B Z 2(4ﬂ-|m|)k+1/2|A|k/2tr£72kF,A,T(ma )L (1/2 + k, 47c|m|v) ¢,
m<0

where my, dy € Z>o are defined by (my,dy) =1 and k¢/Be = my/dy.

For k =0 the h-th component of ]%T(F, T) is given by the same formula as above but
with the additional non-holomorphic terms

1 .
E _— § % (X') 1+X (0) a+_X (0) I 1/27 4 N|A]d2v q—N\A\d .
>0 42\/7TN|A|d er\ ( ¢ L ) ( i’ )

LfN\A\dQ,Th

Proof. As in the proof of Proposition [3.4.1| we write

m Z <1/)A’T(eh)’]M (£, L(A)7F(A))> Ch-

hel! /L

fg{T(F, T) =

We see that the coefficients of the twisted lift can be obtained from the coefficients of
the untwisted lift. The twisting of the coefficients of positive and negative index is quite
straightforward and can be done as in the proof of Theorem 5.5. in [AE13].

We sketch the twisting of the constant coefficient. For h € L'/L with Q(h) = 0(Z)
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3 The Millson Theta Lift

the (0, h)—th coefficient of I} .(F, ) is given by

VIO 1
e o] 2 vl

ser’ /L&)
w(8)=rh
Qa(8)=0(2)

(A)

) aj(O)%(( 75 (1 (5,1 = KB ) |

LeT A\ Tso(V) (55
N (AL+6)#0

It is easy to see that BEA) = |A|B, and aéA) = [y : (T™)g)ay, but k:éA) is a bit more
complicated:

Let X, € £N L be a positively oriented primitive generator of £. If £ N (AL + ) # ()
with 7(0) = rh then also ¢ N (L 4+ rh) # (. For a fixed isotropic line ¢, a system
of representatives for the elements § € L'/L®) with 7(§) = rh,Qa(6) = 0(Z) and
(N (AL + ) # 0 is given by the vectors nX, + (rh), with n running modulo |A| and
some (rh), € ¢ N (L + rh). In particular, we have kéA)/ﬁ,gA) = n/|A| + my/|Ald,.
Using the assumption that A is a fundamental discriminant it is not hard to show that
(A,dg) = 1, xa(de) = 1, and xa(nX; + (rh)s) = xa(ndy + my). Putting everything
together, we obtain the twisted constant coefficient. O]

In the same way, we obtain the Fourier expansion of the (A, r)-th Shintani lift:

Theorem 3.4.4. Let k € Zsg and G € Syio(T). Then the h-th component of I3.(G,7)
15 given by

[Sh(G 7') \/\/‘%Z’AM/QU'GAT( mh)

Remark 3.4.5. Let N = 1. In this case the twisted Millson theta function vanishes
identically if (—1)*A > 0, which easily follows from replacing X by —X in the sum.
On the other hand, by Theorem [2.3.15 for (—1)*A < 0 the map fo(7)eo + f1(7)es
fo(47) 4+ f1(47) defines an isomorphism of H1/2 k5, With the subspace of H1/2 L(To(4))
of scalar valued harmonic weak Maass forms satlsfymg the Kohnen plus space condition.
Using this identification we can derive the results stated in the introduction from the
theorems in this section. Since A = r%(4), the value of r mod 2 is already determined
by A, so we can drop it from the notation. The formula for the coefficients of positive

index of I} follows from trr, FA(d) = sgn(A) tr%%FA(d), and the formula for the

principal part is obtained by rewrltlng the twisted complementary trace as described in
[AE13] Proposition 5.7.].

Finally, we compute a nicer closed formula for the twisted lift of the constant function
1 by taking the residue at s = 0 of the lift of a non-holomorphic Eisenstein series £y(z, ).
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3.4 The twisted Millson theta lift

The method used here appeared in many places in the literature, for example in [BF0G,
Section 7.1}, [AE13, Section 6.1], and [AIf15 Section 4.2], and it can also be applied to
compute the lift of non-holomorphic Maass Poincaré series.

The Eisenstein series £y(z, s) is given by

Eo(z5) = 5C°(25) Y0 (m(32),

€L \To(NV)

where (*(s) = 7%/ (£) ((s) denotes the completed Riemann Zeta function. Here,

I'w = (§%). The Eisenstein series &(z, s) converges for Re(s) > 1 and has a meromor-

phic continuation to C with a simple pole at s = 1 with residue 7/(6vol(I'o(NV)\H)).
Moreover, we define the following vector valued Eisenstein series of weight 1/2,

1 s
gl/zvﬁK (T7 S) = 5 Z (v2e0)|1/27ﬁK7'

7€l o0\ Mpy(2)

Here, K is the sublattice Z (} %) of L and T, is the subgroup of Mpy(Z) generated
by T = ((§1),1). Its dual lattice is K’ = 55K. Since K'/K = L'/L we can view
E1)2.5x (T, 5) as a modular form for pr. For A >0, i.e. px = pg, we replace v by Zv in
the sum, where Z = (—1,4) € Mp,(Z), and use that eg|1/2,,Z = —¢o, to see that the
Eisenstein series vanishes identically in this case.

For A < 0let xa(n) = (%) and let

o\ /2
Alxass) (W) F((s +1)/2) 3 sy

be the completed Dirichlet L-series associated with ya.

Theorem 3.4.6. For Re(s) > 1 we have I} (&(z,5),7) =0 if A >0, and

1Y (o2, 8),7) = ——(*(28)N

N

NI

7%‘/\ (XAv 5) 51/270} (7—7 5)7

if A < 0.

Proof. The proof follows the one in [BF06, Theorem 7.1, Corollary 7.2] and [AEI13],
Theorem 6.1]. Using the standard unfolding trick we obtain

1 (Ey(28),7) = C*(25) / Ot (r, 2)y du(2).

Too\H

We identify K'/K = Z/2NZ with quadratic form Q(b) = —b*/4N modZ. Then by
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[Hov12, Satz 2.22] this equals

e N|€A|z 2 (%) 2

’YEFOO\Mpz
1 /°° 5 ( Nrn?y ) /
75 Yy exp
L”Q =0 |Alv .

where e = 1if A > 0 and ¢ = ¢ if A < 0. Note that, compared to the formula in [Hov12],
we get an additional factor |A|7*/2 due to our different normalization of p,(X) in the
twisted case. The integral over x equals ¢y and the one over y equals

Y
1/2,5k

— |A|b°7 /AN + bnz) erbdx}

0 pez

1 S 1 s 1 s 1
—— T (242)(|Alv)ita(Na) 2 zn 5L,
st (5 3) daliionn

Thus, we have

Z (Ugeo)|1/2,ﬁK’7

’Yef‘w\ Mp,(Z)

X
3
g
Y
3|
N————"
3
-
N——
NN

For A > 0 the Eisenstein series vanishes identically, and for A < 0 we plug in € =7 and
find

1

2V/14]

This completes the proof. n

I%’T(c‘fo(z, $),T) = C*(25)N%’%A (xa,5) E1/25, (T, 5).

We now take residues at s = 1 in Theorem to compute the lift of the constant
function.

Lemma 3.4.7. The residue of €19 px (7,5) at s =1 is given by

2
W Z \/—640( T) € M s, ol

LeTo(N)\Iso(V

Proof. Repeating the arguments in [BFI15, Section 5.5.1] for higher level N, we see that
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s

the residue of Nz~ 51224(%51/2 pi(7,5) at s = 1 is given by

Bg(l)&?g
Lelo(N)\Iso(V) \/N

66,0(7_)7

where By(s) is the function appearing in the constant coefficient Ag(s)y* + Bu(s Yyt

of the Fourier expansion of 4*234%50(7' s) at the cusp £. Let us write Ay(s)y® +

By(s)y'—* for the constant coefficient of & (7,s) at the cusp £. Using the well known
fact that By(s) has residue 7/(6vol(I'o(N)\H)) at s = 1, independently of ¢, and the

expansion W@(;kl) =2(s — 1)+ O((s — 1)?), we obtain

T
By(1
ell) = 3vol(To(N)\H)
Finally, using (%) |s=1 = 2, we get the stated formula. O

Proposition 3.4.8. For A > 0 we have I} .(1,7) =0, and for A <0 we have

A(XA7 1)
Ig/[,r(]vT) Z 54@@0(7’).
\Z N|A LeTo(N)\ Iso(V)

In both cases we have IN' (1,7) € Myjs 5, .

3.5 Extensions of the Millson and the Shintani theta lift

The Millson and the Shintani theta lifts can be generalized to the full spaces of harmonic
Maass forms H_9,(I') and Hopyo(I"), respectively. Since the necessary computations
become even more technical, we only sketch the arguments. Further, for simplicity we
restrict to the space H,, (') consisting of harmonic Maass forms whose coefficients
a, (0) in the non-holomorphic parts of the input at all cusps vanish. The extension of

the Shintani lift to harmonic Maass forms will be the topic of upcoming joint work with
Alfes-Neumann [ANS17].

Concerning the regularization, the proof of Proposition still goes through, so the
Millson lift of ' € H®,, (') converges to a harmonic function transforming like a modular
form of weight 1/2 — k for py. Similarly, the Shintani lift of a harmonic Maass forms
G € HY,.,(T') can be regularized as in [BEI15], Definition 5.6, and yields a harmonic
function transforming of weight 3/2+k for pj. The relation between the Millson and the
Shintani theta lift given in Proposition MStill holds for F' € H,, (T'), which can be
seen by exactly the same proof as for ' € H™,, (I'). Additionally, we have the ‘converse’

87
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relation

VN
53/2+k,r-75h(G, 7') = —TIM(§2k+2,zG, 7')~

In particular, this means that the Shintani lift of a harmonic Maass form G € Hy, (I
produces a §3/54-preimage of the Millson lift of §ox42G. For example, for N = 1 and
k = 0 one can use it to construct {3/-preimages of the weakly holomorphic modular
forms f; = ¢4+ 0(q) € Mi’/J;(FO(Zl)) by applying twisted Shintani lifts to a {-preimage
of J =j — T44.

The computation of the Fourier expansion of IM(F,7) for F € H,, (T') can be done
in a similar way as before, but we have to be careful with the main integral in the
computation of the coefficients of negative index since & o F' need no longer be a cusp
form. However, it might be better to adapt the more conceptual method of [BFT15],
which in our case relies on the existence of a Ag-preimage of the Millson Schwartz
function and Stokes’ theorem, as we now briefly explain. Using the rules , a short
calculation shows that for Qx(z) # 0 the function

7. 2) = = SO [ et et (G 72)

satisfies
X = —Nk+1/2 I'(k+1,2m0R(X, 2))
E ok (X, T, 2) , 21 , 2
2k QR (2)
and

A—2k,z/~L(X7 T, Z) - ¢9M<X7 T, Z)

Note that &g .p(X, T, 2) equals —n(X, 7, 2), which is the function used for the calcula-
tion of the Fourier coefficients of the Millson lift of negative index. In the computation
of the Fourier coefficients, we can now essentially just shift A, to F' in the theta integral
by Stokes’ theorem (see Lemma , leaving us with two boundary integrals. They
are still difficult to compute, but can be handled in a similar way as in [BFIL5], Sec-
tion 8. However, u(X, 7, z) has a jump singularity along the geodesic cx if Q(X) < 0,
and & o ,u(X, 7, 2) has a pole of order k£ + 1 at the CM point zx if Q(X) > 0, so in
order to apply Stokes’ theorem we first have to cut out small neighbourhoods around
these singularities from the truncated curve Mp. Thus we obtain additional integrals
along the boundaries of these neighbourhoods, which yield the traces of CM values and
(regularized) cycle integrals appearing in the Fourier expansion of the lift. For the Shin-
tani lift, one can find a similar Aj-preimage which makes it possible to generalize the
lift to the full space Hogi2(I'), and which will be discussed in [ANSIT].

The twisting of these extended lifts proceeds in the same way as before. We obtain
the following extension of (the twisted versions of) Proposition and Theorem [3.1.3|
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3.6 Cycle integrals

Theorem 3.5.1. Let k € Z>.
1. The Millson theta lift IY', maps H®y (T) to Hyja_y 5, -

2. The Shintani theta lift I3" maps HY  o(T) to Hyjop s -

3. The relation between the Millson and the Shintani theta lift in Proposition |3.4. 1
also holds for F € H°,, (T).

3.6 Cycle integrals

We have seen above that the Fourier coefficients of negative index of the non-holomorphic
part of the Millson lift of a harmonic Maass form F € H*,, (T') are given by traces of
cycle integrals of £_o, F'. By Theorem the Millson lift 1™ (F, 1) agrees (up to some
constant factor) with the lift AM(F,7) constructed from the weight 0 Millson theta
function and iterated lowering and raising operators. It is possible to compute the
Fourier coefficients of negative index of AM(F,7) in a similar way as we did for I (F, 1)
above. It turns out that they are given by traces of cycle integrals of R’i;,iF . We will
not give these calculations here, but, inspired by this observation, we will prove some
interesting identities between the cycle integrals of ¢ o F' and RQ_j;;lF ,7 > 0, in a more
direct way.

3.6.1 Closed geodesics

Let X € V with Q(X) = m < 0 such that |[m|/N is not a square in Q, i.e.,the stabilizer
Tx is infinite cyclic and ¢(X) = I'x\cx is a closed geodesic. Further, let G' be some
smooth function that transforms like a modular form of weight 2k + 2 under I" for some
k € Z. Recall the definition of the cycle integral

C(G, X) = (—2y/[m[Ni)Fi / G, (iy)y*dy,
1

where g € SLy(R) is such that ¢g'Xg = /Im[/N (§ %), ¢ > 1 is such that (§ %)
generates the stabilizer of ¢! X g in ¢7'T'g, and G, = G|ap129.

Proposition 3.6.1. Let X € V with Q(X) =m < 0 such that |m|/N is not a square.
Letk € Z and F € H*,,(T). For all integers { < k we have

1

C(RFTE X) = WC(&,%R’S,‘;E X). (3.6.1)
Further, for { <k —1 we have
C(RMEVE, X)) = d|m|N(k — 0)(k + £+ 1)C(RMETF, X). (3.6.2)

89
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Proof. Plugging in the definition of the cycle integral, the left-hand side of equals

2

(—2/fml i) / (REEVE,) i)y~ dy.
1

Since ¢ < k we can split off the outermost raising operator R_oy = 22’% — 20y~ to obtain

_ N (O i L _ N
(R E i) =2 (SRR, ) () — 2R

9 _ 8

Now we use 5 = 33

— z'a% and apply the product rule to the a%—part to get

_ - (O i N 0 _ -
(R (iy)y ™ = 2i (%R’imﬁf’g) i)y~ + 25 (RELF) @)y ™)
Note that we also used (%RﬁgﬁFg)(iy) = %((RS,‘;FQ)(@)). The first summand on the
right-hand side equals

{0 . . - :
2i (%R’izﬁFg) (iy)y " = — (2R 51 Fy) (iy)y",

giving the right-hand side of |(3.6.1)l Further, the integral

2

/: a% ((RESFy) i)y ™) dy = (REGFy) (%)™ — (RE,Fy) ()

vanishes since (R*, Fy)(ie?)e™% = (R¥,1 Fy)| 00 (§5.%) (i) and R¥,; F, transforms like

a modular form of weight —2¢ for g7'T'g. This completes the proof of
The formula|(3.6.2)| easily follows from if we use that

€ wRGLE = (k— 0)(k+ 0+ 1)y 2 2R F

for all k € Z, all integers { < k—1 and F € H',, (I'). This follows from Lemma if
we write oy = y~272L_5, and use the relation i2.3.3i. O

Corollary 3.6.2. Let X € V with Q(X) = m < 0 such that |m|/N is not a square.
Further, let k € Zso and F € H*,, (T). For j € Z>¢ we have

1 ik — 5)(2k)!
([m[N)- Kl(2k — 27)!

Proof. We use with ¢ = k and then repeatedly apply [(3.6.2)] O

As a we special case we obtain a generalization of Theorem 1.1. from [BGK14].

C(R*I'F, X) = C(E o1 F, X).
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Corollary 3.6.3. Let X € V with Q(X) = m < 0 such that |m|/N is not a square.
Further, let k € Zso and F € H*,,(T'). For even k we have

1 (3HER)!
(4fm|N)F2 - (k)2

C(RELF, X) = C(&-anF', X),

and for odd k we have

1 (TR

L _
CHREE X) = Gy eR — (h+ DIkl

(g—%Fﬂ X)

Moreover, we obtain the non-square part of Theorem 1.1 from [BGK15] which asserts
that the cycle integrals of the weight 2k + 2 weakly holomorphic modular forms

D2k+1F — —(47T)_(2k+1)R27k2—£1F
and & o, F' agree up to some constant.

Corollary 3.6.4. Let X € V with Q(X) = m < 0 such that |m|/N is not a square. For
k€ Zsy and F € H,, (') we have

(2K)!

C<D2k+1F7 X) = —(471_)—%_’_1

C(&_anF, X).

3.6.2 Infinite geodesics

Let X € V with Q(X) = m < 0 such that |m|/N is a square in Q, i.e. the stabilizer 'x
is trivial and ¢(X) = 'y \cx is an infinite geodesic in ['\H. Recall that for a cusp form
G € Y949 the cycle integral is defined by

C(G, X) = (—2y/[m[Ni)ki / G, (iy)y*dy,
0

where g € SLy(R) is such that ¢! Xg = /Im|/N (§ &) and G, = G|ak+29.

We would like to prove similar identities as in the last section, but in general the
cycle integral of RS,‘;F does not converge if the geodesic is infinite. If we start with the
(convergent) cycle integral of £ o, F' and repeat the calculations of the last section, we
are led to suitable regularized cycle integrals of R’SiF .

First, for F € H',, (T') we write

C(é_onF, X) = (—2+/|m|Ni)* (/ & By (iy)y"dy + (— k“/ EanFys(ty)y kdy)

with S = (9 '), where we split the integral over (0,00) at 1 and replaced y by 1/y in
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3 The Millson Theta Lift

the integral over (0,1). Now we decompose F, = F,f + F and Fyg = F;g + F,g into
their holomorphic and non-holomorphic parts and use {_ o Fy = { o F and _opFys =
§-arF, 5. Note that F~ and F 4 are rapidly decreasing at the cusp oo, but not necessarily
at 0, and this is the reason why we split the integral above. We have the following analog
of Proposition [3.6.1}

Proposition 3.6.5. Let X € V with Q(X) = m < 0 such that |m|/N is a square. Let
ke€Z and F € H',, (). For all integers { < k we have

/ RS, (iy)y~‘dy = - / ¢ o RYSLF (iy)y'dy — 2R SLF; (i),
1

1

Further, for { <k —1 we have

/ RNPVRS (iy)y~dy

1

(b= O+ £+1) [ RS, Gyl Py — 2R, ().

1

The same formulas hold with g replaced by gS.

Proof. The computations are the same as in the proof of Proposition if we replace
% by oo and use the rapid decay of R*,LF~(iy) as y — oc. O

A repeated application of the proposition leads to following definition: For every
integer 7 > 0 we define the regularized cycle integral of RZ_];:F by

C™8(R¥;'F, X) = (=2+/|m|Ni) =%

. (Z Cup(FF (i) + (M3 Gy (B2 Frs(i)

£=0 =0
- / R Fy (iy)y ¥ dy + (-1)*! / RQj;ﬂngTg(iy)y"““jdy)»
1 1
where Cy; = 2(—1)7 T[7_,, ,(2t)(2k — 2t + 1). Note that
R Fy (i) + (1) R, Fig(i) = —R2F) (i) — (1) R2, F i (0),
so the second line above can also be understood as the part of the regularized cycle

integral coming from F'.
With this definition, we find

L CEnFX)

) = Gy
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and
C™8(RY'F, X)) = 4|m|N(27)(2k — 25 + 1)C*8(R¥;,' F, X)

for 5 > 1, and thus all the corollaries of the last section also hold for |m|/N being a
square.

Remark 3.6.6. For k = j = 0 and F € HJ (') the regularized cycle integral of RyF is
defined by

C*®(RoF, X) = 2iF (i) — 2iF (i) + 2/ RoF, (iy)dy — / RoFys(iy)dy.
1 1

On the other hand, since RyF € S5(T') is in fact a weakly holomorphic cusp form, there
is a regularized cycle integral studied in [BEK14],[BGK14] and [BGK15]. It is given by

)
s=0

Chex (RoF, X) = [2/ RoFg(iy)eyde]
1

— {z/ RoFgg(iy)eyde}
s=0 1

where the expression on the right means that one has to take the value at s = 0 of the
analytic continuation of the integral. We want to compare the two regularizations. Let
us split Fy = FJr + F,; . Due to the rapid decay of F", we can plug in s = 0 in the
integral over F". In the mtegral over F,f, we insert the Fourier expansion Ff(z) =

>on a;(n)e%”‘”'Z apply Ry = 2i-2 and obtain after a short calculation

[z’ / RoF(iy)e ydel
1 s=0

(i
[ nag(n) o]

27Tn—|—s

= —2iF (i) + 2ia (0).

s=0
Using Fjf (i) — Fj5(i) = —F,; (i) + F, (i) we find
C5(RoF, X) = Ci& (RoF, X) — 2ia7 (0) + 2ia’(0).

Note that the regularized cycle integrals considered in [BFK14] are only studied for
weakly holomorphic cusp forms, and the analytic continuation of the integrals relies on
the particular shape of the Fourier expansion of such forms. For general k and j, the
function R2J+1F is not weakly holomorphic and has a somewhat complicated Fourier
expansion, so it is not clear that the regularization of [BFK14] works. It would be
interesting to investigate this problem in the future.

Finally, we remark that our regularized cycle integrals look very similar to the cycle
integrals of weight zero harmonic weak Maass forms given in [BFI15]. However, the
definitions do not overlap since we only consider cycle integrals of R®,, F' for odd /.
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4 Applications of the Millson and the
Kudla-Millson Theta Lifts

Throughout this chapter, we let L be the lattice related to T'o(N) from Section [2.2.5]
Recall that L'/L = 7Z/2N7Z with the quadratic form x — —z%/4N. To simlify the
notation, we will not distinguish between elements h € L'/L and residue classes in
Z/2NZ. Further, the norms Q(X) for X € L' have the form —D/4N where D € Z is a
discriminant which is a square mod 4NV, and the elements of L’ of norm Q(X) = —D/4N
correspond to integral binary quadratic forms Q) x of discriminant D.

4.1 Algebraic formulas for Ramanujan’s mock theta
functions

As an application of the Millson theta lift (for £ = 0), we find finite algebraic formulas
for the coefficients of Ramanujan’s third order mock theta functions

n2

B > q
flq) = 1+; (T+q)2(1+¢2)2---(1+q)?

=14qg—2¢°+3¢°—3¢" —5¢° +7¢° —6¢" + ...
and

2n242n

- q
Ao =1+ ; (1=q2(1=¢*)?--- (1 —g>+t)?

=1+2¢+3¢" +4¢° +6¢" +8¢° +10¢° + 14¢" + ...

in terms of the traces of a single modular function. We obtain the following result.

Theorem 4.1.1. Consider the I'y(6)-invariant weakly holomorphic modular function

Flo) = - 1 Eu(2) +4EB4(22) — 9E4(32) — 36E4(62)
~ 40 (n(2)n(22)n(32)n(62))?
—q ' —4-83¢—296¢>+ ..., (4.1.2)

(4.1.1)
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where Ey denotes the normalized Fisenstein series of weight 4 for SLy(Z) and n =
VT2, (1 — g") is the Dedekind eta function.

1. Forn > 1 the coefficients as(n) of f(q) are given by

) L (e (1240
arsr\nN) = ———— 1111 T _— .
! Voan — 1 F\ 94

2. Forn > 1 the coefficients a,(n) of w(q) are given by

n odd,

( 1 4 — 94ntl

L (T2,
n+1

44/24282 — 4

1 16 —24 (& +1
= Im (tr; ( 2i2 ),4)> , N even.
|42 + 1) - 16

Remark 4.1.2. 1. The theorem extends results of Alfes-Neumann (see the example
after Theorem 1.3 in [Alf14]), who gave similar formulas for the coefficients as(n)
with 1 — 24n being a fundamental discriminant, by looking at the Kudla-Millson
theta lift of F' and employing a duality result between the Millson and the Kudla-
Millson lift.

ay(n) =

2. Using the Kudla-Millson theta lift, Ahlgren and Andersen [AA16] gave a formula
for the smallest parts function in terms of traces of a modular function. The
coefficients of Ramanujan’s mock theta functions are related to partitions as well.
For example, af(n) is the number of partitions of n with even rank minus the
number with odd rank, where the rank of a partition is its largest part minus the
number of parts.

3. One of the main ingredients in the proof is Zwegers’ [Zwe(l] realization of the
mock theta functions f(q) and w(q) as the holomorphic parts of the components
of a vector valued harmonic Maass form. Thus the same idea works for other
mock theta functions as well, for example for the order 5 and order 7 mock theta
functions treated in Zwegers’ thesis [Zwe02]. These cases have been treated very
recently by Jennifer Kupka in her Master’s thesis [Kup17].

4. We checked the above formulas numerically using Sage [Dev1i].

Example 4.1.3. We illustrate our formulas by computing a,(1) = 2. A system of
representatives of the T'o(6)-classes of positive definite forms az? + bry + cy® with 6 | c,
b = 2(12) and discriminant —20 is given by the two forms

Q1 = 52 + 10zy + 612, Qo = Tx? + 3dxy + 424,
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and the corresponding CM-points are

Lo _ 10420 34+iv20
T T

Plugging these values into the Fourier expansion of F', we find (using Sage [Dev11])
Fl(zo,) = Flz0,) = i - 17.888543820000.

Thus we obtain

1
a,(1) = 4—\/% -2 - 17.888543820000 = 2.000000000000.

Proof of Theorem[{.1.1. Zwegers [Zwe(1] showed that the function
)"

is the holomorphic part of a vector valued harmonic Maass form H = (hg, hi, hy)7,
transforming as

[N

(77 f(q), 205w (g?), 2q5w(—q

G 0 0 | 01 0
Hr+1)=| 0 0 ¢|H®), H(——):\/—ir 10 0 |H(~.
0 ¢G 0 T 00 —1

Further, & /o H is a vector consisting of cuspidal unary theta functions of weight 3/2.

One can check that
H = (0,ho, hy — h1,0,—h1 — hy, —ho, 0, ho, hy + ha, 0, hy — ha, —ho)"

is a vector valued harmonic Maass form of weight 1/2 for the Weil representation py,,
compare [BO10b], Lemma 8.1. We see that its principal part is given by

G (g —e5 + o7 —epy).

The function
(n(2)n(22)n(32)n(62))*

in the denominator of F is a cusp form of weight 4 for I'g(6) which is invariant under all
Atkin-Lehner involutions W for d | 6, and the numerator of F' equals

Ef (W7 + Wy = Wy — W),

Thus F is an eigenfunction of all Atkin-Lehner involutions, with eigenvalue 1 for W¢ and
W$, and eigenvalue —1 for W$ and W¥. In particular, the Fourier expansions of F at
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the cusps of I'y(6) are essentially the same, up to a possible minus sign, and the constant
coefficients of F' at all cusps vanish. Using the formula for the Fourier expansion of the
Millson lift given in Theorem [3.3.1] it is now straightforward to check that F' lifts to a
harmonic Maass form I (F,7) of weight 1/2 for pr, whose principal part equals —2+/6i
times the principal part of H. In view of Lemma m, this implies that the difference

H— 2\%IM(F, 7) is a cusp form. But Sy ,, = Jifp = {0}, so we find

-
H=——I"(F).
g (BT)

The holomorphic coefficients of 2\1'/6[ M(F, 1) at ¢/, for h2 — 24n < 0 are given

by
7 h? — 24n h? — 24n
— (i ———— h) —tro [ ———— A
2\/24n—h2(rF( 24 ) rF( 24 >)

———1 Im ( trh —h2—24n h
 V24n —R2 F 24 ’

where we used that F' has real coefficients and hence trj.(m, h) = trp(m, h). Comparing

the holomorphic parts of H and 2\1'/6[ M(F 1), we obtain the stated formulas for the

coefficients ay(n) and a,(n). O

4.2 ¢-preimages of unary theta functions and rationality
results

In [BFOQO9] and [BO10a], Bringmann, Folsom and Ono constructed scalar valued har-
monic Maass forms of weight 3/2 and 1/2 whose shadows are the components of the
unary theta functions 6/, and 63/, defined in Section . In both cases, the proof of
the modularity of their &-preimages relies on transformation properties of various hy-
pergeometric functions and g-series. Here we construct {-preimages for both 6/, and
032 using the Kudla-Millson and the Millson theta lift of a single weakly holomorphic
modular function F' for I'y(/V). A nice feature of this approach is that the modularity is
clear from the construction. Further, the coefficients of the holomorphic parts of these
harmonic Maass forms are given by modular traces of F, and thus have good arith-
metic properties. Therefore, we obtain rationality results for the holomorphic parts of
harmonic Maass forms which map to the space of unary theta functions under &.

Let C((q)) be the ring of formal Laurent series and let Cl[g]] be the ring of formal
power series in ¢. If f =" a(n)¢"” € C((q)), we call the polynomial

Py =Y a(n)g" € Clg"]

n<0
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the principal part of f. There is a bilinear pairing

C((q)) x C[lq]] = C, (f,g9) ~ {f, g} := coefficient of ¢° of f - g.

It only depends on the principal part of f.

Let k > 0 be an even integer. We denote by M, (Co(N)) € M,(To(N)) the subspace
of those weakly holomorphic modular forms which vanish at all cusps different from
00. We view the space My (To(N)) as a subspace of C((g)) and view M(To(N)) as a
subspace of C[[¢]] by taking g-expansions at the cusp oo.

Lemma 4.2.1. Let P € Clg']. There exists an F € My>(To(N)) with prescribed
principal part Pr = P at the cusp oo, if and only if {P, g} =0 for all g € My(Lo(N)).

This can be proved by varying the argument of [Bor99], Theorem 3.1. By Serre duality
it can be shown that the subspace My> (Io(N)) € C((q)) is the orthogonal complement
of M(Ty(N)) C CJ[g]] with respect to the pairing {-,-}.

We use this lemma to construct a suitable input F' for the two theta lifts.

Lemma 4.2.2. Let k € Z~q be even. There exists I'g(N)-invariant weakly holomorphic
modular form

F(z)= Y a(n)g" € My~ (To(N))

n>—oo

with the following properties:
1. The Fourier coefficients a(n) of F' at oo lie in Q.
2. The constant term a(0) of F at oo is non-zero.

Remark 4.2.3. 1. In a previous version of [BS17], we proved Lemma in a
version which only worked for square free integers N, and hence had to include
this restriction in all the results in this section. The above formulation for arbitrary
N and the necessary adjustments in the proof are due to Jan Bruinier.

2. It is often possible to construct F' as an eta quotient

[T 0@,

d|N
where 1 = g2 [T, (1 —¢") is the Dedekind eta function. Such an eta quotient is

a modular function for I'o(N) if 32, 7a = 0, and if 3, drg and N 3_; \ 7a/d are
divisible by 24. Further, its order at a cusp ¢ is (independently of a) given by

1 (c,d)?
ﬂzTrd, (421)
dIN
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which allows to search for suitable eta quotients using linear algebra. Unfortu-
nately, it is not clear that the constant coefficient is non-zero, see the example in
the next item. The author has checked that for all N < 200 there is a suitable eta
quotient with integral Fourier coefficients at oo, and we conjecture that one can
always choose F' as an eta quotient.

3. If N = pis a prime, then I'y(p) has only two cusps, represented by oo and 0.
The function A(z)/A(pz) has a pole at co and vanishes at 0, and thus is a good
candidate for a suitable F'. Its constant coefficient is given by 7(p), where 7(n)
are the coefficients of A(z). By Lehmer’s conjecture, we expect that 7(p) never
vanishes, but this is not known in general.

Proof of Lemmal[{.2.3 If N = 1 and k = 2 then My(To(N)) is trivial. In this case
we can take F' = 1. Therefore we exclude this case from now on, so that My(N) is
non-trivial. We let Mj o(T'o(V)) € Mi(I'o(IV)) be the codimension 1 subspace of those
modular forms which vanish at the cusp oc.

Since the cusp at oo of X((N) is defined over Q, there exists an E =) . c(n)q" €
M, (To(N)) with rational coefficients which has value 1 at oo, i.e., ¢(0) = 1. (Such an £
can be obtained explicitly as a linear combination of the Eisenstein series at the cusps
oo and 0.) It is well known that My(I'o(N)) has a basis consisting of modular forms
with rational coefficients. Using F, we see that the space My o(Io(NN)) also has a basis
g1, - - -, gq consisting of forms with rational coefficients. Moreover, we have

My(To(N)) = Myo(I'o(N)) & CE.

The linear map M (I'o(IV)) — C|[q]]/C]g] induced by mapping a modular form to its
g-expansion is injective. Hence, the images of g1, ..., g4 and E are linearly independent.
Consequently, there exists a polynomial

Py=> a(n)q" € ¢'Ql¢""]

n<0

such that
{Po,g:} =0, fori=1,...,d, and {Py,E} = —1.
Put P = Py+ 1 € Q[¢']. Then we have
{P,gi} =0, fori=1,...,d, and {P,E} =0,

and therefore {P, g} = 0 for all g € My(N).

According to Lemma there exists an F € Méﬁ(FO(N )) with principal part
Pp = P. We denote the Fourier expansion of F' by F' = > a(n)¢". The group
Aut(C/Q) acts on M) _,(T'4(N)) by conjugation of the Fourier coefficients. Under the
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4.2 &-preimages of unary theta functions and rationality results

action of Aut(C/Q) on Xo(N) the cusp at oo is fixed, and the other cusps are permuted
among themselves. Hence Aut(C/Q) also acts on Mé’f‘,i(l“o(]\f )) by conjugation of the
Fourier coefficients. Consequently, for 0 € Aut(C/Q), the form F? also belongs to
Mé’f}i(Fo(N )). Since Pr € Q[g7'], the form F — F? has vanishing principal part and
therefore vanishes identically. We find that a(n) = a(n)? for all n € Z. Therefore, all
Fourier coefficients of F' are rational. O

We now use the modular function F € M;™(Ty(N)) constructed in Lemma as
an input for the Kudla-Millson theta lift I (F, 1) studied in [BF06] and the Millson
theta lift I™(F, ) investigated above. The following theorem is just a straightforward
simplification of Theorem 4.5 from [BF06] and Theorem above. In order to simplify
the formulas and the upcoming results, we multiply the expansion of the Millson lift given

in Theorem by i/V/N.

Theorem 4.2.4. Let F(z) =) o a(n)q" € Mg (To(N)) be as in Lemma and
h € Z)2NZ.

1. The function

I*M(F,7)f = Y (trf(=D/AN,h) + trp(=D/AN, h))q~P/*N

D€Z,D<0

D=h?(4N)

o Y mlon(n) — Y (o0 2) 3l
n20 b>0 n>0

15 the h-th component of the holomorphic part of a harmonic Maass form of weight

3/2 for pr with
VN

o (I"M(F, 7)) = —Ea(())em(r).

Here 0y equals 1 if h = h/(2N) and 0 otherwise, and o1(0) = —5;.

2. The function

IM(F, )= Z 4 (trj;(—D/ZlN, h) —trp(—D/4N, h))q—D/4N

DeZ,D<0 |D|

D=h2(4N)

+ Z (8b.n — Ob,—1) Z a(—bn)q_b2/4N
b>0 n>0

is the h-th component of the holomorphic part of a harmonic Maass form of weight
1/2 for pr, with
1

§1/2 ([M(F’ T)) = _ZW

a(0)0s/5(7).
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4 Applications of the Millson and the Kudla-Millson Theta Lifts

Remark 4.2.5. The Kudla-Millson lift of the constant 1-function gives a generalization
of Zagier’s non-holomorphic Eisenstein series of weight 3/2 from [Zag75] to arbitrary
level N, see also [BF06], Remark 4.6. The &-image of the Eisenstein series is a linear
combination of unary theta series associated to lattices (Z,n — —dn?) with d | N, and
is invariant under all Atkin-Lehner involutions. Since 6, /5 is only Atkin-Lehner invariant
if N =1or N = pis prime, we can not take the Eisenstein series as a {-preimage of
th /2 in general. Also note that usually the principal parts of the harmonic Maass forms
given above are non-zero.

By the theory of complex multiplication, the rationality properties of traces of weakly
holomorphic modular functions are well understood. Therefore, we obtain the following
result on the rationality of the holomorphic parts of the harmonic Maass forms given
above.

Theorem 4.2.6. Let F € M)(To(N)) and suppose that the Fourier coefficients of F at
oo lie in Z and the expansions at all other cusps have coefficients in Z[Cy]. Then for
D = h*(4N), D < 0, the numbers

6( try(—D/4N,h) + tr(—D/4N, h)) (4.2.2)

and
7
var

are rational integers, where D = t2Dy with a negative fundamental discriminant D .

6t

(trj:(=D/4N,h) — trp(—D/4N, h)) (4.2.3)

Proof. The assumption on the integrality of F' at oo implies that F' € Q(j,jn). By
the theory of complex multiplication (see Theorem 4.1 in [BO13]), the values F'(zg) of
F at Heegner points zg of discriminant D lie in the ring class field of the order Op
over Q(v/D). Further, Lemma 4.3 in [BOT3| asserts that the values F'(z) are algebraic
integers. The Galois group of the ring class field of Op over Q(v/D) permutes the
Heegner points occuring in try.(—D/4N, h) and tr(—D/4N, h), see [Gro84]. Tt follows
that 6 tr;.(—D/4N, h) and 6tr(—D/4N, h) are algebraic integers in Q(v/D), where the
factor 6 was added to get rid of possible factors |To(N)g| in the denominator. Using
that F' has rational coefficients at oo, we see that

trp.(—D/4AN,h) = trj;(—D/llN, h),
and thus

trp(—D/AN,h) + trz(—D/4N,h) € Q

102



4.2 &-preimages of unary theta functions and rationality results

and
tri(=D/AN, h) — trz(—D /4N, h) € VDQ.

This implies that the quantities in and are rational integers. O

Remark 4.2.7. In all the numerical examples we looked at, the numbers in and
(4.2.3)| were already integers without the factors 6 and 6¢. Possibly, this is always the
case.

Combining Theorem and Theorem we obtain that if F € My™(Ty(N)) is
as in Lemma and has rational principal part at oo, then the holomorphic parts
of I"M(F 7) and I™(F,7) have rational Fourier coefficients. This rationality result is
remarkable since the holomorphic coefficients of a harmonic Maass form of weight 1/2
which does not map to the space of unary theta functions under &;, are conjectured to

be transcendental almost always, see the conjecture and Corollary 1.4 in the introduction
of [BO10D).

Theorem 4.2.8. Let K be a number field and let Hy ,, (K) be the subspace of Hy,,
consisting of forms whose principal part is defined over K.

1. Let f € Hyjp, (K) and suppose that f is mapped to the space of unary theta
functions by &1/2. Then the coefficients of the holomorphic part f+ of f lie in K.

2. Let [ € Hsjy,, (K) and suppose that f is mapped to the space of unary theta
Junctions by &3/2. Then there is a cusp form f' € S5 ,, such that the coefficients
of ft— f" liein K.

Remark 4.2.9. The corresponding statement for the spaces H; /2,0% and Hs /2,0% is also
true, but a little less interesting. Since there are no unary theta functions for pg, it
just says that a weakly holomorphic modular form of weight 1/2 or 3/2 for pj, whose
principal part is defined over K, has coefficients in K up to addition of a cusp form.
This follows immediatly from the fact that the spaces M! J2,0 and Mg J2,0 have bases

with rational coefficients (see [McGO03]).

Proof of Theorem[{.2.8 We only prove the first claim, since the second one is similar.
Let f € Hijs,, (K) and suppose that & /o f lies in the space of unary theta functions.
By Theorem there is some h € Hi 3, , which is a linear combination of harmonic
Maass forms h; with rational holomorphic parts, such that & o f = &i/9h, ie., f —his
weakly holomorphic. We can write f —h as a linear combination of forms g; with rational
coefficients (see [McG03|). Having f written in terms of the g; and h;, we consider the
system of linear equations obtained from comparing the principal parts. It is defined
over K and has a solution in C, so we can also solve it over K. Thereby we obtain a
harmonic Maass form f that has the same principal part as f and still maps to the space
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4 Applications of the Millson and the Kudla-Millson Theta Lifts

of unary theta functions under &; 2, but is now a linear combination of the g; and h; over
K. In particular, the coefficients of f* lie in K. Then f — f is a harmonic Maass forms
which has vanishing principal part and maps to the space of unary theta function under
&1/2. By Lemma , this implies that f — f is a cusp form. But S5 ,, = v = {0},

so f = f, and thus fT has coefficients in K. O]

4.3 Regularized inner products and Weyl vectors of
Borcherds products
The harmonic Maass forms constructed in Theorem [4.2.4] can be used to evaluate the

regularized Petersson inner product of the unary theta functions 6,,, and 03/, with
harmonic Maass forms whose shadows are cusp forms.

Theorem 4.3.1. Let F'(z) =) o a(n)q" € M™(Co(N)) be as in Lemma .

1. Let f € Hyp,: with holomorphic coefficients c;f(D/4N, h), where D = h?(4N),
and suppose that &2 f € Ss)2,,. Then

- ﬂa(O)(f, 01/2)"*

Amr
Z > ¢f(D/AN,h) (trf(—D/AN, h) + trp(—~D/AN, b))
h(2N) D€Z,D<0
D= h2(4N)
+4cF(0,0) > a(=n)oi(n) =2 cf (/AN b)D Y " a(—

n>0 b>0 n>0

2. Let f € Hyyapr with holomorphic coefficients c;f(D/4N, h), where D = h?(4N),
and suppose that {32 f € S1/2,5,. Then

1
2V N
Z > ¢f(DJAN, h) |D| (trE(—D/4N, h) — trp(—D/4N, b))

h(2N) D€Z,D<0
D= h2(4N)

+ 220?(1)2/4]\7, b) Za(—bn).

b>0 n>0

a(0)(f, 03/2)"*

Proof. We show the formula for 6,/,. Using Stokes’ theorem, we see as in the proof of
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4.3 Regularized inner products and Weyl vectors of Borcherds products

[BE04], Proposition 3.5, that

1/2
(f.012) = —(I"M(F.7), &0 ) + Jim [ (f(u+iT), TFV(F,u+T))du.
o J-1/2

One can show as in [AIf14], Theorem 5.1, that I (F, 1) and I™(F, 1) are orthogonal
to cusp forms, i.e., (I"M(F,7),& o)™ = 0. The integral on the right-hand side picks
out the zero-coefficient, to which only the holomorphic part of f contributes in the
limit. Hence we obtain a formula for (f,60;/2)* of the shape , involving only the
coefficients of f*. Plugging in the coefficients of I"M(F,z) from Theorem yields
the result. O

Example 4.3.2. As a simple application of the last result, we show that the Petersson
norms of 6,5 and 03/, are given by

7(N +1)
3v'N

These can of course also be evaluated using more direct methods, for instance, the
Rankin-Selberg L-function, but it is interesting to see how the dependency on F' in

Theorem disappears if we plug in 6/, or 35 for f.

VNN - 1)

(61/2,01)2) = 5

and (93/2, 93/2) ==

We only show the formula for 6,5, since the proof for 3/, is very similar. We can
assume a(0) = 1. Let

be the non-holomorphic Eisenstein series of weight 2 for SLo(Z). Then E3(z)—NE3(Nz)
is a holomorphic modular form of weight 2 for T'o(N), and by applying the residue
theorem to F'(2)(FE5(z) — NE5(Nz))dz, we find that I satisfies

(1= N)=24) a(—n)(o1(n) — Noy(n/N)) = 0. (4.3.1)

n>0

If we denote by cg(D/4N,h) the coefficients of 6,5, we see that cy(0,0) = 1, and
co(b?/4AN,b) equals 2 or 1 for b > 0 depending on whether b = —b(2N) or not. Ap-
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4 Applications of the Millson and the Kudla-Millson Theta Lifts

plying Theorem and using the relation |(4.3.1)| we obtain

—\i—_f(em,el/g):4Za(—n)01(n)—4 0> a(=bn)—2 Y b> a(-

n>0 b>0 n>0 b>0 n>0
b=0(N) bZ0(N)
1+N
=401(0) +2) a(- — Noy(n/N)) = ———.
n>0

This yields the stated formula.

The formula given in the first item of Theorem has applications in the theory of
Borcherds products, see [Bor98]. We follow the exposition of [BO10b]. Let f € Hy g ,x
be a harmonic Maass form of weight 1/2 for pj whose shadow is a cusp form, and assume
that ¢;(D/4N,h) € R for all D and c¢f(D/4N,h) € Z for D < 0. Then the infinite
product

U(z, f) =e(pfoz) H (1 —e(nz) +(”2/4N’")

is a meromorphic modular form of weight ¢ (0,0) for ['y(N) and a unitary character,
possibly of infinite order (see Theorems 6.1 and 6.2 in [BO10b]). Here pf is the so-
called Weyl vector at oo, which is defined by

VN

proe = g (F.012)".

The Bocherds product ¥(z, f) has singularities at Heegner points in H, which are pre-
scribed by the principal part of f, and its orders at the cusps are determined by the
corresponding Weyl vectors, which we describe now.

Each cusp of I'g(/V) can be represented by a reduced fraction a/c with ¢ | N, and the
Weyl vector corresponding to a/c is defined by

\/N UC c c T
Prae = g (F 12 enep Utena)'™, (432)

where o./(c,n/¢) denotes the Atkin-Lehner involution corresponding to the exact divisor
¢/(c,N/c) of N/(c, N/c)* as in|(2.3.9)| and Uy is the level raising operw
Note that the Weyl vector at a/c does not depend on a. Further, Theorem yields a
formula for the Weyl vector at each cusp a/c, involving only the principal part of f and

the coefficients c; (b%,7) for b > 0 and r € Z/2NZ with r* = b*(4N). Thus, we obtain
the following rationality result.

Corollary 4.3.3. Let f € Hijp: be a harmonic Maass form with {1yaf € Sz, -
Suppose that c;(D/AN,h) € R for all D and that c¢;(D/4N,h) € Z for D < 0. If
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4.3 Regularized inner products and Weyl vectors of Borcherds products

¢; (b*/4N,h) € Q for all b > 0 and all possible h € Z/2NZ, then the Weyl vectors py.ac
at all cusps are rational.

The formula for the Weyl vector py /. obtained from Theorem looks quite com-
plicated in general. Thus, for simplicity, we only state it in the special case of a cusp
a/c with ¢ || N and (a,c) = 1. Then QT;Q(EVJ/V/CC)N/C 2|Ute,nje) = 0775y, and Theorem |4.3.1
gives the following formula.

Corollary 4.3.4. Let f € Hypp: be a harmonic Maass form with 12f € Sz/2,, -
Suppose that ¢; (D /AN, h) € R for all D and that c; (D/4N,h) € Z for D < 0. Letc|| N

and let o. be the associated Atkin-Lehner involution as in . Let F' € Mé’oo(N) be
as in Lemma normalized to a(0) = 1. Then the Weyl vector py /. at the cusp a/c
s given by

VN, e
ﬂf,a/cz—(fc 01/2)"®

S Z > ¢} (D/AN, oo(h)) (trf(—=D/AN, h) + trp(—D/AN, 1))

D<0
D h2(4N)
—2¢£(0,0)> a(=n)or(n) + Y cf(b*/AN, 0.(b))b > _a(—
n>0 b>0 n>0

Remark 4.3.5. 1. If N is square free, the cusps of ['((/V) are represented by the
fractions 1/¢, where ¢ runs through the divisors of N. In this case all Weyl vectors
can be computed with the above formula.

2. In [Bor98], Section 9, the Weyl vectors are computed in a similar way, using non-
holomorphic Eisenstein series of weight 3/2 as {-preimages for 6 ,. However, this
only works if N =1 or if N = p is a prime. Otherwise, the Eisenstein series, and
thus also its {-image, is invariant under all Atkin-Lehner involutions, but 6, ; is
not.

Example 4.3.6. We consider the Borcherds lift of f = 0,/5, for N arbitrary. By
Example the Weyl vector of 6, /5 at oo equals (14 /N)/24, so its Borcherds product
is given by

W(z, 91/2) =n(z)n(Nz).

By a similar computation as in Example we find

T N
0%, 01n) = —— =
( 1/27 1/2) 3\/N(C +C)

for ¢ || N. Hence the Weyl vector of ¥(z, f) at a cusp a/c with ¢ || N is given by
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4 Applications of the Millson and the Kudla-Millson Theta Lifts

%Lﬂ(l + < ) From this we can infer that the Borcherds product of 075 7o equals

oc N

W(z,075,) = nlcz)n ( . z) :

Finally, we would like to mention that the harmonic Maass form I'M(F,7) given in

Theoremcan be used to construct rational functions on Xy(N) with special divisors.

Let A # 1 be a fundamental discriminant and let r € Z with A = h?*(4N). Further, let

pr, = pr if A >1and p;, = pj if A <0 for the moment. The twisted Borcherds product

of a harmonic Maass form f € Hy/s 5+ with real holomorphic part and integral principal
part is defined by

Va2, f) = H H [1—e(b/A)e( nz)](%)c |A|”2/4Nm)7

n=1p(A

see [BO10b], Theorem 6.1. Note that the Weyl vectors vanish for A # 1. The function
WA (2, f)is a meromorphic modular form of weight 0 for I'g(/V) and a unitary character,
which is of finite order if and only if the coefficients c; (|A|n®/4N,rn) are rational (see
Theorem 6.2 in [BO10D]).

It Fe M(!)’OO(N ) is as in Lemma and has integral principal part, then the Millson
lift 1M (F,7) given in Theorem is a harmonic Maass form in H;/, ,, with rational
holomorphic part and integral principal part. In particular, for A < 0, some power of
the twisted Borcherds product W ,.(z, IM(F, 7)) defines a rational function on X,(N)
whose zeros and poles lie on a twisted Heegner divisor.
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5 Borcherds Lifts of Harmonic Maass
Forms

In this chapter, we extend Borcherds’ regularized theta lift from weight 1/2 weakly holo-
morphic modular forms to real analytic modular functions with logarithmic singularities
to twisted Borcherds lifts of harmonic Maass forms of weight 1/2.

5.1 Analytic properties of the Borcherds lift

Let A be a fundamental discriminant (possibly 1) and let r € Z/2NZ such that A =
r?mod 4N. Recall from Section the notations

~ PL, if A >0, 1
— 5 X = — X 5 X,Y -

and the twisted Siegel theta function

Onp(r2)=v Y > Xa(X)e(TQa(X.) +7Qa(X,1))en, (5.1.1)

hel!/L  XelL+rh
Q(X)=AQ(h) (A)

which is I'g(/V)-invariant in z and transforms like a modular form of weight —1/2 for py,.
Let f € Hi/a 5 - In this chapter, it is more convenient to work with the normalization of

the Fourier expansion of f given in|(2.3.2)} involving the functions S /2(w) and 57 ,(w).
We let

i, (= U A{ex:Xeljpmn},  #y,0= U U ex

heL’'/L,n<0 heL'/Lin>0 XEL_|Ajn,rh
c? (n,h)#0 ¢z (n,h)#0

be the sets of Heegner points and geodesics associated to f.
Following Borcherds [Bor98|, we define the regularized theta lift of f € Hyp 5 by

Dar(f,2) = CToy (13010 / <f<f>,—@m<m>>w‘“”“’), (5.12)

12
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5 Borcherds Lifts of Harmonic Maass Forms

where
Fr={r=ut+iveH:|r|>1, |u <1/2,v<T}

is a truncated fundamental domain for the action of SLy(Z) on H, and CT.y F(s)
denotes the constant term in the Laurent expansion of the analytic continuation of F'(s)
at s = 0. Borcherds [Bor98| proved that for A = 1 and a weakly holomorphic modular
form f € M|} J2.00 the above regularized integral exists and defines a real analytic T'o(V)-

invariant function with logarithmic singularities at the Heegner points in HK,r( f). It
was shown by Bruinier and Ono [BO10b| that this result remains true for the twisted
lifts of harmonic Maass forms f € H 1+/2,ﬁ2 which map to cusp forms under &; /. We will
generalize the theta lift to the full space Hy s 5; , and we will see that further singularities
along the geodesics in Hy ,(f) occur.

We say that a complex-valued function f defined on some subset of R™ has a singularity
of type ¢ (written f & ¢) at a point z if there is an open neighbourhood U of z, such
that f and g are defined on a dense subset of U and f — ¢g can be continued to a real
analytic function on U.

Theorem 5.1.1. For f € Hyja 5 the Borcherds lift ®a . (f, 2) defines a T'o(N)-invariant
real analytic function on H\ (Hu .(f)U Hy .(f)) with

~2a§(0,0), fA=1,

AO(I)A,T(fv Z) = {0 ZfA 7& 1.

At a point zg € HX . (f) U Hx . (f) it has a singularity of type

= > N b)Y xalX) log(—Qa(X.1))

hEL,/L n<0 XeL—|A\n,7‘h
20=2X
- —1/2 : Qa(X)
+ Z Zcf (n, h)n Z Xa(X) arcsin < OnX. )"
hEL//L n>0 XeLf\A|n,rh
zo€Cx
Remark 5.1.2.
~ (—b/2N —¢/N ,
1. Recall that for X = ( . b/2N> € L' we have
CQA(Xot) = [ Ox ()P = AN 4 bx + ]2
: AN|Aly? AN|Aly? ’

which yields a more explicit formula for the singularities. Since 0 < qu?—)((Xi) <1

for all X with Qa(X) < 0, and Qa(X)/Qa(X,1) = 1 exactly for z € cx, we see
that the Borcherds lift extends to a continuous function on H \ HX ,(f), which is
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5.1 Analytic properties of the Borcherds lift

not differentiable along the geodesics in H&T( f). Note that we can also write the
singularities in the form

arcsin ( M) = arctan ( M) .
Qa(X.1) —Qa(X2)
2. For d || N the Atkin-Lehner involution Wy acts on the Siegel theta function by
O, (T, Waz) = Op (T, 2)"
which implies that the Borcherds lift satisfies
Dar(f, Waz) = Pa,(f*, 2)

Proof of Theorem [5.1.1, We first show that for z € H\ (HX.(f) U Hy.(f)) the in-
tegral in converges absolutely and locally uniformly for Re(s) > 1/2 and has
a meromorphic continuation to s = 0. The proof follows the arguments of [Bru02],
Proposition 2.8.

The integral over the compact set F; = {r €e H: |7| > 1, |u| < 1/2, v < 1} converges
absolutely and locally uniformly for all s € C and z € H. We consider the remaining

integral
du d
©(z,s) / / 7),On (T, z)>v’s u2v.
v=1 Ju=0 v

Inserting the Fourier expansions of f(7) and ©Oa (7, 2) and carrying out the integral
over u, we obtain

¢(z,5) = xa(0) (C}F(O,O) /:1
+/OOZXA( )¢} T(—Qa(X), k) exp (47Qa(X,1)v) v 1dv

o0

v dy + CJ?(O,O)/ U_I/Q_de)

v=1

+/Ool Z XA(X)C;(—QA(X),h)exp<47rQA(XZL)v)Ufsfl/2dv

+/OO > Xa(X)ef (—Qa(X), h)Brjp(AmQa(X )v) exp(4mQa(X 2 Jv)v " dv
)>0

+/OO > Xa(X)er (~Qa(X), h)Bi p(4mQa(X)v) exp(4mQa (X.1 Ju)v ™2 du
)<0

where the sums run over h € L'/L and X € (L+rh)\ {0} with Q(X) = AQ(h) mod A.
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5 Borcherds Lifts of Harmonic Maass Forms

Since xa(0) = 0 for A # 1 the integrals in the first line only appear if A = 1. They
can be evaluated for Re(s) > 1/2 by

> 1 > 1
/ vy = —, / v 20 dy = ,
v=1 s v=1 s — 1/2

giving their meromorphic continuations to s = 0. Note that this shows that for A =1
the regularization involving the extra parameter s is really necessary.

The integral in the second line involving the coefficients c}(n, h) converges locally
uniformly and absolutely for s € C and z € H\ H4 ,(f) by the same arguments as
in the proof of [Bru02|], Proposition 2.8. The integraIS; over the sums corresponding to
Q(X) =0 and Q(X) > 0 in the third and fourth line can be treated in the same way,
and they converge locally uniformly and absolutely for s € C and z € H.

The remaining integral in the fifth line can be written as

2 2 ) / ST Xa(X)B(4mQa (X)) exp (4mQa (X1 )v) v™* v,
heL//L n>0 XGL |Aln,rh
where the first two sums are finite. Hence, estimating
55/2(47TQA(X)1)) < 2exp(—4rQa(X)v)

and using Qa(X) = Qa(X,) + Qa(X,1), it suffices to consider the integral
/ exp (—4mQa(X,)v) v~ Re)=1/2,,. (5.1.3)
v=l XGL |Aln,rh

For any C' > 0 and any compact subset K C H the set
{X € L_|Ajnm : 32 € K with |Qa(X.)| < C}

is finite, so if 2 € K C H\ Hy,(f) then there is some £ > 0 such that Qa(X.) > ¢ for
all X € L_|ajnrn. We can now estimate

> exp(—4nQa(Xo)v) e ™ Y exp (—m(Qa(X.) — Qa(X.1)))

X€L_|An,rh XeL_jajn,rn

for v > 1. The series on the right-hand side converges since X — Qa(X,) — Qa(X,1)
is a positive definite quadratic form. In particular, the integral in converges
absolutely and locally uniformly for s € C and z € H \ Hy ,(f). This shows that the
regularized theta integral exists.

By similar arguments as above we see that all iterated partial derivatives of ®a ,.(f, 2)
converge absolutely and locally uniformly on H \ (H} ,.(f) U Hx ,.(f)), so the Borcherds
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5.1 Analytic properties of the Borcherds lift

lift is a smooth function. The statement concerning the Laplacian can now be proven
by interchanging Ay = Ay, with the integral, using the differential equation

No.On (T, 2) = 42N g 071204 (T, 2),

(see Lemma and then applying Stokes’ theorem to move A,/ from the theta
function to f(7)v~° in the integral (compare [Bru02], Lemma 4.3). It is easy to verify
that the appearing boundary integrals vanish. By computing Ay o(f(7)v™°) explicitly
and using that f is harmonic, we obtain

_dudv

5

AoPa,(f,2) = —2Ress— lim (f(1),0a,(T,2))v

T—o00 Fr v

We have seen above that the integral on the right-hand side is holomorphic at s = 0
if A # 1, and has a simple pole with residue a}“((), 0) if A = 1, coming from the first
integral in the first line of ¢(z, s). This shows the Laplace equation for ®a ,(f, z), which
also implies that the Borcherds lift is real analytic by a standard regularity result for
elliptic differential equations.

The singularities of ®a ,(f,2) can be determined using the following lemma with
n=—-Qa(X)and t = —Qa(X,1). O

Lemma 5.1.3. 1. The function

]+(t) — / 6—47rtvd_v
v=1 %

is real analytic for t > 0 and has a singularity of type —log(t) at t = 0.

2. Forn > 0 the function

dv

R R
v=1

is real analytic for t > n and has a singularity of type n~/? arcsin (\/?) att =n.

Proof. We follow the proof of [Bor98], Lemma 6.1. Using partial integration and the
fact that log(v) is integrable near v = 0, we see that

It(t) ~ 47rt/

v=0

o0 o

e ™ log(v)dv = /

v=0

e “log (%) dv ~ —log(t).
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5 Borcherds Lifts of Harmonic Maass Forms

For n > 0, we use that /v ,(—4mnv) = O(y/v) as v — 0 and compute

0 1
d
I7(t) ~ / (2\/5/ 64””“w2dw) 6_4”“’%}
v=0 w=0
! 1
_ / 1w
w=0 Vt — nw?

= n~12 aresin (\/?) .

This finishes the proof of the lemma and of Theorem [5.1.1} O

5.2 The Fourier expansion of the Borcherds lift

Next, we compute the Fourier expansion of the Borcherds lift. To this end, we first need
to introduce a special function which captures the arcsin singularities of ®a ,.(f, z) along
vertical geodesics.

For a > 1 and Re(s) > —1 we define

. 1 /1 1 11— Sdt (5.2.1)
arcsing | — | = . 2.
Vi) "o Va—B\a- P
The function arcsing is holomophic in s and satisfies
arcsing(1/+/a) = arcsin(1/+v/a).

The factor (1 —¢?)® ensures that the integral converges at a = 1 if Re(s) > 1/2, and the
factor (a — ¢?)* in the denominator was added to make the estimate

| arcsing(1/+/a)| < (a — 1)~ Re(®)=1/2 (5.2.2)
for a > 1 and Re(s) > 0 hold. Note that for Re(s) > —1 we can write

, 1\ Vrl(s+1) s
arcsing <%) =AW 112) B(1/a;s+1/2,1/2), (5.2.3)

where

B(z;a,8) = /Z u (1 —u)’du
0

is the incomplete beta function. This representation makes it easier to compute the
derivative of arcsin,.
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5.2 The Fourier expansion of the Borcherds lift

Lemma 5.2.1. For z =z + iy € H and Re(s) > 0 we have the Fourier expansion

| s\ VAT
Zarcsms ( (x+€)2+y2> _yF(s—i—l/Q)

+ QyF(L Z(w|n|y)s (/01(1 — )2, <2W|n|ym> dt) cos(2mnz),

s+1/2) o

where K, denotes the K-Bessel function of order s. For Re(s) > —1 the series on
the right-hand side converges absolutely and locally uniformly in s. In particular, the
left-hand side has a meromorphic continuation to Re(s) > —1 with a simple pole at
s =0.

Proof. The estimate |(5.2.2)| shows that the series on the left-hand side converges abso-
lutely for Re(s) > 0. It is 1-periodic and even in = and hence has a Fourier expansion
of the form ) _, a(n,y) cos(2mnx) with coefficients

a(n,y) = /oo arcsing (W) cos(2mnu)du.

We plug in the definition of arcsing and interchange the order of integration to find

o= [ ([ s 1) (P
_ y/ol (/_OO cos (27muyﬂ) du) i@

(u2 4 1)5+1/2

o0

For n = 0 the inner integral can be evaluated as

/°° 1 p VT T(s)

@+ )R T D5+ 1/2)

by a direct calculation using the definition of the Gamma function. For n # 0 we can
replace n by |n|, and then the inner integral can be computed using the representation

257I0(s +1/2) [ cos(xu)
Ky(z) = N /_OO (u? + 1>s+1/2du’

which is valid for Re(s) > —1/2 and x > 0 (see [AS64, 9.6.25]). Note that Ky = K_.
The asymptotics Ko(z) ~ —log(z) and K (z) ~ iT'(s)(32)~* for Re(s) > 0 fixed as

z — 0 (see [AS64, 9.6.8, 9.6.9]) show that the integral in the series is holomorphic for

Re(s) > —1. This completes the proof. O
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5 Borcherds Lifts of Harmonic Maass Forms

Proposition 5.2.2. Let f € Hyjy . Fory > 0 sufficiently large, the Borcherds lift of
f has the Fourier expansion

P, (f,2)=—4 Z c;{(|A|m2/4N, rm) Z (%) log |1 —e(mz +b/A)|

m=1 b(A)
00 m2\ ~ /2

+2) ¢ (|Alm? /AN, rm) <%> > <%) F(mz+b/A)
m=1 b(A)
VNY(f,01)" = ¢f(0,0) (log(4nNy*) + T'(1))

if A =1,
— V/Nyc;(0,0) (log(4m) — log(Ny?) +I"(1))

2VA L(1,xa)(cf(0,0) + VNyc;(0,0)) ifA>1,
0 if A <O.

Here the function F(z) : H — R is defined by

o : Y . VTL(s)
F(z) = £1_r>% (Zarcsms ( (x+€>2+y2> yF(s+ 1/2)) 5

compare Lemma[5.2.1]

Remark 5.2.3. 1. The singularities of ®a,(f,2) at Heegner points and geodesics
given by semi-circles centered at the real line are not reproduced in the Fourier
expansion above, but the part involving the function F captures the singularities
along vertical geodesics.

2. By Dirichlet’s class number formula we have

L(1,xa) = %h(A) log(ca) = 5 tri(~A/4)

for A > 1, where h(A) is the narrow class number of Q(v/A), ea is the smallest
unit > 1 of norm 1, and tr;(—A/4) is the A-th trace of the constant 1 function.

Proof of Proposition[5.2.9. The proof follows the arguments of [BO10b], Theorem 5.3.
First, by [BO10b], Theorem 4.8, we can write

U_1/2@A,T<T, Z) = 5A:1

M,

TEE, o () ]

n>1 MeT,\I'
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5.2 The Fourier expansion of the Borcherds lift

where 1 = ( ) __"”‘2) and

xz

=(r 11, 0) = ( )gﬂ S Y e(-QaX)r +n(X, p)a) e
heK'/K  XeK+rh
QR(X)=AQ(h) (A)

with e = 1if A > 0 and ¢ = ¢ if A < 0. Further, K denotes the one-dimensional

negative definite sublattice
b 0
k={(t %) ves)

of L. Its dual lattice is given by

{0 ) oed)

Inserting this into the definition of the theta lift, the unfolding argument yields

VNy

Pa(fr2) = 0a= \/W

(f7 61/2)reg + CTS 0 q)A r(fa Z, S)

where

2V N y mn?Ny? dv
% (f 25 / / ( ) ,=(7, p,m, 0))du———.
A, (f ) \/E =), 0 Juzo |’U <f ( H )> US+3/2

The unfolding is justified for y > 0 by the same arguments as in [Bor9§|, Theorem 7.1.

Let us write
Z Zcf(n, h,v)e(nt)ep

heL'/L neQ

for the Fourier expansion of f for the moment. Since A is fundamental, the conditions
X € K +rhand Q(X) = AQ(h) mod A are equivalent to X = AX’ and rX' € K + h
for some X’ € K’. Plugging in the definition of =Z(7,n, i, 0), and evaluating the integral
over u, we obtain

%, (f,25) = 2V/Nge 3 Z( ) (— sgn(A)n(X, 1)
XeK' n>1
oo 2N 2 d
x/v cr(—|A|Q(X), rX, v) exp (—WTAW?J +47T|A|Q(X)v) W+—1;/2

=0

Now we use the explicit form of the Fourier coefficients of f. The summand for X =0
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5 Borcherds Lifts of Harmonic Maass Forms

in @Y (f,z,s) is given by

A 00 B s ™2 Ny? dv
2\/Nygz (E) /1;:0 (C}_(O, 0) + Cf (0, 0)’0 / ) exXp <_ |A|U ps+3/2

n>1

. T —s—1/2
= 2¢ (Ny2) <c;§(0, 0) (W) C(s+1/2)L(2s 4+ 1, xA)

+VNye;(0,0) (\%) - T(s)L(2s, XA)) .

For A < 0 the harmonic Maass form f transforms with py, which implies that its zero
component vanishes, so cjjf(O, 0) = 0. For A > 0 the completed Dirichlet L-function

A(s.xa) = (n/A) " *T(s/2) L(s, xa)

satisfies the functional equation A(1 — s, xa) = A(s, xa). It is holomorphic at s = 1 if
A > 1. Taking the constant term at s = 0, we get the contribution in the large bracket
in the proposition.

For X € K’ with X # 0 we have —|A|Q(X) > 0. We can write
er(n, o) = e (n, ) + ¢ (n, )N/BBE o(—4mn)

for n > 0. The contribution coming from the coefficients c}r(n, h) can be computed as
in [BO10b], Theorem 5.2, and yields the first line of the Fourier expansion. Plugging in
the definition of Jf /2(5), it remains to compute

WNye > c; (—|AIQ(X), rX) Y (%) e (—sgn(A)n(X, 1)) (5.2.4)

XeK’ n>1
X0

% 1 27,2
9 ™m*Ny dv
X /v (/w exp(—4r|A|Q(X)w v)dw) exp (— Al +47T|A|Q(X)U> —

=0 =0

If we change the order of integration, the inner integral can be computed in terms of the
K-Bessel function by [EMOT54, (3.471.9)], giving

/UOO exp (47r]A|Q(X)(1 ) — WTZIVva) ‘fj—“ = 2K, (2nyjnlANQX) (1 — 7))

=0

—m/2N

Write X = (m/OQN 0 ) € K'\ {0} with m € Z,m # 0. Then —~Q(X) = m?/4N and
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5.2 The Fourier expansion of the Borcherds lift

—(X, u) = mz. We use the evaluation of the Gauss sum

> (%) e(bn/|A]) = e (%) V1AL (5.2.5)

b(A)

Then the expression in |(5.2.4)| becomes
00 —-1/2
|Alm2\ A

X meZe (n(mx +b/A)) /1 Ky (2wmylnlm> dw.

n#0 0

By Lemma the second line agrees with F(mz+b/A), which finishes the proof. [

If the coefficients c;{(n, h) vanish for n < 0, then ®a ,(f, z) does not have singularities
at Heegner points, and extends to a continuous function on H which is not differentiable
along the geodesics in Hy (f). Further, the estimates from Theorem show that
the coefficients c]f(n, h) grow polynomially as n — oo, which implies that the series in
the first line of the Fourier expansion given above converges on H. In this case, we can
derive the Fourier expansion of ®a ,(f,z) on H\ H, . (f), without assuming y > 0 to
be large enough.

Corollary 5.2.4. Let f € Hyjp;:, and suppose that c}“(n, h) = 0 for all n < 0 and
h € L'/L. Then the Fourier expansion of the Borcherds lift ®a,.(f,z) on H\ Hy .(f) is
given by the formula from Proposition plus the expression

—2 Z ZC;(n, hyn='/? Z Xa(X)1x(2) (arctan( V4IA[n ) + g) 7

hel!/L n>0 XEL_|Ajn,rh —sgn(a)px ()
a#0

(5.2.6)

where 1x(z) denotes the characteristic function of the bounded component of H \ cx.

—b/2N —¢/N

Remark 5.2.5. 1. Recall that for X = < b/2N

) € L' we have

1

aN|z|? + bz + ¢
Qa(X) = L) px(e) =~ .

yVN

Further, if @ # 0 then a point z lies inside the bounded component of H \ cx if
and only if sgn(a)px(z) > 0.
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5 Borcherds Lifts of Harmonic Maass Forms

2. The sum in is locally finite since for fixed n each point z lies in the bounded
component of H \ cx for only finitely many X € L_|ajn, with a # 0.

Proof. Let ®a,(f,z) denote ®a ,(f, z) minus the expression in |(5.2.6) Then we have
(iDAvr(f, 2) = ®a,(f, z) for y > 0 large enough since the imaginary parts of points lying
on geodesics cx for X € L_|ajp,n With a # 0 are bounded by a constant depending on
n, and the sum over n is finite.

Further, for a # 0 and z ¢ cx we can write

—2-1x(2) (arctan ( VAIA[R ) + E)

“senapx(2) ) 2
= arctan 4|A’n — arctan 4|A|n zZ)T
- <|px<z>|> ( t (—sgnm)pX(z)) ) )

e (@) (s
~Qa(X2) Ve )

Using that the function arccot is real analytic at the origin, and the shape of the singu-
larities of ®a ,(f, z) determined in Theorem we see that @ ar(f, 2) is actually real
analytic on H \ {vertical geodesics in H, ,(f)}. Since the first two lines of the Fourier
expansion in Proposition [5.2.2] are also real analytic on this domain by the estimates
from Theorem [2.3.22 and agree with CjT?Aﬂ,(f, z) for y > 0, they have to agree with
®a,(f,2) on H \ {vertical geodesics in Hy ,(f)}. This completes the proof. O

5.3 The derivative of the Borcherds lift

We consider the derivative

of the Borcherds lift.

Theorem 5.3.1. Let f € Hipp: . The derivative ®y ,.(f,2) of the Borcherds lift is
harmonic on H \ (HX ,(f) U Hx . (f)) and transforms like a modular form of weight 2
under To(N). If A # 1 or if ¢;(0,0) = 0, then @ (f, z) is holomorphic on its domain.
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5.3 The derivative of the Borcherds lift

At a point zg € HX .(f) U Hx,.(f) it has a singularity of type

VE S S Y s

hel’/L n<0 XE€L_|An,rh X (Z
20=2X
Nl - 3 sgn(px (2))
+1 N|A‘ E, E:Cf(nah) XA(X) Q (Z) :
heLl’/L n>0 X€L_|An,rh X
Zo€ECx

Proof. The analytic properties of ®y .(f, z) follow from the Laplace equation in Theorem
[B.1.1] and the formula

The transformation behaviour follows from the fact that % equals the raising operator
Ro up to a constant. The types of singularities of ®) ,.(f, z) are given by the derivatives
of the types of singularities of ®,(f,z), which can be computed using the formulas
(2.4.2)] O

—b/2N —c/N

Remark 5.3.2. Let X = ( b/2N

) € L_japnn- For n <0 we have

Qx(z2)=aNz* +bz+c=0

exactly for the Heegner point z = zx. Hence ®/, .(f,2) has simple poles at the Heegner
points in Hy .(f). For n > 0 the sign of

aN|z|* + bx + ¢

pX<Z): y\/ﬁ

changes if z crosses the geodesic cx. This means that ®,  (f,2) has jump singularities
along the geodesics in Hy ,.(f).
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5 Borcherds Lifts of Harmonic Maass Forms

Proposition 5.3.3. Let f € Hyjap: . For y > 0 sufficiently large we have the Fourier
eTpansion,

n/d

n=1

ho(fo2) = Ami/A[EY Z(A>dc;(|md2/4zv,rd) e(nz)
dln

+ 22 ¢; (|Am? /4N, rm) <%> o l% <%> F'(mz+b/A)

Z\/_(f 1/2)"* + % 7(0,0) N

+ + —\/_cf 0) (log(4) — log(Ny?) — 2 +T"(1))
\/_AL(l XA)C;(O,()) if A > 1,
0 if A <O.

\

where e =1 if A >0 ife =1 for A <0, and

Fl(z) = L lim (yQST(S +1) Z seule £ O+ F(s)) :

2 550 eez |2 4 £]25+2

Proof. The derivative of F(z) can be computed most easily using the representation
(5.2.3)| of arcsing as an incomplete beta function. Using the formula for the
Gauss sum, the calculation of the remaining derivatives is straightforward. O

Remark 5.3.4. We check the Laplace equation from Theorem [5.1.1f on the level of
Fourier expansions at least for y > 0 sufficiently large. Using Ay = —4y28‘2, and
applying —4y?2 5z to the expansion of @)  (f, z) from Proposition we compute

Ao, (f, 2) = —16y° \/*/% chf |Alm? /AN, rm) ) <%) (%}") (mz +b/A)

b(A)

~ dact (265(0,0) + 2yVNe; 0,0 )

where

2.7:,( ) = lhm (sst_lP(S + 1) Z sgn(x + E)(l’ + €)> _ i

0z 2 550 = |2+ ([25+2 %

Here the residue of the series over E can be computed from its Fourier expansion by
similar arguments as in Lemma L If A # 1, we obtain Ag®a,(f,z) = 0 since the
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5.4 Modular integrals with rational period functions and Borcherds products

sum over the values of the nontrivial character (é) vanishes, and if A = 1 we get

Aoq)l,r<f7 Z) = _20}_(07 0) - 4y\/ﬁ (%C; (07 0) +2 i mc;(m2/4N7 TTTL)) :

m=1

The expression in the brackets on the right-hand side vanishes since it is the complex
conjugate of the residue of the meromorphic 1-form >, ;7 (&1/2f)rn(7)-0n(7) d7. Hence

we obtain Ag®y ,(f,2) = —QC;{(O, 0), in accordance with Theorem .

Again, we consider the special case that c; (n,h) = 0 for all n < 0.

Corollary 5.3.5. Let f € Hijzp , and suppose that c}“(n, h) =0 for alln < 0 and
h € L'/L. Then the Fourier expansion of the derivative ®'y .(f,z) of the Borcherds lift
on H\ Hy .(f) is given by the formula from Proposz'tz’on plus the expression

—2i\/JAIN >0 N b)) D XA(X)—lxg)S(g:)l(a)>
hel’/L n>0 XeL_|An,rh X
a#0

where 1x(z) denotes the characteristic function of the bounded component of H \ cx.

Proof. This can either be proved by similar arguments as in the proof of Corollary [5.2.4}
or by computing the derivative of the expression |(5.2.6)| using the formulas|(2.4.2)l [

5.4 Modular integrals with rational period functions and
Borcherds products

For simplicity, we assume in this section that NNV is square free. Then the cusps of I'o(N)
can be represented by the fractions 1/c¢ with ¢ | N. Note that oo corresponds to 1/N.
The width of 1/c is given by a;,. = N/c. We choose the matrix oy/. € SLy(Z) sending

oo to 1/¢ in the form
_ (1 b
Tife = (c ny/C)

where 3,7 € Z are such that Nv/c — ¢S = 1. Then we can take the Atkin-Lehner
involution corresponding to N/c as

N/c 0
WN/C = 01/c ( O/C 1) .

We see that Wy,.00 = 1/c, so the Atkin-Lehner involutions act transitively on the cusps.
Further, the expansion at the cusp 1/c of a function F', which is modular of weight k € Z,
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5 Borcherds Lifts of Harmonic Maass Forms

is given by
(Fleoyje)(2) = (/N2 - (FLuWye)(cz/N).
Since
P (f, 2)oWhye = Pa (fVe, 2)
and consequently

Ay 2)[aWije = @y (fN72, 2),
the expansion of @) ,.(f, z) at the cusp 1/c is essentially given by @} ,.(f*“~/, 2).

5.4.1 Modular integrals with rational period functions

As an application of our extension of the Borcherds lift, we construct modular integrals
of weight 2 for I'o(/NV) with rational period functions from harmonic Maass forms of
weight 1/2. Following Knopp [Kno74], we call a holomorphic function £ : H — C a
modular integral of weight k € Z for I'o(/N) with rational period functions if

qu(2) = F(z) = (F[xM)(2)

is a rational function of z for each M € T'y(N), and if F' is holomorphic at the cusps
of I'o(N), in the sense that lim, . (F'|,M)(z) exists for every M &€ SLy(Z). Then the
map M > gy defines a weight k cocycle for T'g(N) with values in the rational functions
which are holomorphic on H, i.e., it satisfies

qum = QM|kM, + g

for all M, M’ € T'o(N). Conversely, it follows from a more general result of Knopp
[Kno74] that every such cocycle admits a holomorphic modular integral. Knopp’s mod-
ular integrals are Poincaré series built from the cocycles. It was shown in [DIT10] and
[DITT11] that certain generating series of (traces of) cycle integrals of weakly holomor-
phic modular functions for SLy(Z) are modular integrals of weight 2 with rational period
functions. Using the Borcherds lift we generalize their construction to higher level.

Proposition 5.4.1. Let A # 1 be a fundamental discriminant. Let f € Hyj 5 with
c¢y(n,h) =0 foralln <0 and h € L'/L. Further, assume that c; (|Alm?/4N,rm) = 0
for allm € Z,m > 0. Then the function

Fa,(f,2) = —ﬁL(l,XA)cJT(O,O) + = YD (nﬁ) dc} (|Ald* /4N, rd) | e(nz)
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5.4 Modular integrals with rational period functions and Borcherds products

is holomorphic on H and at the cusps of Io(IN), and satisfies the transformation rule

1 - xa(X)
FA,r(faz)bM_FA,r(faz):_; Z Zcf(n7h) Z Q (Z)
hel!/L n>0 XEL_apmen %
ap x <0<ax

for all M € T'y(N), where ax denotes the a entry of X. In particular, Fa,(f,z) is a
modular integral of weight 2 for To(N).

Remark 5.4.2. 1. The requirement ¢ (|Alm?/4N,rm) = 0 for all m € Z,m > 0,
ensures that @ (f,2) does not have singularities along vertical geodesics, and
implies that the second line of the Fourier expansion in Proposition [5.3.3| vanishes.

2. The proof of the transformation behaviour works for arbitrary positive integers N,
but the assumption that N is square free is used to obtain the Fourier expansions
of @) .(f,2) at different cusps via Atkin-Lehner operators. One could compute
the expansion at a cusp ¢ by choosing an appropriate sublattice K, instead of K in
Proposition and modify the computation of the expansion at co correspond-
ingly. However, the above result is certainly true without the assumption that N
is square free, but the computations become much more technical.

Proof of Proposition[5.4.1. Let z € H\ Hy . (h), and let

. 1 _ 1x(z)sgn(a
P = 3 Sepmn) 3 ya(x)ixiien@
2 Qx(2)
hGL//L n>0 XEL7|A|n,'rh
a#0
By Corollary we have
/A,r(fv Z) = 4mi V N|A’(FA,T(f7 Z) + Fz,r(fv Z))

Since )y ,.(f, z) transforms like a modular form of weight 2 for I';(/V), we obtain

FA,T(fa Z)|2M - FA,T(fa Z)| = _Fz,r<f’ Z)|2M+Fz,r(f7 Z)

Using Qx(z)| oM = Qu-1x(z), we obtain that the right-hand side of the last formula
equals

1 3 1x(z)sgn(ax) — 1y x(Mz)sgn(anx)
- — ¢; (n, h) xa(X) :
2 hELZ’/L nz>0 ! XeL_ZAWh * @x(2)
a#0
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5 Borcherds Lifts of Harmonic Maass Forms

The characteristic functions 1x and 1,,x are related by

1x(2), if ax - apx >O,

].MX(MZ) = {

1-— 1)((2), if ax - apyx < 0.

In particular, all summands with ax - ap;x > 0 cancel out. In the remaining sum over
X with ax - ayx < 0, we replace X with —X if ax < 0, giving a factor 2. This
proves the transformation behaviour of Fa,(f,2) for z € H\ Hj .(f). Since all the
functions appearing in the transformation formula are holomorphic on H, we obtain the
transformation law by analytic continuation.

Using @)y ,.(f, 2)[2Wy = @y .(f*¢, 2) we obtain

Far(f,2)|eWa = Fa, (f 2) + FA(f", 2) + FA . (f, 2)[Wa.

Since Fa,(f", z) is holomorphic at oo, and FX ,(f*?,z) and F} .(f,2)[2Wa vanish as
y — 00, we see that Fa ,.(f,z) is holomorphic at the cusps. ]

Example 5.4.3. Let A > 1. We apply Proposition to a harmonic Maass form
J € Hij,: arising as the image of the regularized theta lift studied by Bruinier, Funke
and Imamoglu in [BFIT5] of a harmonic Maass form F' € Hy ([o(N)). We assume that
the constant coefficients a; (0) of F vanish at all cusps. By Theorem 4.1 in [BFI15] the
Fourier expansion of the h-th component of f is given by

fh(T) = -2 tI’F(O, h)\/Q_}
+ ) trp(=n, h)VoB ja(4x|nfv)e(nT)

n<0
VN
+ Z — trp(—n, h)e(nt)
n>0
+ ) tr5(=n? /AN, h)V B jo(—4mn®v /AN )e(n’T /AN,
n>0
where | pres e d
trp(0,h) = —Spp— F(z) =Y
27T Jro(n\H Yy

is a regularized average value of F' and

tr%(n, h) _ Z Z (a?X (m)e27riRe(c(X))m + aétx (m)e27riRe(c(fX))m>
X€Lg(N)\Ly,, m<0

is a complementary trace, which differs by a sign from the complementary trace appear-
ing in the Fourier expansion of the weight k£ = 0 Millson lift in Theorem [3.3.1] since the
Millson and the Bruinier-Funke-Imamoglu lift transform with different representations.
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5.4 Modular integrals with rational period functions and Borcherds products

Our definition of the traces of cycle integrals equals \/W_N times the traces of cycle inte-
grals defined in [BET15], and the traces for |m|/N being a square need to be regularized
as explained in [BET15], Section 3. Note that the trace of index 0 can be evaluated
explicitly in terms of the principal parts of F' at the cusps of I'g(N), see [BEQ6], Remark
4.9, and that the complementary trace is nonzero only for finitely many n, see [BEQG],
Proposition 4.7. Observe that c;(n,h) = 0 for n < 0 and ¢; (Am?/4N,rm) = 0 for
m &€ Z,m > 0,if A > 1.
By Proposition [5.4.1] for A > 1 a fundamental discriminant the function

o

Far(f,2) = %L(l,XA)tI"F(0,0) + % Z Z ( /d) dtrp (Ad®/AN,rd) | e(nz)

n=1

is a holomorphic function on H, which transforms under the weight 2 slash operation of

M e Fo(N) by

1
FA,r(f7 )’2M FAT f’ =T Z ZtrF 2/4N’h) Z Q (Z)
heL’/L n>0 X€L7An2/4N,7»h X
apx <0<ax

Since xa(X) =1 for X € L_an2/an,, We dropped it from the notation.
In the special case N =1 and F' = J = j — 744 (with tr;(0,0) = 4 and tr5(—1/4,1) =
2) we recover the result of Duke, Imamoglu and Téth [DITT11] stated in the introduction.

5.4.2 Borcherds products

In this section we construct twisted Borcherds products of harmonic Maass forms f €
Hijp 5. Let us first recall the definition and some properties of twisted Borcherds
products of f € H1+/2 5+ - For simplicity we assume A #£ 1.

PL

Theorem 5.4.4 ([BO10b|, Theorem 6.1). Let A # 1 be a fundamental discriminant,
and let f € Hfr/Z _. be a harmonic Maass form with real coefficients c}f(m, h) for all

m € Q and h € L’/L, and assume that cjf(m, h) € Z for m < 0. Then the infinite
product

Vo, (f H TT 1 — e(ma + b)) (3)es (im?/arm)
m=15(A)

converges for y > 0 sufficiently large and has a meromorphic continuation to all of H.
It is a meromorphic modular form of weight O for To(N) and a unitary character, and
its roots and poles lie on the CM points in HX’T(f), their order being determined by the
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5 Borcherds Lifts of Harmonic Maass Forms

coefficients c}’(m, h) for m < 0. Further, it is related to the Borcherds lift of f by

Oa,(f,2) = 2v/]AlcF(0,0)L(1, xa) — 4log [Wa . (f, 2)]. (5.4.1)

In order to generalize the above Borcherds products to the full space Hyz 5 we first
recall the construction of certain weight 0 and weight 2 cocycles from [DIT17], which
will appear in the transformation rule of the Borcherds product.

Lemma 5.4.5. Letn > 0 such that N|A|n is not a square, and let A € To(N)\L_|ajn,rh-

Then the function .
A —
QM(Z) - Z QX( )

XeA
ap x <0<ax

defines a weight 2 cocycle with values in the rational functions which are holomorphic
on H.

Proof. As in the proof of Proposition we compute

1 1x(z)sgn(a) 1x(z)sgn(a)
DB R s e il Dl e R

for z not lying on any geodesic cx with X € A. This easily implies that the map
M + g3\ is a weight 2 cocycle. O]

Remark 5.4.6. We sketch a possible construction of a modular integral for g3y (z), which
is due to Parson [Par93]. Since we will not use it in this work, we skip the details. The

function
_y el
S Qx(z |QX z)|*

converges for Re(s) > 0. By computing its Fourier expansion as in [Koh85], Proposi-
tion 2, we see that the limit f4(z) = lims_, fa(z, s) exists, and has an expansion of the
form fa(z) = aoy™' + >, 5, a(n)g” with a(n) < n® for some o > 0. By subtracting a
suitable multiple of the weight 2 non-holomorphic Eisenstein series we obtain a modular
integral for i\ (z).

Next, we would like to construct a weight 0 cocycle R4 (z) with values in the holomor-
phic functions on H such that 2 R4} (z) = ¢f;(2). The following Proposition gives such a
construction for general cocycles with values in rational functions which are holomorphic
on H.

Proposition 5.4.7 ([DIT17], Theorem 2.1). Let F(z) = >_ - a(n)e(nz) be a holo-
morphic modular integral of weight 2 for I'o(N) with rational period functions qy =
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5.4 Modular integrals with rational period functions and Borcherds products

F|oM — F. Assume that a(n) < n® for some a > 0. For M = (%) € Ty(N) with ¢ # 0

we let
a 2m\ ~° any
A <S, E> = (7) ['(s) ; a(n)e <?> n

and

ay _ a = L yes g, @0)  a(0)

H(s,c>—A<s,C)+/1 qu(—d/c+it/c)t —*dt + . 5§
Then H (s, %) 15 entire and satisfies the functional equation H (s, %) = — (2 — s, —%l).
Further, for ¢ # 0 we set
i a z a+d
Ry(z) = _EH (1, E) + /_d+i qu(w)dw + a(0) p

c c

and for M = £ (§ 1) we let Ry(2) = na(0). Then Ry(z) defines a weight O cocycle for
To(N) with values in the holomorphic functions on H, and which satisfies =Ry (z) =
qu(z) for every M € T'o(N).

Proof. The proof is exactly the same as that of [DIT17], Theorem 2.1, so we only give
a sketch. By a standard computation we obtain for ¢ # 0 the integral representation

H (s, %) — /1 OO(F(zl/t) — a(0)5dt + /1 T (F(Mz) — a(0)dt,

where z; = —g—i-c%. Since 21, = —g—k% and Mz = 2+ %t, we see that H (s, %) is entire
and satisfies the claimed functional equation. Further, we let

a(n

) e(nz)

2mn

G(z) =a(0)z+ )

n>1

a

be a primitive of F(z). By taking the limit s — 1 in H (s,%) we obtain after a short
calculation

Ry (z) = G(Mz) = G(2),
which is valid for all M € I'o(N) and defines a weight 0 cocycle with values in the
holomorphic functions on H, and 2 Ry (2) = qu (). O

Lemma 5.4.8. Let qi be the weight 2 cocycle associated to A € To(N) \ L_|Apnrn as
above. For X € A let wx > w'y denote the two real endpoints of the geodesic cx. Let
F(2) = >_,50a(n)q" be a modular integral for qiy with a(n) < n® for some a > 0 and
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5 Borcherds Lifts of Harmonic Maass Forms

let M = (25) €To(N). Further, for ¢ #0 let

Lp (s, %) = Za(n)e <%> n-°.

n>1

and

Ry (2) Z (log(z — wx) —log(z—w’X))—l—LLp (1,%)+a(0)a+d,

1
B VAN|AIn £ 2mi c

ap x <0<ax

and for M = £ (1) we let Ry;(2) = na(0). Then R3\(z) is a weight 0 cocycle with
values in the holomorphic functions on H which satisfies £ Ry (z) = qpy(2).

Proof. Note that

1 1 1
A
2) = ——— — .
4ir(2) VAN|An ); (z—wx z—w’X)

apx<0<ax

Thus if we choose

1 /
m XZEA (log(z — wx) —log(z — w))

apx<0<ax

as a primitive for ¢i}(2), the formula for Ry} (z) follows from Proposition . O

Example 5.4.9. Let N =1,A > 1 and M =S5 = (?'). We have

AZ — 1
QS() Z QX(Z>.

XeA
c<0<a

It easily follows from the definition and the functional equation of H(s,0) given in

Proposition that

e S (ogli — wx) — log(i k)
XeA

c<0<a

Lr(1,0) = —
independently of the modular integral F for ¢**. In particular, we obtain

1 Z— Wy 2 — wh
w6~ 3 (e () s (55))-
S(Z) An XZE; 0g i — Wy og R

c<0<a
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5.4 Modular integrals with rational period functions and Borcherds products

We can now state the transformation behaviour of the Borcherds product associated
to f - H1/27/32

Theorem 5.4.10. Let A # 1 be a fundamental discriminant. Let [ € Hyp 5 and
suppose that c}r(|A|m2/4N, rm) € R for all m € Z,m > 0. Further, assume that
c}“(n, h) = 0 for all n < 0,h € L'/L, and that c; (|Alm?/4N,rm) = 0 for all m €
Z,m > 0. Then the infinite product

U, (f, 2) H 1(;[ [1 — e(mz + b/A)](B)ef (1AIm2/aNrm) (5.4.2)
m=1p
e ( ﬁ|NL(1,XA)c;(O,O)z) (5.4.3)

converges to a holomorphic function on H transforming as

\IJAJ‘(fv MZ) = X(M)MA,r(fy M, Z)“IJA,T(]C, Z) (544)

for all M € T'y(N), where x is a character of I'o(N) and

i = T T 11 e(—”fN@WﬁMMAWﬁ@>,

heL! /L n>0 A€To(N)\L_|Ajn,rh

where Ryy(2) is the weight O cocycle with 2 R4\(2) = qfy(2). Further, its logarithmic
deriwative is given by

% log (Ua,(f,2) = =2mi/|A|NFa.(f, 2),

where Fa . (f, z) is the modular integral defined in Proposition m

Proof. Using Proposition we see after a short calculation that the logarithmic
derivatives of Wa ,(f, Mz) and pa,(f, M, 2)¥a.(f,2) agree. Further, both functions
are holomorphic and non-vanishing on H. Hence they are constant multiples of each
other. This proves the transformation behaviour.

The fact that R3}(z) is a weight 0 cocycle together with the transformation formula
of the Borcherds product implies that x is a character of T'g(N). O

Remark 5.4.11. Note that the function

&Aﬁ@=—f¢ﬂm&%@ﬂﬁ

> " cf(|AIm? /AN, rm)log[1 — e(mz + b/A)]

s o ()
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5 Borcherds Lifts of Harmonic Maass Forms

is holomorphic on H and satisfies %FA’r(f, z) = Fa,(f,z). Further, we have

Uar(fs2) —€< VIAINFA,(f,2) )

In view of these relations and Proposition the above theorem is not surprising.
However, we chose the formulation of the theorem to emphasize the analogy with the
Borcherds products of harmonic Maass forms which map to cusp forms under &; /.

Example 5.4.12. Let A > 1, and let f € Hy3,: be the Bruinier-Funke-Imamoglu lift
of a harmonic Maass form F' € H{ (I'y(N)) with vanishing constant coefficients a; (0) at
all cusps as in Example [5.4.3, Its Borcherds lift is given by

Yar < ) H H [1—e(mz+ b/A)](%)trF(\Almz/zLN,rm)
m=1b(A)
X e (—@L(LXA)U‘F(O,O)Z> _

For N=1and F = J = j — 744 (with tr;(0,0) = 4 and tr5(—1/4,1) = 2) we obtain the

theorem in the introduction. Note that the relations S* = 1,(ST)% =1 and x(T) = 1
imply that x =1 for N = 1.
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6 QOutlook

The methods used in this work are applicable in many other situations. We describe
some future projects which are related to the present work, and mention some open
problems arising from this work.

Shintani theta lifts of harmonic Maass forms

As pointed out in Section [3.5] the Millson and the Shintani lift can be extended to the
full spaces of harmonic Maass form H_o;(I") and Hoyi2(I"), respectively. The coefficients
of the holomorphic part of the Shintani lift are given by regularized cycle integrals of
harmonic Maass forms, which can also be understood as special values of regularized
L-functions. As an application, one can construct £3/o-preimages of Zagier’s generating
series of singular moduli fy of weight 1/2 (see [Zag02]) as the Shintani lift of a &-preimage
J € Hy(SLy(Z)) of J, and use them to relate the regularized Petersson norm (fy, f4)™®
of fq (see [BDE1LG]) to the central value of the d-th twist of the regularized L-function
of J. This will be the topic of upcoming joint work with Claudia Alfes-Neumann.

Regularized Kudla-Millson lifts in genus 2

Let V' be a rational quadratic space of signature (p,q) and let 1 < n < p. In [KMS8G,
KMO90], Kudla and Millson constructed a special Schwarz function ¢ on V" with values in
the closed differential forms of degree ng on the symmetric space associated with O(p, q),
and they used the corresponding theta functions and lifts to prove that the generating
series of period integrals of compactly supported differential forms along certain special
cycles are Siegel cusp forms of weight (p + ¢)/2 of genus n. In [BF06], Bruinier and
Funke extended this lift in signature (1,2) and genus 1 to the space H (T') of harmonic
weak Maass forms, thereby proving the weight 3/2 modularity of generating series of
traces of CM values of weight 0 harmonic Maass forms. In this case, the Kudla-Millson
theta function is given by O (7, 2)du(z). In signature (2,1), we can choose n = 1
or n = 2. For n = 1, the Kudla-Millson theta function is given by ©gp (7, 2)dz +
Osno(T, 2)dz, i.e., it gives rise to the Shintani theta lift, and for n = 2, the Kudla-
Millson Schwartz form gives rise to a theta lift from weight 0 harmonic Maass forms to
weight 3/2 (non-holomorphic) Siegel modular forms of genus 2. The investigation of the
latter lift is a joint project with Michalis Neururer. First computations have shown that
the theta lift converges without regularization due to the very rapid decay of the theta
function. Further, we expect the coefficients a(Q) of the lift corresponding to positive
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6 Outlook

definite quadratic forms () to be related to values of the input function at the CM point
corresponding to (), rather than to traces of CM values of the input, which appear in
the genus 1 case.

Borcherds lifts of harmonic Maass forms in signature (n,2)

In the present work, we investigated the Borcherds lift in signature (1,2) (by identifying
the Grassmannian with the upper half-plane, and modular forms for the orthogonal
group with elliptic modular forms), and showed that it maps harmonic Maass forms
of weight 1/2 to real analytic modular functions with singularities at CM points and
geodesics in H. Let L be an even lattice in a rational quadratic space V of signature
(n,2), let T be a congruence subgroup of O(L) which fixes the classes of L'/L, and let
D be the Grassmannian of negative definite planes in V(R). In [Bor98] and [Bru02] the
authors considered the Borcherds lift on weight 1 — n/2 weakly holomorphic modular
forms and harmonic Maass forms in Hf_n /2.1 and showed that it yields real analytic
[-invariant functions on D with singularities at Heegner divisors, which can be thought
of as embedded sub-Grasmmanians associated to O(n — 1,2). Using the methods of
this work we can also extend the Borcherds lift in signature (n,2) to a map from the
full space Hy_,/2,, to real analytic modular functions on D with singularities along
embedded sub-Grassmannians associated to O(n — 1,2) and O(n, 1). We hope to come
back to this problem in the near future.

Open Problems
Problem 1

The proof of the growth estimates for the holomorphic coefficients of a harmonic Maass
form of weight 1/2 whose holomorphic principal part vanishes (see Theorem is
extremely complicated, especially if we compare it to the simple proof (Hecke bound
applied to &;2f) of the estimate for the non-holomorphic coefficients of a harmonic
Maass form f € H 1+/27pL. For the applications in this work, any polynomial bound would
be sufficient, and there should be a simpler proof of such a polynomial estimate.

Problem 2

It would be desirable to give a more explicit construction of the modular function F
from Lemma [£.2.2] Since there is a lot of freedom in the requirements on F, e.g., the
principal part at oo may have poles of arbitrary order, the author believes that there
should be simple trick to find such a function F' explicitly. This would be useful for
the numerical computation of Petersson inner products of harmonic Maass forms with
unary theta functions.
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Problem 3

Numerical experiments suggest that the traces in Theorem are integers already
without the factors 6 and 6¢. Yingkun Li informed the author that he found a different
construction of £-preimages of unary theta series which have holomorphic parts whose
Fourier coefficients are rational numbers with bounded denominators. This also suggests
that the factor t is not necessary.

Problem 4

The applications of the Millson theta lift presented in this work only use the lift for
k = 0, i.e., the lift from weight 0 to weight 1/2 harmonic Maass forms. It would be
interesting to find applications of the higher weight Millson lift of F € H,, ('), apart
from proving the modularity of generating series of traces of CM values of R*,, F' and
traces of cycle integrals of & o1 F.

Problem 5

In Lemma we gave a basis of the space My, ,» for the lattice L = (Z, —Na?),
consisting of unary theta series, and thus resembling the Serre-Stark theorem. In Sec-
tion @ we defined unary theta series O, (7) of weight 1/2 corresponding to one-
dimensional sublattices K, of an even lattice L of signature (1,2), where ¢ is an isotropic
vector of L ® Q. Thus the question arises whether these theta series form a basis (or at
least a generating system) for M), ,- . This problem could be adressed using an explicit
description of My .+ in terms of invariants of the Weil representation given in [Sko08].
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