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Lifting of vector-valued automorphic forms

par JITENDRA BAJPAT et SuBHAM BHAKTA

RESUME. Dans un article récent [2], le premier auteur a démontré que les
formes automorphes vectorielles admissibles admettent des relevements ad-
missibles. Dans cet article, nous étudions le cas spécial des formes auto-
morphes vectorielles logarithmiques, en étudiant leurs relévements et en don-
nant des calculs explicites de leurs coefficients de Fourier.

ABSTRACT. A recent study by the first author [2] demonstrated that admis-
sible vector-valued automorphic forms have admissible lifts. In this article,
we study the specific case of logarithmic vector-valued automorphic forms,
exploring their lifts and providing explicit computations of their Fourier co-
efficients.

1. Introduction

Let G C PSL2(R) be a Fuchsian group of the first kind, and p : G —
GL,,(C) be any finite-dimensional representation. A vector-valued auto-
morphic form (vvaf) of G of weight w € 27 is a C™-valued meromorphic
function X(7) on the complex upper half plane H which has a certain func-
tional and cuspidal behaviour with respect to p. For details and explanation,
see Section 2. The theory of vector-valued automorphic forms has many im-
portant applications not only in mathematics but also in physics. For more
details on the importance of their theory, see the introduction of [2, 5].

We call a representation p admissible if p() is diagonalizable for every
parabolic element v € G. In that case, we call the associated vvaf an ad-
missible vvaf. Now if we take H to be a finite index subgroup of G, then any
representation p of H can be induced to a representation p of G. It turns
out that, a vvaf X(7) of H associated to p can also be induced to a vvaf
X(7) of G associated to j, see Section 3.2. In short, vvaf X(7), which is a lift
of vvaf X(7) will be referred to as lifted form throughout the article. In [2],
the first author showed that the induction of an admissible representation
is admissible. Hence, the induced function X(7) is also a weakly holomor-
phic admissible vvaf associated with the induced representation. We are
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primarily interested in the case when p is not admissible. We furthermore
assume that any eigenvalue of the image by p of a parabolic element is
unitary, a technical condition that will be explained in Section 1.2. Vector-
valued automorphic forms satisfying both of these conditions are called
logarithmic vector-valued automorphic forms. Knopp and Mason [6, 7] and
Gannon [5] studied this case when G is the modular group. Recently, the
authors studied them for any Fuchsian group of the first kind in [3].

In this article, we discuss what happens to logarithmic vector-valued
automorphic forms after lifting them. We shall work with the Fuchsian
groups of the first kind G, and group G C SLy(R), where G denotes the
image of G by the natural map SLy(R) — PSLg(R). We provide a quick
example of a logarithmic vvaf to prepare for further discussions.

Example 1.1. An elementary example of logarithmic vvaf is X(7)
of weight —1 for the full modular group SLa(Z) = (s = ({ 7).t = (
with respect to the defining representation p : SLy(Z) — GL2(C).

1.1. Fuchsian groups. Let H be the upper half plane and H* = HUR U
{o0} be the extended upper half plane. It is well known that, PSLy(R) acts

on H*. For any v = (2%) € PSLy(R), the action of v is defined by the

L . . _ ar+b
Mébius action v - 7 = 215

A Fuchsian group is a discrete subgroup G of PSLa(R) for which G\H is a
Riemann surface with finitely many punctures. Because of the discreteness,
a fundamental domain exists for the action on H. When it has a finite area,
the corresponding Fuchsian group is of the first kind.

An element v € PSLy(R) is called a parabolic element, if [tr(y)| = 2.
A point 7 € H* is said to be a fixed point of v € PSLy(R) if v -7 = 7.
If v = (@ g) is a parabolic element then its fixed point 7 = ﬁcl when
a+d = 42 and ¢ # 0, in addition 7 = oo when ¢ = 0. Moreover, we

call an element (¢ 3) € SLg(R) parabolic, if the corresponding element

(¢%) € PSLy(R) is parabolic.

Let G be a subgroup of PSLy(R). A point 7 € H* is called a cusp of G
(equivalently, of G) if it is fixed by some nontrivial parabolic element of G
(equivalently, of G). Let €g denote the set of all cusps of G and we define
H¢ = HU €g to be the extended upper half plane of G. For example: if
G = SL2(R) then €g = RU{oo} and if G = SLa(Z) then €g = QU {00},
is the G-orbit of cusp oco.

For any 7 € Hy,, let G; = {y € G|~ -7 = 7} be the stabilizer subgroup
of 7 in G. For any ¢ € €q, G, is an infinite order cyclic subgroup of G. If
¢ = oo then Gy is generated by (§ =), for a unique real number ho > 0,
which is called the cusp width of the cusp co. Throughout the article, we

shall denote o = (§ fioo ) In case of ¢ # oo, G, is generated by Ac(} he YA

for some smallest real number h, > 0, called the cusp width of the cusp «,

(1)
1
1

)

O
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where A = (§ ') € SL2(R) so that Ac(co) = c. For rest of the article,
we shall denote t, = Ac(é hf )Ac_l. The reader may note that the stabilizer
subgroup of any cusp ¢ in G is not cyclic. This is essentially because, the
stabilizer group G, contains both ¢, and —t., and in particular, —I € G..

This is not possible because —1I is a non-trivial element of finite order.
1.2. Results.

Theorem 1.2. Let G C SLa(R) be any group, and H be any finite index
subgroup of G. Suppose that —I € H, and H, G are Fuchsian groups of the
first kind. Let p : H — GL,,(C) be any finite dimensional representation,
¢ be any arbitrary cusp of G and {¢;|1 < i < n.} be a set of inequivalent
cusps of H for which

G'C: ﬁtz

1

s

1

Then we have the following.

If p(t;) is not diagonalizable for some i, then p(t.) is not diagonalizable,
where t; is a stabilizer of cusp ¢; such that t; is the generator of the stabilizer
subgroup of the cusp ¢; in H.

Corollary 1.3. Let G,H, p as in Theorem 1.2, and X(1) be a weakly holo-
morphic logarithmic vvaf associated with p. Then the lifted form X(T) is a
weakly holomorphic logarithmic vvaf, associated with the induced represen-
tation p of the same weight as X(1).

The first author [2] showed that if all of the p(;) are diagonalizable, then
p(t.) is also diagonalizable. The author achieved this by explicitly writing
down the eigenbasis of p(t.), in terms of the eigenbasis of all the p(t;)s.

We demonstrate that the converse of [2, Thm. 4.2] holds true in Theo-
rem 1.2. Our approach diverges, opting for a simpler method that circum-
vents the necessity of explicitly deriving the eigenbasis. Instead, we prove
that a certain power of p(t.) adopts a block diagonal structure, with at
least one block remaining nondiagonalizable.

Yet, using the methodology outlined in [2], we carry on the task of writ-
ing down the eigenvalues of p(t.) and explicitly compute their multiplicities,
in Lemma 6.1. The result at Lemma 6.1 for admissible representations re-
covers [2, Cor. 4.7]. Although Theorem 1.2 could theoretically be derived
from Lemma 6.1, we leverage this stronger outcome to facilitate the ex-
plicit derivation of the Fourier coefficients of the lift, as presented later in
Theorem 1.4.

For any even integer w, it has been shown in [2] that there exists a
bijection between the set of all admissible vvaf of weight w associated to p
and the set of all admissible vvaf associated to p of weight w. In this article,
we shall define this isomorphism as a lift and work with this. Furthermore,
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we also have an analogous isomorphism for the logarithmic vector-valued
automorphic forms, and we note this in Proposition 4.2.

As a consequence of the lifting result for admissible vector-valued auto-
morphic forms, the first author showed the existence of weakly holomor-
phic admissible vector-valued automorphic forms. In the same spirit, we
shall discuss the existence of weakly holomorphic logarithmic vector-valued
automorphic forms associated with certain logarithmic representations, as
presented in Proposition 5.3 and Corollary 5.4. Some technical assumptions
are imposed on the representations in Proposition 5.3. Proposition 4.2 fur-
ther demonstrates that these assumptions are necessary, provided we are
working with induced representations.

In the second half of the article, we study the relations between the
Fourier coefficients of X(7) and its lift X(7). To get a Fourier expansion
of X(7) at the cusps of H, we need to assume that p(7y) has only unitary
eigenvalues for every parabolic element « in H. In particular to have Fourier
expansion of X(7) at the cusps of G, we need to ensure that p(+y) has only
unitary eigenvalues for every parabolic element v of G. This requirement
stems from the fact that the presence of non-unitary eigenvalues implies a
non-polynomial growth of p, as discussed in [3, Sec. 6]. On the other hand,
the necessity of such polynomial growth is demonstrated in [3, Thm. 1.2].
Moreover, the first author explicitly described them in the case of admissi-
ble vector-valued automorphic forms. Here we do the same for logarithmic
vector-valued automorphic forms, and as a consequence, we deduce the
following.

Theorem 1.4. Let H, G and p be as in Theorem 1.2 with index |G : H] = d.
Let X(1) be a weakly holomorphic vector-valued automorphic form associ-
ated to (H, p) of weight 0 and X(7) be the lifted form associated to (G, p).
Then there exists a family of weakly holomorphic vector-valued automor-
phic forms {XO(1)|1 < i < d} associated to some SLy(R) conjugates of
(H, p) with the following property: let XW[n] be the n'" Fourier coefficient
of X (7), and X[n] be the n'™ Fourier coefficient associated to the lifted

form X(7). Then there exists a set of rationals {m;,n;, ;|1 <i < d}, such
that

. , t
X[n] = (riX(’) [min + ni])1<i<d'
Furthermore, the quantities {m;,n;,r; |1 < i < d} depend only on H, G and

p, but not on the associated vvaf X (7).

1.3. Overview of the article. In Section 1.1, we recall the basic notions
and discuss some key facts from this vast area. In Section 2, we discuss
some properties of vector-valued automorphic forms in the settings of both
admissible and logarithmic. These two sections are kind of expository and
serve as preliminary for our work. In Section 3, we recall the results of [2]
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along with the techniques involved, and in Section 4, we use it to study
the lift of logarithmic vector-valued automorphic forms. We discuss their
existence and provide some examples in Section 5. Following this, Sec-
tion 6 explicitly presents the eigenvalues, eigenvectors, and multiplicities of
the induced representation at parabolic elements. Finally, in Section 7, we
compute the Fourier coefficients of the lifted forms.

1.4. Notations. We denote SLa(R) to be the group of all 2 x 2 real matri-
ces with determinant one, and PSLy(R) to be SLa(R)/{£I}. For any integer
m > 1, I, is denoted to be the identity matrix in GL,,(R). We shall write
T = x+iy a point in H, and im(7) be the corresponding imaginary part. For
any unitary A\, we always denote u(\) to be the unique real number such
that A = exp(27ip(A)) and 0 < pu(A) < 1. Unless otherwise specified, every
constant appearing in the draft depends on the Fuchsian group. We write
f < g for |f| < c|g| where ¢ is a constant irrespective of the domains of f
and g. Given a vector v := (v1,v2,...,0y) in C™, we shall always denote
v! to be its transpose, that is the column vector

U1
V2

Um

2. Vector-valued automorphic forms

This section reviews the basics of vector-valued automorphic forms that
we need to understand and prove the main results of the article. In [2]
and [3], the authors studied vector-valued automorphic forms of even weight
associated with Fuchsian groups of the first kind.

Given an element v = (2 %) € G, we denote j(7,7) = c¢7 + d. However, if

we take an element v = (2 5) € PSLy(R), we can not define j(v, 7) in this
way because of one possible sign factor. In [2] and [3], this sign factor was
redundant as the authors worked with even weight vector-valued automor-
phic forms, and therefore, it always comes with even power. Therefore, the
even weight is necessary to define j(-,-). In this article, we shall mainly
work inside SLy(R). This will allow us a slight improvement, i.e. we can
work with any integer weight, not just the even ones. Our treatment of
vector-valued automorphic forms in this section closely follows [5].

Definition 2.1 (Stroke operator). If X : H — C™ is a vector-valued mero-
morphic function, v € SLy(R) and w be a complex number, we define
a vector-valued meromorphic function X[,y on H by setting X|,v(7) =

J(7,7)"FX(y7), where j(v,7) = 7 +d when v = (2 ).
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It is needless to mention that the function j(-y, 7)™ is well defined because
j(v,-) : H — C is a non-vanishing function. One can show that the Stroke
operator induces a right group action of SLy(R) on the space of vector-
valued meromorphic functions on H. For this article, we shall restrict to
integer w. We are interested in the vector-valued meromorphic functions
with finite order poles at the cusps. More precisely, let us first make the
following definition.

Definition 2.2. Let X : H — C™ be a vector-valued meromorphic function.

e We say that X(7) has moderate growth at oo when there exists
c € Rand Y > 0 such that [|X(7)|| < exp(cy) when y > Y, where
y = im(7).

e we say that X(7) has moderate growth at ¢ € R with respect to
w € Z when X],, A, has moderate growth at oo.

Furthermore, we shall refer to the composition of X(7) with the projec-
tion map to each coordinate of C™ as the components of X(7). To introduce
vector-valued automorphic forms, we first discuss the representations of G.
For us, these representations are divided into two types. Namely, admis-
sible and logarithmic (non-admissible) ones. Let us describe them in the
following form.

Definition 2.3. Consider a representation p : G — GL,,,(C) such that for
every parabolic element v € G, the eigenvalues of p(7) are all unitary. We
say that p is an admissible representation of G if p(y) is diagonalizable for
every parabolic element v € G, and p is a logarithmic representation. if
p(7y) is non-diagonalizable for some parabolic element v € G.

Any parabolic element in G is power of Z, for some cusp ¢ € €¢. In partic-
ular, any parabolic element in G is power of +t.. Note that p(—1I) is always
diagonalizable. Therefore, we are really talking about diagonalizability and
the unitary condition at the finitely many parabolic elements {t}.ce,. We
shall now separately treat the vector-valued meromorphic functions associ-
ated with them.

Definition 2.4. Let G be a Fuchsian group of the first kind, w be an
integer, p : G — GL,,(C) be an admissible representation, and X : H —
C™ be a vector-valued meromorphic function. Then, we say that X(7) is
a weakly holomorphic admissible vvaf of weight w with respect to p if it
satisfies the following properties.

e It is a holomorphic function on H, with moderate growth at any
cusp of G,

e It has finitely many poles in the closure of a fundamental domain
of GG, and

o X[u(7) = p(7)X(7), V7 € G.
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Remark 2.5.

(a) If there exists a non-zero X(7) satisfying X|,v(7) = p(7)X(7),
Vv € G, then we must have that p(I) = e~ %p(—1I).

(b) Of course, a representation p satisfies p(—1I) = ™ p(I), only if w is
an integer. Moreover, p can be considered a representation of G if
and only if p(—1) = p(I). Equivalently when the associated vvaf has
even weight. In other words, only a vvaf of even weight is associated
with G, is a vvaf of even weight associated with G. Therefore we
are studying the problem in a bit more generality, even in the case
of admissible forms.

(c) If p is any irreducible representation, it turns out that p(—I) must
be one of the £1. This is a simple fact from linear algebra.

Recall that £, € PSL2(R) (up-to conjugation) generates G,. Since p is
admissible, we can write p(t.) = P.diag (A c, A2, -5 Amyc) P! for any
cusp ¢ of G. To get the Fourier expansion around the cusps, we denote

qc:

2miT

e hoo if ¢ = o0.

27riA:1‘r
~ {e he ifced,,c# 00

Following [3, Prop. 3.11], at the cusp oo we have the following Fourier
expansion

o0
X(1) = PG Pyt Y. Xpd™
n=—Mq
For any other cusp ¢ # oo, consider Y(7) = X|,A¢(7), and then
X(7) = Yo AT (1) = (¢ = 7)T“Xo (A 7).
Following this, we have the Fourier expansion

(2.1) X(r)=(r =) “Pg NPTt Y X4 X, €CY
n=—M.

where we denote qNCA“ to be the diagonal matrix ((j“(’\la‘),(jf‘(kzﬂ),...,
Ej"(’\m»f)). In particular, note that the Fourier coefficients do not depend
on the choice of the diagonalizing matrix. Note that X(7) is a weakly holo-
morphic admissible vvaf if M, is always finite.

A weakly holomorphic admissible vvaf X(7) of weight w is called holo-
morphic if it has no poles in H and, for any cusp ¢ of G, the function
X|wAc(7) is bounded in some half-plane (contained in H), that is to say
simply that X(7) is holomorphic everywhere in Hg. It is called a weight
w cusp form if, for any cusp ¢, the function X|,, A.(7) approaches to 0 as
y — oo. This is same as saying that X(7) is a holomorphic admissible vvaf
if M. <0, and an admissible cusp form if M, < 0 for any cusp ¢ of G.



850 Jitendra BAJPAI, Subham BHAKTA

We are interested in the representation p of G, which is not admissible. In
other words, p(7) is not diagonalizable for some parabolic element v € G.
We call such a representation logarithmic. In this case we can write p(t.)
in the Jordan canonical form as

Tn(ag 000,
Jm(kz,c)v)q c

P. o Pt

C
T, ke

for any cusp ¢ of G, where the Jordan block J,, ) is defined to be

A
A K ,
A A mxm
which is conjugate to the canonical Jordan block. We also set R(t¢) to
be the collection of the eigenvalues of p(t.), which may not necessarily be
pairwise distinct.

Let X : HH — C™ be a vector-valued meromorphic function, and p: G —
GL,,(C) be a logarithmic representation. Suppose that for some integer
w, X(71) satisfies

o Xluy=p(V)X, Vv EG,

o p(I) =e™p(-1).
Now, let ¢ be any arbitrary cusp of G. Then for each eigenvalue X of p(t)
there are g.-expansions

(22)  hajelr) = P@VPT ST XN Gnld, 0< G <m()) -1
=M.

such that, at the cusp oo

(2.3) X(r)= >
AER

te)

)—1

m(A
> (log @Y hyjeo(7),
j=0

and at the cusp ¢(# 00),

m(\)—
(2.4) X(r)=(r=o™ > Z (log @)’ h,je(7),
XER(t) J=0
where m(\) is the size of one of the Jordan blocks associated with the
eigenvalue \.

Definition 2.6. Let X : HH — C™ be a vector-valued holomorphic function
and suppose there exists an integer w such that X(7) satisfies (2.3) and (2.4)
above with respect to a logarithmic representation p : G — GL;,(C). Then,
we say that X(7) is a weakly holomorphic logarithmic vvaf of weight w,
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if for any cusp ¢ of G, all of the g-expansions hy ;.(7) start from some
finite n.

In particular, we say that X(7) is holomorphic at the cusp oo when
M < 0, and holomorphic at the cusp ¢ when X|,A.(7) is holomorphic
at the cusp oo, or equivalently when M, < 0. If X(7) is holomorphic at all
cusps, then we say that X(7) is a holomorphic logarithmic vvaf. In addition,
we say that X(7) is a logarithmic vector-valued cusp form if M, < 0 for
every cusp ¢ of G.

3. Properties of lifted vector-valued automorphic forms

In this section, we shall recall the induction of representations and in-
troduce vvaf associated with them. We closely follow [2] throughout this
section and develop the main tools required to establish the results of this
article.

3.1. A special choice of the representatives. Let us first recall the
usual setup: G C SLy(R) be any group, and H be any finite index subgroup
of G. Suppose that the index is d, —I € H, and H, G are Fuchsian groups of
the first kind. Fix any cusp ¢ € /@G and let c1,..., ¢, be the representatives
of the H-inequivalent cusps which are G-equivalent to the cusp ¢, so we
have G - ¢ = U?‘:l H - ¢;. In particular, one can write

n(
G~c:UH~ci,

i=1

since two cusps are H-equivalent, if and only if, they are H-equivalent.
Therefore, for each ¢ we get an A; € G with A;(¢) = ¢;. Let us denote k,
be the cusp width of ¢ in G and h., be the cusp width of ¢; in H. Then

a set of coset representatives of H in G can be taken to be g;; = tﬁA; '
forall 1 < i < n¢and 0 < j < h;, where h; = ,,Z‘: € Z. It turns out
that, >y <<, hi = d. Setting ¢; = Aithi AT note that any element of the
stabilizer group H,, can be written as power of +t;.

Let p be a representation of rank m associated to H, and denote p :=
Ind§ (p) to be the induction of p. With the choice of coset representatives
{9i,;} of Hin G as described above, we can write p(t.) in the block diagonal
form, where each block is of size mh; x mh;, V1 < i < n.. Moreover, these
blocks are in the lower diagonal form whose right top block is p(t;), and all
other blocks are in the lower diagonal entry is I,;,xm,. More precisely, it is
of the form

0 p(ts)

I

I 0 mh; Xxmh;
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For a more detailed discussion on the coset representatives g; ;, and the
block diagonal form of p(t.), we refer the reader to [2, Lem. 4.5] and [2,
Thm. 4.2]. Here we are pointing out the similar facts over their pullbacks
in SL2 (R)

Remark 3.1. Note that the description in [2, Eq. (4.3)] states that
p(g;jltcgk,l) = I when i = k and j # h; — 1. Additionally, we would like to
point out to the reader that it is also necessary to have that [ = j —1. This
can be derived immediately from the definition g; ; = t/A; ',

3.2. Lifting of vector-valued automorphic forms. Let H, G and p be
as in the previous section, and X(7) be a weakly holomorphic vvaf asso-
ciated to (p,H). Now one may ask for a lifted form X (), which is also a
weakly holomorphic vvaf associated with p. Fix a cusp ¢ of G and let {g; ;}
be the set of coset representatives of H in G, as described earlier. We then
define the induced function X(9 : H — C%™ by setting,
t
-1

T <X(gm T)) iz
0<j<h;
The reader can note that, given any cusp ¢ of G, we are uniquely lifting
the vvaf X(7) to X(©(7), because gi,; are well defined. Of course, XO(7) is
just a vector-valued holomorphic function on H right now, because X(7) is a
weakly holomorphic vvaf. To make sure that X(© (7) is a weakly holomorphic
vvaf (be it admissible or logarithmic), we first need to check the functional
equation with respect to the induced representation p. Note that,

X(vfivT) X(VfiWYhWﬂiT)
5 , X(% "0,
2O(y7) = X(’Yz. vT) (72 Vi 7)
X 4 X(~~1 ', —1
(Vg 7) (Ya a5, T)
ey 1%‘1#)%(% ﬁwl)x(vj‘liﬂ
v s T P2 32) X (v, T)

)

| ) -1 -1
T 50> 7P 10X (g, T)
where {7v;,7;,|1 <1,J; < d} is the set {g; ;|1 <i<n.,0<j<h;}, and the
unique association i — j; is defined by [2, Eq. (4.1)].
To satisfy the functional equation property, we need that
i e T = ()P, V1<i<dyeG.

We can make sure this if ro(vy; 'vy;,) = r2(7), V1 < i < d, v € G, or
simply if the weight w = 0. Here, for any g € G, we denote r2(g) to be the
second row of matrix g. Of course, it is unlikely that ro(v;” 1’yfyji) = r2(7),
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V1<i<d, v€ G would always hold. So to be safe, we stick to the weight
w = 0 case to make sure that the functional equation is satisfied. Before
discussing the moderate growth condition, let us first define a suitable lift
for any arbitrary weight case. For this, let us first recall a process of reducing
a given modular form to a lower-weight modular form used in [2]. The idea
is to find a scalar-valued cusp form Ag(7) of non-zero weight, which is
holomorphic on H, and nonzero everywhere, except at oo. For instance if
G is given by the modular group SLg(Z), then one can take

Ac(r) = m()* = ¢ [T "™,
n>1
where 7(7) is the Dedekind eta function. For the existence of such scalar-
valued cusp form Ag(7) in the general case, the reader may look at the
exposition in [2, Sec. 4].

Now given a weakly holomorphic admissible or logarithmic vvaf X(7) of
weight w, let us denote Xo(7) = Aﬁw/wH (7)X(7), where wy is the weight of
An (7). It is clear that Xo(7) is a weakly holomorphic vvaf of weight 0 asso-
ciated to the representation p ® vy, where vy is the rank 1 representation
associated to A%{/ “H(7). One can then consider a reduction to a weight 0
automorphic form by X(7) — Xg(7). In particular, we now have a recipe
to lift to a vvaf of arbitrary weight by considering the map

t
< (© -
X(r) — Xo(r) — Ko (1) AL/ (7) 1= AL/ () (Xo(gmlT)) o
0=j<hi
Note that Xvo(c) (T)Ag/ "G (1) satisfies the functional equation with re-

spect to the representation (p®/\7H)_w ® v& = p. Therefore, we refine our
definition of lift by setting

XO(r) :=Xo " (1) AL (7).

If 00 is a cusp of G, then we set X(7) := X()(7) as the definition of lifted
form. If not, we pick any cusp ¢ of G and set X(r) := X(©|,A.(7), which
satisfies the required functional equation with respect to the representation
ATIvA = p().

(6)

3.3. Preservation of the cuspidal properties. Before studying the be-
havior at the cusps, we first need to have a better understanding of the rep-
resentatives of H in G. Suppose that oo is a cusp of G and {¢; |1 <17 < ny}
are the cusps of H lying under oo, and {g; j} be the set of coset represen-
tatives of H in G as described before, with the important property that
gi,j(¢;) = oo. The following lemma is about a comparison with the set of
all coset representatives {g; ;|1 < i < neo,0 < j < h;} inside G and the set
{A., |1 <7 < ne} inside SLy(R).



854 Jitendra BAJPAI, Subham BHAKTA

Lemma 3.2. There exists a; ; and o;j € R such that
9igT = a; AT + jhoo + iy, V7 €H.

Proof. Recall that, g;; = tI A; ' where A;(c0) = ¢;. We also know that
A, (00) = ¢;, in particular, A; A, (00) = co. On the other hand, A; ' A, €
SL2(R). In particular, Al-_lAci = (0o 1%) for some a,a € R. We then have,

a

9iyT =t AT T =1 (5 17a) AT = A® AT + jhoo + 0a.
This completes the proof by taking a; ; := a and o; ; := aa. [

We recall that any classical holomorphic modular form does not have
weight 0, unless it is a constant function. In those cases, the representation
under consideration has a finite image. However, the same may not be true if
the representation does not have a finite image. Consider the representation
Iy : SLa(Z) — GL2(C), given by v +— ~, and the holomorphic function Y :
H — C? given by 7+ (7,1). Note that Y(7) is a holomorphic logarithmic
vvaf of weight —1 associated with Iy. In particular, Y'(7) := Y(T)A(T)% is
a non-constant holomorphic logarithmic vvaf of weight 0 associated to the
representation p’ := g ® vgp,(z). In fact, following [5], we know that the
space of holomorphic logarithmic vvaf is a free module of rank two over the
polynomial ring C[E4, Fg|, generated by Y’(7) and its modular derivative.

Moreover, the representation p’ : SLa(Z) — GL2(C) indeed have infinite
image, because

1o )| = [[To ® vsLo(z) (t")]] = Mo ()] = n,

which follows from the explicit description of vgy,(z), see [2, p. 7]. Gan-

non in [5] gave an explicit description of the logarithmic representations of

rank 2, associated to SLy(Z), and they all differ from p’ by some character
We now prove the required cuspidal properties of the lifted forms.

Lemma 3.3. Let ¢ be an arbitrary cusp of G and {¢;|1 <i <n.} be the
set of all inequivalent cusps of H lying under c. Then we have the following.

(i) If X(7) has moderate growth at all the cusps {¢;|1 <1i <mn.}, then
the lifted form X (1) has moderate growth at ¢ as well.

(ii) IfX(7) is holomorphic (or vanishes) at all the cusps {¢; |1 <i <n.},
then the lifted form X© (1) has same properties at the cusp ¢, pro-
vided that the weight of X(1) is 0.

Proof. For both of the parts, it is enough to prove that X() (1) satisfy the
required cuspidal properties at the cusp oc.

Let us first prove part (i). It is clear that Xo(7) has moderate growth at
all the cusps {¢;|1 <i < nu}, because any power of Ap(7) has the same
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property. Now we shall show that all the components of Xo(T) have mod-
erate growth at oco. Let Y(7) := Xo(g;’le) be such a component. Since
Xo(7) has moderate growth at all the cusps {¢;|1 <i < no} there exists a

constant ¢ € R such that [|Xo(7)] < |e2mCA‘_ilT\ as im(7) — oo. It follows
from Lemma 3.2 that, ||Y(7)|| < [e*7“7|, for some constant ¢ € R, as
im(7) — co. This shows that, Xo() has moderate growth at co. On the
other hand, any power of Ag(7) has moderate growth at co as well, and
this completes the proof of part (i).

Let us now prove part (ii). To show that X(7) is holomorphic (or vanishes)
at the cusp oo, we need to show that all the components are bounded
(or vanishes) as im(7) — oo. The constant ¢ appearing in the previous
paragraph is 0 when X(7) is holomorphic and negative when X(7) is a
cuspform. Moreover, it can also be seen from Lemma 3.2 that the constants
cand ¢ from the previous paragraph are a positive multiple of each other.
Therefore X(7) has the similar cuspidal properties as X(7). This shows that
the lifted form also shares the same cuspidal properties when the weight
is 0. O

4. Lifting of logarithmic vector-valued automorphic forms

In [2], the first author proved that the induction of an admissible rep-
resentation is admissible. In this section, we shall study the induction of
non-admissible, i.e., logarithmic representations, and explore the relation-
ships between logarithmic vector-valued automorphic forms and their lifts.

4.1. Proof of Theorem 1.2. Let us start with considering the coset
representatives {g; j} of H in G from Section 3.1. We first claim that,
for any pair (i,7), some non-trivial power of v;; = g, jltcgm- is in H. To
prove this, we start by noting that there exists n; ;1 and n; ;2 such that
gz ;’j’lH = gZ}‘j‘QH. This is because H has a finite index in G. In particular,
for each pair (i, j), there exists some integer n; ; such that g;jlt?’"‘jgm € H.
Let us now consider n = lem {n; ;|1 <i <mn.,1<j < h;}. In particular,
9;. jlt?gi,j € H for each pair (7, j). Therefore, p(t') is a block diagonal ma-
trix where each block is of the form p(g;’jltf‘gi,j). Note that ggjlt?gi,j € H
and fixes the cusp ¢;, hence it is some non-trivial power of ¢;. Let us write
9;. jlt?gi,j = 7", where m # 0 is an integer. By the assumption, there ex-
ists some ¢ for which p(t;) can be written in Jordan normal form, with a
Jordan block, say Jy, of size greater than 1. In particular, p(¢*) can be
written in a block diagonal form, where one of the blocks is J}*, which is

not diagonalizable for any integer m # 0. This completes the proof. O

Remark 4.1. It is clear that n; ; < d, for each pair (i,j), where d is the
index of H in G. In other words, n is crudely bounded by d?. However,
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if H is normal in G, one can always take n;; to be d. In particular, one
can take n = d. In fact, the discussion in Section 3.1 allows us to take
n=1lem{h;|1<i<nc}.

4.2. Proof of Corollary 1.3. Since p is a logarithmic representation, we
can select a cusp ¢; of H such that p(;) is not diagonalizable. Now ¢; is a cusp
of G, with ¢; itself lying under it as a cusp of H. It follows from Theorem 1.2
that p(t.,) is not diagonalizable. Consequently, the induced representation
p is logarithmic. The proof is then completed by incorporating part (i) of
Lemma 3.3. U

4.3. Space of the lifted vector-valued automorphic forms. Let R¢
be the ring of weakly holomorphic scalar-valued automorphic forms asso-
ciated with G. Define M, (p) (resp. My hot(p) and My, cusp(p)) be the set
of all weakly holomorphic logarithmic vvaf (resp. holomorphic logarithmic
vector-valued automorphic forms and logarithmic vector-valued cusp forms)
of weight w, associated to representation p of G. It is clear that Rg acts on
these spaces through the map (f,X) — fX, for any f € Rg and X(7) from
one of these spaces. Consequently, we have the following.

Proposition 4.2. Let G, H, p be as in Theorem 1.2 and w be an integer.
Then there is a Rg-module isomorphism between the following spaces.

(i) My,(p) and M, (p),
(i) Mo,not(p) and Monoi(p), and
(iii) Mo,cusp(p) and Mo cusp(p)-

Proof. Given a weakly holomorphic vvaf X(7) from one of the Mj(p),
Mo.not(p) or Mo cusp(p), we consider its lift X(7). Tt follows from Theo-
rem 1.2 and part (ii) of Lemma 3.3 that, indeed, this map is a possible
candidate for the isomorphism in any of the parts (i), (ii) or (iii). Clearly
this is an injection. On the other, consider a vvaf Y := (Y;,Ys,...,Yy)
in one of the spaces M}g (), Mo,hot(p) or Mg cusp(p). Consider the weight 0

form Yo(7) := A(_}w/ “S(7)Y(7). Without loss of generality, we may assume
that the weight of Y(7) is 0, if not, we can simply work with Yo(7).

Let us now fix an element v € G. For each i, there exists a unique
j := ji such that Y;(y7) = p(v; *yv;)Y; (7). Moreover, any such ; 'y, is
in H. In particular, if 44 = 1 and v € H, then v;, = 1 and we have that
Y1 (y7) = p(7)Y(7). This implies that, Y1 € M} (p), Mo not(p) or Mg cusp(p)-
On the other hand if we take v = ;, then we must have that j; = 1,
and hence Y;(7) = Yi(y; '(7)). Therefore, Y(7) = Y;(7). This gives the
required isomorphism between the given spaces. O
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5. Existence of logarithmic vector-valued automorphic forms

In this section, we shall discuss the existence of vvaf associated with a
given representation. To begin with, let us first recall [2, Sec. 4] the scalar-
valued cusp form Ag(7) of non-zero weight, which is holomorphic on HE,
and nonzero everywhere, except at oco. Moreover, let vg be the rank 1

representation associated to A%I/ YH(T).

Lemma 5.1. Let G be any Fuchsian group of the first kind, and k be any
integer. There exists a weakly holomorphic logarithmic vvaf of weight w,
associated with some representation of G.

Proof. Consider the representation I : G — GLo(C) given by v — ~. Now
consider the vector-valued holomorphic function Xq : H — C? given by
7+ (1,1). Note that

ar +b\ 1 a b
Xo <CT—|—d> = (et +d)” Xo(1), V <c d) €eG, TeH.
Of course, we can not conclude about the weight if ¢ = 0 and d = 1 for
every element in G. However, that is not the case because G is a Fuchsian
group of the first kind. Therefore, X(7) is a weakly holomorphic logarithmic

w41

vvaf of weight —1 associated with I. Then X (7) := XoA5C (7) is a weakly
holomorphic logarithmic vvaf of weight w associated with the representa-
tion p:=1® Vé""l. O

Now one may naturally ask if given any representation p : G — GL,,(C)
can we find a non-trivial weakly-holomorphic vvaf associated to p whose
components are linearly independent? Of course, the interesting question is
when the components are linearly independent; otherwise, one could take a
zero function. The first author confirmed this for admissible representations
having a finite image, and in [1, Chap. 5], the same is confirmed for any
admissible representations with rational exponents!, associated with any
genus zero Fucshian group of the first kind. Furthermore, in [1, Chap. 6],
explicit generators are produced for the rank 2 case when the Fuchsian
group is a triangle group. An extension to rank 3 for the modular group is
done by Candelori et. al. in [4].

The main goal of this section is to study this for logarithmic vector-valued
automorphic forms. More precisely, we consider the following question.

Question 5.2. Let G be any Fuchsian group of the first kind. Given a
logarithmic representation p of G, can we find a non-trivial logarithmic
vvaf associated with p whose components are linearly independent?

1In other words, all the eigenvalues of the image of any parabolic element has a finite order
in C*.



858 Jitendra BAJPAI, Subham BHAKTA

For the logarithmic representations associated with the modular group,
the existence could be deduced from [5, Thm. 3.1]. Gannon remarked that
a similar result could be deduced for any genus 0 Fuchsian group of the
first kind.

Before proving our main result of this section, let us quickly recall the
result of [2]. As mentioned, the author assumed that the image of p has a
finite image and all the eigenvalues of p(vy) are unitary for any parabolic
element 7 € G. In this case, we must have that, u()) is rational for any
eigenvalue A of any such p(7).

Now for the logarithmic case, we do not have the luxury to assume that
the representation has a finite image. If p is not admissible, then there exists
some parabolic element v € G such that p(y) has at least one non-trivial
Jordan block, say Jy. Suppose this block is of size m(X) x m(\). Since it is
non-trivial, we may assume that 1 < m(\) < m. If p has finite image, then
the set {J}}nen must also be finite. Note that,

T = NI + N)™ = A" <@)N@',
A e osgn(x) '
where N is the corresponding nilpotent matrix. In particular, for any large
n, we note that there is an entry in J) of modulus > (m?)\) ). Therefore, we
can not assume that the representation has a finite image for the logarithmic
case. Here we would like to give a partial answer to Question 5.2.

Proposition 5.3. Let H,G and p be as in Theorem 1.2. Suppose that v
be a representation associated to G such that p = 1. Then there exists a
weakly holomorphic logarithmic vvaf X(7) associated to (1, G) with linearly
independent components if and only if there exists a weakly holomorphic
logarithmic vvaf X(7) associated to (p, H) with linearly independent compo-
nents.

Proof. 1t is enough to work with only weight 0 forms because multiplication
by a scalar-valued non-zero function does not change the linear indepen-
dence. Suppose that there exists (p, H) with an associated weakly holomor-
phic logarithmic vvaf X(7). It follows from Corollary 1.3 that X(r) is a
weakly holomorphic logarithmic vvaf for Ind$§(p) = . We are now done
for the if part, provided that the set {X(g;le) 11 < i< ns,0 < j < hyi}
is a linearly independent set. If not, we fix a point 79 € H such that 9;. leo
are pairwise distinct, and denote m;; = ord,—r,(X(g; jl (7). Let f be any
non-constant modular function for H. For a set of positive integers {n; ;}
to be specified later, let us consider the function,

Noo hi—1 ni;
F(r) =TT IT (£(r) = flgi) )™ .

i=1 j=0
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Note that F(7) is a modular function for H, with
ord,—r, F(g[’le) = Z i j ordr—r, f(g;,le).

Now we choose {n;;} in such a way, so that m;; + ord;—r, F'(g; le) are
pairwise distinct, and then ord,—r, F'X(g; ]-17') are pairwise distinct. Conse-
quently, the set {FX(g;le) |1 <4< ng,0<j < h;} is linearly indepen-
dent. In particular, now FX(7) is a weakly holomorphic logarithmic vvaf
for H associated to p and §~§(7) = ﬁg(r) is a weakly holomorphic logarith-
mic vvaf associated to p := v, with linearly independent components, as
desired. B

On the other hand, let X(7) be a weakly holomorphic logarithmic vvaf
for (¢, G) with linearly independent coefficients. In this case, the proof
immediately follows from part (i) of Proposition 4.2. O

We record the following consequence by combining Lemma 5.1 and
Proposition 5.3.

Corollary 5.4. Assume that p lies in the following set of representations,
{Tovg|wez, HCG, [G/H] < oo}

Then we may find a logarithmic vvaf associated with p, whose components
are linearly independent.

6. Eigenvalues of the induced representations

In Section 4, we established that the induction of a logarithmic repre-
sentation remains logarithmic. In this section, we shall briefly compute the
eigenvalues, eigenvectors, and multiplicities of the induced representations
at the parabolic elements. While this information can indeed be used to
prove Theorem 1.2, our primary objective here is to employ it to prove
Theorem 1.4.

Let us first recall the usual setup. Fix a cusp ¢ in G, and consider the
decomposition

Toe
G-¢c= U H- C;.

i=1
If we know all the eigenvalues of p(t;), then what do we know about the
eigenvalues of p(t.)? The first author studied this when p is an admissible
representation and explicitly described the corresponding eigenspaces. Of
course, the question arises if p is not admissible. In other words, if one of
the p(t;) is not diagonalizable. We shall answer this in the following lemma.

Lemma 6.1. Let ¢ be any arbitrary cusp of G, and {¢;|1 <i < n.} be the
set of inequivalent cusps of H lying under ¢. Let {\;py |1 < k < e;} be the
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set of distinct eigenvalues of p(t;) for each 1 < i < nc. Then, the following
statements are true.

(i) The eigenvalues of p(t.) are precisely

1/hi

{ods

where e; is the number of distinct eigenvalues of p(t;), and Ry, is
the set of all hgh root of unity.

(ii) If there is a Jordan block of size m(A(; k) in p(t;) associated to the
eigenvalue \(; iy, then there is a Jordan block in p(t.) of size

1<i<n.1<k<e (R},

m (Qa’;g) = m(\ig), V1<i<ne,1<k<e (€ R,

Before proving Lemma 6.1, we need to discuss generalized permutation
matrices. These matrices are square matrices where each row and column
contain precisely one non-zero entry. Unlike classical permutation matrices
where the non-zero entry must be 1, in generalized permutation matrices,
this entry can take any non-zero value. Any invertible generalized permu-
tation matrix can be expressed as the product of an invertible diagonal
matrix and a permutation matrix. In fact, the group of all such matrices in
GL,(R) is isomorophic to S, x Ap(R), where Sy, is the symmetric group,
and Ap(R) be the set of diagonal matrices in GLp,(R). The semidirect prod-
uct above is defined by the natural action of S on Ap(R) by permuting
coordinates. With this identification, or simply by matrix multiplications,
the reader may note that

0 ay b
L =al,, YaeR\ {0}
1 0/
Similarly, we have the following for any non-zero matrix A € GL,,(R).
0 A\ b
(6.1) I - — AL,
I A 0/ hmxhm

Proof of Lemma 6.1. Let v(; ) be an eigenvector of p(t;) associated to the
eigenvalue A; ). Let us recall from Section 3.1 that p(te) is in a block
diagonal form, where each block is of the form

0 p(ti)
(6.2) I
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This shows that there exists a set of vectors {U(z‘,k,() |1 <k<e,(<€ Ry},

t
whose " block is of the form ()\b_kl)/h"(*lv(i7k), Azi_k%/hig“*?v(i’k), e >U(i,k)) )

and all other entries are zero, satisfying that
~ hi .
p(te) (Vi ko) = C)\ak)v(i,k,cy V1i<i<n,l1<k<e,(€Ry,.
This shows that the set of eigenvalues of p(t.) contains
1/h;
{odi

On the other hand, if )’ is any eigenvalue of such a block as in (6.2), we
can derive from (6.1) that (\)" = (i,k) for some 1 < k < ¢;. This provides
the comprehensive description of the eigenvalues of p(t.), as intended.

To prove (ii), consider h = hyhsy. .. hy, . From (6.1), it follows that p(t")
is in block diagonal form, where each block is precisely p(t;)"" for all
1 <4 < n.. Additionally, each such block appears h; times.

On the other hand, it is a known result that for any non-trivial Jordan
block J, and for any integer h # 0, J" is also a non-trivial Jordan block of
the same size as J.2 This completes the proof. O

1<i<ne,1<k<e,C€Ry}.

7. Fourier coefficients of the lifted forms

In Section 3, we discussed the cuspidal properties of the lifted automor-
phic forms. In this section, we shall study their Fourier coefficients and
prove Theorem 1.4.

7.1. On the growth of the Fourier coefficients. In [3], the authors
studied the growth of holomorphic vvaf associated with Fuchsian group of
the first kind H. More precisely, they proved that there exists a constant «
(depending on the associated representation) such that || X[n][| <z, nwt2e
where X(7) is a holomorphic vvaf of weight w € 2Z associated with a
representation p of H. Moreover, the constant « depends only on H and
the exponent w + 2« can be divided by 2 for cuspforms. In this section, we
shall not only work with H but also with H, and study the effect on the
exponent under lifting.

In general, we show that the constant « is multiplied by, at most, the
index of H in G. In particular, the exponent does not change when o = 0.
In [3], it was remarked that a can be taken to be 0 when p is a unitary
representation. To prove the main result of this section, let us start with
the following.

2For proof, the reader may refer to the answer given by Oscar Cunningham at https://math.
stackexchange.com/questions/1849839/jordan-form-of-a-power-of-jordan-block.
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Lemma 7.1. Let G,H and p be as in Theorem 1.2 such that ||p(h)| <u
|h[|*, ¥V h € H. Then the induced representation p has the growth

1P <pa V%, ¥y € G.

Proof. It follows from the definition of induced representation that,

)l < masx oGy )|

~ivy; el

On the other hand, it follows from the assumption on p, and the semi
multiplicative property of || - || that ||p(’ym'yj_l)|] <a |- O

Let us now recall from Lemma 3.3 that if X(7) is a holomorphic vvaf
of weight 0, then the lifted form X(7) is a holomorphic vvaf as well. As a
consequence of Lemma 7.1, we deduce the following.

Corollary 7.2. Let G,H and p be as in Theorem 1.2, and X(7) be an ad-
missible holomorphic vvaf associated to (H, p) of weight 0. Then there exists
a constant a depending only on H and p such that the Fourier coefficients
of the lifted holomorphic vvaf X(7) have the following growth

| X[n)| < n=

In particular, the growth of the Fourier coefficients of the lifted vector-valued
automorphic forms does not depend on G. However, if X(7) is a holomor-
phic logarithmic vvaf, then the exponent increases by at most rank(p) :

rank(p)|G/H].

Proof. When p is admissible, it follows from [3, Lem. 4.1] that
Ip(A)]l < (IR, ¥ b e H,

for some constant a depending on H and p. In particular, Lemma 7.1 implies
that

1PN <pe VI, Vy eG.

Since X(7) has even integer weight, it is evident that p(I) = p(—1). There-
fore, p can be considered as a representation of H. Consequently, p can be
viewed as a representation of G. The proof for the admissible case then
follows from [3, Thm. 1.1]. O

Remark 7.3. For the logarithmic case, one can essentially follow the ar-
gument in [3, p. 21]. The increase in the exponent is coming because of
the extra logarithmic terms in the Fourier expansion, and they come with
power at most rank(p), which is precisely rank(p)|G/H| = md.
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7.2. Computations of the Fourier coefficients. In this section, we
shall study the relationship between the Fourier coefficients of a weakly
holomorphic vvaf and its lift.

Let us start by recalling the coset representatives {g; ;|1 < i < ne,
0 <j < h;} of Hin G from Section 4. Let X(7) be a weakly holomorphic
vvaf of weight 0, then by definition

K(r) = (X(¢701);
(1) = ( (gi,j 7'))10§<ij§<nho_o .

To get the Fourier coefficients of X(T), say, at the cusp oo, we need to study
the Fourier expansion of each component X(g; le) at oo.

Let G, H be as in Theorem 1.2 and p be an admissible representation of
H. Let 0o be a cusp of G and {¢;|1 < i < ny} be the set of all inequivalent
cusps of H lying under co. For each such i, we write p(t;) = PZ-Jz-PZ-_l,
and p(te) = POOJOOPgol, where J; and J, are the corresponding diagonal
matrices. It follows from [2, Thm. 4.2] that we can write P, in a block
diagonal form diag(Py, Py, ... P, ), where each block P is of the size mh; x
mh;, which can be described by the proof of [2, Thm. 4.2]. In particular,
when P; are all trivial, then all the entries of any such block P! either 0 or
A=d/hicd | for some ¢ € Ry, .

When p is a logarithmic representation, J; are in a Jordan normal form.
Even in this case, we can write each P; in a block diagonal form as before.
This follows from the proof of Lemma 6.1.

7.3. Proof of Theorem 1.4.

Admissible case. In this case, X[n] denotes the n'® Fourier coefficient of
X(7) at oo, which is a md x 1 vector. For any cusp ¢; of H lying under oo,
write p(t;) = Pie?™ A Pt and

22 td 1
P(to) = Poo diag (e hi >1§i§nm7 P_ .
0<j<h;

It follows from [2, Cor. 4.7], equation (2.1), and the discussion in the pre-
vious paragraph that, for each 1 < i < n, we can write

(X(g;jlﬂ)z)gxhi
t

_ P dine (5 P R S-S
=P diag(q ™ P’ > X y[nlg ;
0<j<h;

n=—M. ., OS]’<hL

¥

where each X; j[n] is a m x 1 vector.
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: </ t _ pr—1 (. . t . . .
Denoting (Xi,j [n])0§j<h,- =P’; (Xm’ [n])ogj’<hi’ and using the identity
that he, = hihoo, we have

t
Ac.+7
/=1 -1 t B e
(7.1) P'; (X(gm. T))OSMZ_ =13 Z X! )
n=—Mig 0<j<h;
mA"i+j 2nmiT '
= |eho hi Z X nje hoo
=M 0<j<hi
27r17' , 2("h7},'L+j)7ri7' !
- Z XJ o
M, 0<j<h;
On the other hand, X\wgi_’jl (1) = X\og;]-l(T) = X(gi_’le) is a weakly holo-
morphic vvaf associated to H;; := 9i,;Hg; jl, with respect to the repre-
sentation p; ; := gi,j’yggj-l — 7y. Moreover, oo is a cusp of H;; because

ggj«l(oo) = ¢;, and ¢; is a cusp of H. In other words, gz-,jtigi_,jl is the gener-
ator of the stabilizer subgroup of oo in H; ; with pi,j(gi,jtig;jl) = p(t;) for
any pair (i, 7). Therefore, we can write

2miT o 2nmwiT

(7.2) PrX(gilr)y=eta ™ Y X@nle bV j < by,

where X’(i’j)[n] = Pflx(i’j) [n].
Combining (7.1) and (7.2), we have the following equality for each 1 <
1 < Neo

(7.3) ( > R R ))

n=—M'i; 0<j<h;
t
0 71'17'
= Qi ( > e )> 7
n——Miyj/ 0<j'<h;
where Q; is the mh; x mh; matrix given by Q; = P; ' P/.
Now, recalling that
1@63) 1,1 — p—1x (i) 1 t —pl(x. ., ¢
XD} = X)), (Kiln)) =P (Riglnl)

it finally follows from (7.3) that, for any 0 < j < h,

(7.4) X; j[n] = XD [nh; + 4]

)
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Logarithmic case. Suppose that X(7) is a weakly holomorphic logarith-
mic vvaf associated with a logarithmic representation p of H. Let {\; 1|1 <
k < e;} be the set of eigenvalues of p(t;) for each 1 < i < ne, Where €;
is number of distinct eigenvalues of p(¢;). From Lemma 6.1, we have an
explicit description of the eigenvalues (with multiplicity) of p(t~ ), in terms
of the A(z,k)

The argument to prove Theorem 1.4 for this logarithmic case is essen-
tially the same as in the admissible case; therefore, we shall omit some
details. Following (2.3), and recalling the identity from Lemma 6.1 that
m(\) = m(CAY"), we can write the following for each 1 < i < ng,

-1

(7.5) (X(g;jlf))KKh A Z (log g)’ h' ™

CeRh AER(t;) j'=

% Z X/[CAl/h ./ n]"’nh +](C)’
n=— MA,]

where we denote X/[¢AM/ i, ] n] = P'7IX[CAYR 47 0], 5(¢) to be the nu-
merator of p(¢), and ¢ =e T ,as in (7.1).
On the other hand, reahzmg X(g;. ]-17') as a weakly holomorphic vvaf as-

sociated to H; j, we can write the following for each 0 < j < h;

m(\)—1

(76) X gzg =P Z Z log a’)ﬂ qM A) Z X/(i,j)[)\’j/7n]q/n7

n=—M'
AER(t;) /=0 =M,

2miT
where we denote X')[\ ' n] = PIXEID[N j/ n], and § = e, as
n (7.2).
Comparing (7.5) and (7.6) in a similar manner as in the admissible case,
we have h;M) ;o = M) ;. Furthermore, for any positive integer n and j’

such that 0 < 5/ < m(\), we have
(7.7) X[CAV 5 n] = b XD, 5 nhy + ),

where j = j(({).

Therefore, the proof of both admissible and logarithmic cases follows by
setting all the r;, m;, and n; appropriately as per the requirements in (7.4)
and (7.7). O
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Remark 7.4.

(a) One can also recover Lemma 3.3 from Theorem 1.4.
(b) More generally, let w be an arbitrary integer and X(7) be a weakly
holomorphic vvaf of weight w. Recall that,

(00) w/w
(T)AL e (7),

X(7) := Xo
where Xo(7) = Aaw/wc (7)X(7). In the proof of Theorem 1.4, we
basically saw how to compute the Fourier coefficients of Xy(7). By
the same argument, the Fourier coefficients of X(7) can be written

in terms of the coefficients of {Xog;jl (T) }1<i<na,, and Ag(T).
0<j<h;

(c) In certain cases, it turns out that A; = Aci.iljn those cases, we look
at the expansion at the cusp ¢; while considering the vvaf X|,, A, .
For example, if G = T'(1) and H = I'y(2), then one of the cusps of H
is 0 and in this case A; is precisely s = ((1] _(1)). However, in general,
it may not always be possible that any A, is in G. In those cases,
they differ by an element of the form (17, ), as already explained

in the proof of Lemma 3.2.
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