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the lattice automorphism group, and for each conjugacy class of each of these groups,
we identify a vector-valued mock modular form whose components coincide with
mock theta functions of Ramanujan in many cases. This leads to the umbral moonshine
conjecture, stating that an infinite-dimensional module is assigned to each of the
Niemeier lattices in such a way that the associated graded trace functions are mock
modular forms of a distinguished nature. These constructions and conjectures extend
those of our earlier paper and in particular include the Mathieu moonshine observed
by Equchi, Ooguri and Tachikawa as a special case. Our analysis also highlights a
correspondence between genus zero groups and Niemeier lattices. As a part of this
relation, we recognise the Coxeter numbers of Niemeier root systems with a type A
component as exactly those levels for which the corresponding classical modular curve
has genus zero.

AMS subject classification: 11F22; 11F37; 11F46; 11F50; 20C34; 20C35
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Background

In this paper, we relate umbral moonshine to the Niemeier lattices. This relation asso-
ciates one case of umbral moonshine to each of the 23 Niemeier lattices and in particular
constitutes an extension of our previous work [1], incorporating 17 new instances. More-
over, this prescription displays interesting connections to certain interesting genus zero
groups (subgroups I' < SLy(R) that define a genus zero quotient of the upper-half plane)
and extended Dynkin diagrams via McKay’s correspondence.

To explain this moonshine relation, let us first recall what Niemeier lattices are. In 1973,
Niemeier classified the even unimodular positive-definite lattices of rank 24 [2]. There are
24 of them, including the so-called Leech lattice discovered almost a decade earlier in the
context of optimal lattice sphere packing in 24 dimensions [3]. Niemeier proved that the
Leech lattice is the unique even, unimodular and positive-definite lattice of rank 24 with
no root vectors (lattice vectors with norm-square 2), while the other 23 even unimodular
rank 24-dimensional lattices all have root systems of the full rank 24. Moreover, these 23
lattices are uniquely labelled by their root systems, which are in turn uniquely specified
by the following two conditions: first, they are unions of simply laced root systems with
the same Coxeter numbers; second, the total rank is 24.

© 2014 Cheng et al,; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons

L]
@ SP rlnger Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction

in any medium, provided the original work is properly credited.


mailto:mcheng@uva.nl
http://creativecommons.org/licenses/by/4.0

Cheng et al. Research in the Mathematical Sciences 2014, 1:3 Page 2 of 81
http://www.resmathsci.com/content/1/1/3

We will refer to these 23 root systems as the Niemeier root systems and the 23 corre-
sponding lattices as the Niemeier lattices. In this paper, we associate a finite group and a
set of vector-valued mock modular forms to each of these 23 Niemeier lattices. The main
result of the present paper is then the umbral moonshine conjecture relating the two.

To understand this statement, let us recall what one means by moonshine. This term
was first introduced in mathematics to describe the remarkable monstrous moonshine
phenomenon. The study of monstrous moonshine was initiated by John McKay’s obser-
vation that 196,883 + 1 = 196,884, where the summands on the left are degrees of
irreducible representations of the Fischer-Griess monster M and the number on the right
is the coefficient of ¢ in the Fourier expansion of the normalised elliptic modular invariant

J()= > a(m)q" =q ' +196,884q + 21,493,760 4% + - - -, 1)

m>—1

where we write ¢ = 277, Following Thompson’s idea [4] that /() should be the graded
dimension of an infinite-dimensional module for M, this observation was later expanded
into the full monstrous moonshine conjecture by Conway and Norton [5], conjecturing
that the graded character T,(7) attached to the monster module

V=@ Vu 2)

m>—1

and g € M should be a principal modulus for a certain genus zero group I'y < SLy(R).
(When a discrete group I' < SL2(R) has the property that I'\H is isomorphic to the
Riemann sphere minus finitely many points, there exists a holomorphic function f on
H that generates the field of I'-invariant functions on H. Such a function f is called a
principal modulus, or Hauptmodul, for T'). We refer to [6] or the introduction of [1] for a
more detailed account of monstrous moonshine.

In 2010, the study of a new type of moonshine was triggered by an observation of
Eguchi, Ooguri and Tachikawa, which constituted an analogue of McKay’s observation in
monstrous moonshine. In the work of Eguchi and Taormina and Eguchi et al. in the 1980s
[7-9], these authors encountered a g-series

HP (1) =24 V8(-14+45¢q+2314> +7704> + 22774* + - - ) 3)

in the decomposition of the elliptic genus of a K3 surface into irreducible characters of
the N' = 4 superconformal algebra. It was later understood by Eguchi and Hikami [10]
that the above g-series is a mock modular form. See the ‘Automorphic forms’ section
for the definition of mock modular forms. Subsequently, the coincidence between the
numbers 45, 231, 770, 2277,...and the dimensions of irreducible representations of My4
was pointed out in [11]. This observation was later extended into a Mathieu moon-
shine conjecture in [12-15] by providing the corresponding twisted characters and the
mock modular forms Hg(z), and was moreover related in a more general context to the
K3-compactification of superstring theory in [12]. Very recently, the existence of an
infinite-dimensional M24-module underlying the mock modular form (3) and those con-
structed in [12-15] was shown by T. Gannon [16], although the nature of this My4-module
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remains mysterious. See [17] and [18] for a review of this My4-mock modular relation,
and see [19-23] for recent developments in this direction.

Meanwhile, it was found that Mathieu moonshine is but one example of a more general
phenomenon, umbral moonshine. In [1], we associated a finite group G©) and a vector-
valued mock modular form Hg) = (ng) ) with (¢ — 1)-components for every conjugacy

class [g] of G to each of the six positive integers £ such that £ — 1 divides 12, and conjec-
tured that there exists an infinite-dimensional G -module, the umbral module, with the
property that its graded character coincides with the mock modular form Hg) for every
conjugacy class [g] ¢ G©.

Despite the discovery of this more general framework of umbral moonshine, encom-
passing Mathieu moonshine as a special case and displaying various beautiful properties,
many questions remained unanswered. For example, why these specific umbral groups
G2 Why are they labelled by divisors of the number 122 What is the structure underlying
all these instances of moonshine?

In the present paper, we provide partial answers to the above questions. We present
evidence that there exists an instance of umbral moonshine naturally associated to each
of the 23 Niemeier lattices. As a Niemeier lattice is uniquely determined by its root sys-
tem X, in the main text, we shall use X (or equivalently the corresponding lambency; see
Tables 1 and 2) to label the instances of umbral moonshine. In particular, we construct in
each instance an umbral group G* as the quotient of the automorphism group of the cor-
responding Niemeier lattice LX by the normal subgroup generated by refections in root
vectors. This property gives a uniform construction as well as a concrete understanding
of the umbral groups.

Similarly, we provide a prescription that attaches to each of the 23 Niemeier lattices
a distinguished vector-valued modular form - the umbral mock modular form HX -
which conjecturally encodes the dimensions of the homogeneous subspaces of the

Table 1 Niemeier root systems and principal moduli

24 12 8 6 4 4 22
X A A, A3 Az ASDy Ae AsDsg
14 2 3 4 5 6 7 8
X 224 312 48 56 2165 74 2284
T iRl i 18 ® 1537 ikl 1942
X 28 38 4C 58 6F 78 8
X A A3Ds A11D7E¢ A, A1sDg Ak Ag
14 9 10 12 13 16 18 25
X 9 21103 2237123 132 2116’ 213718? 25"
13 1351 134162 1 128! 126191 1
rx 9B 10E 12/ 138 168 18D (252)
X D% D} D3 DioF32 D2, Disfs Dos
14 6+3 1045 14+7 18+9 22411 30+15 46+23
X 206° 2410 214 233218° 22222 223751307 2146
1636 1457 1373 136293 12112 1267101152 17237
rx 6C 108 148 18C 228 30G 46AB
4 3
X Eq Eg
12+4 30+6,10,15
X 2434124 23335%30°
144767 1363103153

X 128 304
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Table 2 Umbral groups

X A2 Al? A8 AS AtD, A AlD?
1 2 3 4 5 6 7 8
G~ Mos 2M1; 2AGL3(2) GLy(5)/2 GLy(3) SLy(3) Dihg

G~ Mo M AGL3(2) PGL;(5) PGL,(3) PSL>(3) 22
X A A3Ds A11D7Eg AL A15Dg Ar7E; A

9 10 12 13 16 18 25
e Dihg 4 2 4 2 2 2
G~ Syms 2 1 2 1 1 1
X 05 D¢ D3 DioE2 03, DieLs D4
1 6+3 1045 1447 1849 22411 30+15 46+23
e 3.5yme Syma Syms 2 2 1 1
G~ Syms Syma, Syms 2 2 1 1
X £ g

1244 30+6,10,15

e GLy(3) Syms
G~ PGL>(3) Syms

corresponding umbral module. The Niemeier lattice uniquely specifies the shadow of the
mock modular form through a map which associates a unary theta series of a specific
type to each of the irreducible simply laced ADE root systems, as well as unions of such
root systems where all the irreducible components have the same Coxeter number. As will
be explained in the ‘The Eichler-Zagier operators and an ADE classification’ section, this
map bears a strong resemblance to the ADE classification by Cappelli et al. of modular
invariant combinations of the characters of the A; affine Lie algebra [24]. When applied
to the Niemeier root systems, we dictate the resulting unary theta series to be the shadow
of the corresponding umbral mock modular form. Together with the natural requirement
that HX satisfies an optimal growth condition, the specification of the shadow uniquely
fixes the desired umbral form (cf. Theorem 2 and Corollary 2).

By associating a case of umbral moonshine to each Niemeier lattice, we extend our
earlier work on umbral moonshine to include 17 more instances. In fact, the six instances
discussed in the earlier paper, labelled by the 6 divisors of 12, correspond to pure A-type
Niemeier root systems containing only A-type irreducible components. There are eight
pure A-type Niemeier root systems, one for each divisor £ — 1 of 24, and they are given
simply as the union of % copies of A¢_;. This new proposal relating Niemeier lattices
and umbral moonshine can be regarded as a completion of our earlier work [1], in that it
includes Niemeier root systems with D- or/and E-components and sheds important light
on the underlying structure of umbral moonshine.

More properties of umbral moonshine revealing themselves as new instances are
included and as the structure of umbral moonshine is examined in light of the connection
to Niemeier lattices. Recall that in [1], we observed a connection between the (extended)
Dynkin diagrams and some of the groups G**) via McKay’s correspondence for subgroups
of SU(2). In the present paper, we observe that the same holds for many of the new
instances of umbral moonshine, and the result presents itself as a natural sequence of
extended Dynkin diagrams with decreasing rank, starting with Es and ending with AL

Moreover, we observe an interesting relation between umbral moonshine and the genus
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zero groups I' < SLy(R) through the shadows of the former and the principal moduli
for the latter. As will be discussed in ‘Genus zero groups’ section and ‘From Niemeier
lattices to principal moduli’ section, our construction attaches a principal modulus for a
genus zero group to each Niemeier lattice. In particular, we recognise the Coxeter num-
bers of the root systems with an A-type component as exactly those levels for which the
corresponding classical modular curve has genus zero.

The outline of this paper is as follows. In the ‘Groups’ section, we give some back-
ground on Niemeier lattices, define the umbral finite groups and discuss the mysterious
relation to extended ADE diagrams and genus zero quotients of the upper-half plane.
In the ‘Automorphic forms’ section, we introduce various automorphic objects that play
a role in umbral moonshine, including (mock) modular forms and Jacobi forms of the
weak, meromorphic and mock type. For later use, we also introduce the Eichler-Zagier
(or Atkin-Lehner) map on Jacobi forms, and an ADE classification of such maps. In the
‘The umbral mock modular forms’ section, we focus on the umbral mock modular forms,
which are conjecturally the generating functions of the dimensions of the homogeneous
subspaces of the umbral modules. In the ‘The umbral mock modular forms’ and “The
umbral McKay-Thompson series’ sections, we give explicit formulas for these umbral
mock modular forms as well as most of the umbral McKay-Thompson series. This is
achieved partially with the help of multiplicative relations, relating McKay-Thompson
series in different instances of umbral moonshine corresponding to Niemeier lattices with
one Coxeter number being the multiple of the nother. In the ‘Conjectures’ section, we
present the main results of the paper, which are the umbral moonshine conjectures relat-
ing the umbral groups and umbral mock modular forms, and a counterpart for umbral
moonshine of the genus zero property of monstrous moonshine. We also observe certain
discriminant properties relating the exponents of the powers of g in the mock modular
forms and the imaginary quadratic number fields over which the homogeneous submod-
ules of the umbral modules are defined, extending the discriminant properties observed
in [1]. Finally, we present some conclusions and discussions in the ‘Conclusions and
discussion’ section.

To provide the data and evidence in support of our conjectures, this paper also contains
two Additional files. In Appendix 1, we describe some modular forms and Jacobi forms
which are utilised in the paper. In Appendix 2, we present tables of irreducible characters
as well as the characters of certain naturally defined (signed) permutation representations
of the 23 umbral groups. In Additional file 1, we provide the first few dozen coefficients of
all the umbral McKay-Thompson series. In Additional file 2, using the tables in Appendix
2 and 1, we explicitly present decompositions into irreducible representations for the
first 10 or so homogeneous subspaces of the umbral modules for all instances of umbral

moonshine.

Notation
We conclude this introduction with a guide to the most important and frequently used
notation, and indications as to where the relevant definitions can be found.

X Aroot system (cf. ‘Root systems’ section). Usually, X is a union of irreducible
simply laced root systems with the same Coxeter number; for example, a Niemeier
root system (cf. ‘Lattices’ section)
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TX

fX

DO

A©

WX

wP

The Coxeter number of an irreducible root system X (cf. ‘Root systems’ section), or
the Coxeter number of any irreducible component of X when all such numbers
coincide

The rank of a root system X (cf. ‘Root systems’ section)

The (formal) product of Frame shapes of Coxeter elements of irreducible
components of a root system X (cf. ‘Root systems’ section)

The Weyl group of a root system X (cf. ‘Root systems’ section)

The Niemeier lattice attached to the Niemeier root system X (cf. ‘Lattices’ section)
The union of irreducible components of type A in a Niemeier root system X

(cf. ‘Lattices’ section). Similarly for Xp and Xg

The number of irreducible components of type A in the root system X

(cf. ‘Lattices’ section). Similarly for d)g and dg

The total number of irreducible components of the root system X

(cf. ‘Genus zero groups’ section)

The genus zero subgroup of SLy(R) attached to the Niemeier root system X

(cf. ‘Genus zero groups’ section)

A certain principal modulus for I'X, for X a Niemeier root system

(cf. ‘Genus zero groups’ section)

A certain modular form of weight 2 for T'X, for X Niemeier root system

(cf. ‘Genus zero groups’ section and ‘From Niemeier lattices to principal moduli’
section)

A lambency. A symbol that encodes a genus zero group I'* attached to a Niemeier
root system X, and thereby also X (cf. ‘Genus zero groups’ section).

The umbral group attached to the Niemeier root system X (cf. ‘Umbral groups’
section). Also denoted G®) for ¢ the lambency corresponding to X

A naturally defined quotient of GX (cf. ‘Umbral groups’ section). Also denoted G©)
A twisted Euler character. A certain naturally defined character of G* (cf. ‘Umbral
groups’ section). Similarly for xX4, x*4, x4, &c

The finite subgroup of SU(2) attached to the umbral group G® for 2 < £ < 11
(cf. ‘McKay correspondence’ section)

The extended Dynkin diagram of rank 11 — £ attached to the umbral group G® for
£ as above (cf. ‘McKay correspondence’ section)

Usually the index of a Jacobi form (cf. ‘Jacobi forms’ section). Often, this is chosen
to coincide with the Coxeter number m of some root system X, in which case we
write m for both (cf. “The Eichler-Zagier operators and an ADE classification’
section)

The vector-valued function whose components are the standard index m theta
functions 6,,, for r € Z/2mZ (cf. ‘Jacobi forms’ section)

The 2m x 2m matrix attached to a simply laced root system X with all irreducible
components having Coxeter number m (cf. “The Eichler-Zagier operators and an
ADE classification” section)

The Eichler-Zagier operator on Jacobi forms of index m attached to a simply laced
root system X with all irreducible components having Coxeter number m

(cf. ‘The Eichler-Zagier operators and an ADE classification’ section)

The polar part of a meromorphic Jacobi form ¢ (cf. ‘From Meromorphic Jacobi

forms to mock modular forms’ section)

Page 6 of 81
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'(/fF

:uvm,j

Sm

wX

HX

The finite part of a meromorphic Jacobi form ¥ (cf. ‘From Meromorphic Jacobi
forms to mock modular forms’ section)

A generalised Appell-Lerch sum of index m (cf. ‘From Meromorphic Jacobi forms
to mock modular forms’ section). The function 11,0 is a meromorphic Jacobi form
of weight 1 and index 1 with vanishing finite part. More generally, scalar multiples
of im0 arise as polar parts of certain meromorphic Jacobi forms of weight 1 and
index m

Usually a vector-valued mock modular form, with components 4, for r € Z/2mZ,
obtained from the theta expansion of the finite part of a meromorphic Jacobi form
of weight 1 and index m (cf. ‘From Meromorphic Jacobi forms to mock modular
forms’ section)

The vector-valued cusp form of weight 3/2 whose components are the unary theta
series Sy,,r for r € Z/2mZ (cf. ‘From Meromorphic Jacobi forms to mock modular
forms’ section), related to 6y, by Sy.,-(t) = %829%,@, 2)|2=0

The vector-valued cusp form of weight 3/2 attached to a simply laced root system
X with all irreducible components having the same Coxeter number

(cf. “The umbral shadows’ section). An umbral shadow in case X is a Niemeier root
system.

The unique meromorphic Jacobi form of weight 1 and index m satisfying the
conditions of Theorem 2, if such a function exists, where X is a simply laced

root system for which all irreducible components have Coxeter number m

(cf. “The umbral shadows’ section)

The unique vector-valued mock modular form with shadow S* whose components
furnish the theta expansion of the finite part of ¥, if /% exists (cf ‘“The umbral
shadows’ section). An umbral mock modular form in case X is a Niemeier root
system (cf. ‘From weight 0 Jacobi forms to umbral mock modular forms’ section),
and in this situation, also denoted H® for £ the lambency corresponding to X
The skew-holomorphic Jacobi cusp form of weight 2 and index m naturally
attached to X, where X is a simply laced root system for which all irreducible
components have Coxeter number m (cf. ‘From Niemeier lattices to principal
moduli’ section)

The umbral McKay-Thompson series attached to g € GX for X a Niemeier root
system (cf. “The umbral McKay-Thompson series’ section). A vector-valued mock
modular form of weight 1/2. Also denoted Hg) for ¢ the lambency corresponding
to X

The vector-valued cusp form conjectured to be the shadow of Hzf , for g € GX and
X a Niemeier root system (cf. ‘Shadows’ section and ‘Modularity’ section).

The 2m x 2m matrix attached to g € G* for X a Niemeier root system with
Coxeter number m (cf. ‘Shadows’ section)

The umbral module attached to the Niemeier root system X. A conjectural
GX-module with graded-super-characters given by the Hg (cf. ‘Modules’ section)
The order of the image of an element g € GX in the quotient group GX

(cf. ‘Modularity section)

The unique positive integer such that n,/, is the product of the shortest and
longest cycle lengths in the cycle shape ﬁ? for g € GX and X a Niemeier root
system (cf. ‘Modularity” section)

Page 7 of 81
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¥ The cycle shape attached to g € G* via the permutation representation of G* with

14
twisted Euler character X* (cf. ‘Umbral groups’ section and ‘Modularity’ section,
‘Euler characters’ in Appendix 2). Similarly for ﬁg“, FIQ(D , &c
vg The multiplier system of Hé( (cf. ‘Modularity’ section)
Groups

Root systems

In this subsection, we give a brief summary of simply laced root systems and their

corresponding Dynkin diagrams. Standard references for this material include [25,26].
Let V be a finite-dimensional vector space of rank r over R equipped with an inner prod-

uct (-, -). For v € V, define the hyperplane H, to be the set of elements of V" orthogonal to

v and the reflection in the hyperplane H, to be the linear map r, : V' — V defined by

(v, v)
1%
(v,v)

A finite subset X C V of non-zero vectors is a rank r crystallographic root system if

r()y=v -2

(4)

e X spans V,

o ry(X)eXforalla € X,

® XNRa ={o,—a}foralla € X,

® 2w, B)/(a,a) € Zforalla, B € X.

Given a root system X, we say that X is irreducible provided that it cannot be partitioned
into proper subsets X = X; U X, with (o1,a0) = Oforall @y € X; and ap € Xy. If X is
an irreducible root system, then there are at most two values for the length (o, ) 1/2 that
occur. If all roots have the same length, then the irreducible root system is called simply
laced.

It is possible to choose a subset of roots in X that form a basis of V. We define a subset
® = {f1,f2,--- ,.fi} C X to be a set of simple roots provided that

e & isabasis for V,
e cachroot o € X can be written as a linear combination of the f; with integer

coefficients
.
o= Z nif; (5)
i=1

and with either all n; < O orall n; > 0.

Given a choice of simple roots, we define the positive roots of X to be those « for which
all n; > 0 in (5). The negative roots are those for which all #; < 0. We also define the

height of « as in (5) by setting
r
ht(@) = > " n;. (6)
i=1

To each irreducible root system, we can associate a connected Dynkin diagram as fol-
lows. We associate a node to each simple root. The nodes associated to two distinct simple
roots f;, f; are then either not connected if (f;,f;) = 0 or connected by Nj; lines with

2(fi.fj) 2(fjpfi)

N; =
T f)

€{1,2,3}. (7)
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The Dynkin diagrams associated to simply laced irreducible root systems all have N;; =
{0,1} and are of type A, Dy, E¢, E7, Eg as shown in Figure 1. Here, the subscript indicates
the rank of the associated root system, and in the figure, we choose a specific enumeration
of simple roots for later use in the ‘Umbral groups’ section.

The height function defines a Z-gradation on the set of roots. Every irreducible root
system has a unique root 0 of largest height with respect to a given set of simple roots
® = {f;} with an expansion

6= Z a,'f,- (8)
i=1

where the g; are a set of integers known as the Coxeter labels of the root system or Dynkin
diagram. If we append the negative of this highest root (the lowest root) to the simple
roots of the 51mply laced root system, we obtain the extended Dynkin diagrams of type
An,DV,,E6,E7,E8 These are shown in Figure 2, where we indicate the lowest root with a
filled-in circle and the simple roots with empty circles.

Given an irreducible root system X, its Coxeter number m = m(X) is the sum

r
m=1-+ Z a;. 9)
i=1

An equivalent definition of the Coxeter number may be given in terms of the Weyl
group of X. The Weyl group W” is the group generated by the reflections r, for @ € X.
The product w = ryry...r of reflections r; := rg; in simple roots f; € & is called a
Coxeter element of W* and is uniquely determined up to conjugacy in W, meaning that
different choices of simple roots and different orderings of the simple roots chosen lead

Eq o

h 2 fs fa fs

< O

jol o

f1 2 I3 fa f5 fe

< Q

@)
O

Ex o
fi

Figure 1 The ADE Dynkin diagrams.

< O
- 0O
= G

2 f’i 5 f6 f?

4
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Am—l
1 1
A~ 2 2 2
D1+m/2 """"""
1
1 1
. 2
Es
C O J J o
1 2 3 2 1

BXe)
SXe)
w Q
RXe)

ES Ps O O O
1 2 3 4

> o——0
O

=0

o

ot

Figure 2 The extended ADE Dynkin diagrams.

to conjugate elements of WX. The Coxeter number m = m(X) is then the order of any
Coxeter element of X.

We obtain a finer invariant of X by considering the eigenvalues of a Coxeter element of
WX, Say ui,...,u are the Coxeter exponents of X if a Coxeter element w has eigenvalues
ermim/m  e2mitr/M (counting multiplicity). This data is conveniently recorded using the
notion of Frame shape, whereby a formal product []; ni»{i (with n;,k; € Z and n; > 0)
serves as a shorthand for the rational polynomial [ [, (x" — 1)%i. For each Coxeter element,
there is a Frame shape 7% - the Coxeter Frame shape of X - such that the corresponding
polynomial function coincides with the characteristic polynomial []}_, (x — e>7/™) of
w. These Frame shapes will play a prominent role in what follows. They are given along
with the corresponding Coxeter numbers in Table 3.

Table 3 Coxeter numbers, exponents and frame shapes

Ama D14m/2 Ee E; Eg
Coxet
oxeter m m 12 18 30
number
Coxeter 1,3,5....m—1, 14,5, 1,579, 1,7,11,13,
1,2,3,...,m-1
exponents m/2 7811 11,1317 17,19,23,29
Coxeter m 2m 23.12 2318 23530
1 (/D 146 169 1610.15

frame shapes
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Lattices

A lattice is a free Z-module equipped with a symmetric bilinear form (-, -). We say that a
lattice L is positive-definite if (-, -) induces a positive-definite inner product on the vector
space Lr = L ®z R. Since L is a free Z-module, the natural map L — L is an embedding
and we may identify L with its image in L. Say that L is integral if we have (A, u) € Z for
all &, € L and say that L is even if we have (A, 1) € 2Z for each A € A. (An even lattice is
necessarily integral). The dual of L is the lattice L* C Lr defined by setting

L*={relr| (L) CZ). (10)

Clearly, if L is integral, then L* contains L. In the case that L* coincides with (the image
of) L (in L), we say that L is unimodular. For an even lattice L, we call Ly = {A € L |
(A, A) = 2} the set of roots of L.

The Leech lattice is the unique (up to isomorphism) even, unimodular, positive-definite
lattice of rank 24 with no roots [27] and is named for its discoverer, John Leech [3,28].
Shortly after Leech’s work, the unimodular even positive-definite lattices of rank 24 were
classified by Niemeier [2]; we refer to those with non-empty root sets as the Niemeier
lattices. There are exactly 23 Niemeier lattices up to isomorphism, and if L is such a lattice,
then its isomorphism type is determined by its root set Ly, which is a union of irreducible
simply laced root systems (cf. ‘Root systems’ section). Say a root system X is a Niemeier
root system if it occurs as Ly for some Niemeier lattice L. The Niemeier root systems
are precisely the 23 root systems satisfying the two conditions that first, they are unions
of simply laced root systems with the same Coxeter numbers, and second, the total rank
is 24. Explicitly, they are

A2 AY2, A8, AS, AR, A3, A3y, Agy, ARDy, A2DE, A3Dg, A11D7Es, A1sDo, A17E7,  (11)
Dg.x Dé; Dg; DIOE’%) D%Zy D16E8r D24’ (12)
EZ E5. (13)

In (11) we list the Niemeier root systems containing a type A component, in (12) we
list the root systems containing a type D component but no type A component, and the
remaining two root systems, having only type E components, appear in (13). We will call
them the A-type, D-type and the E-type Niemeier root systems, respectively. We say that a
Niemeier root system X has Coxeter number m if m is the Coxeter number of any simple
component of X.

Since all the simple components of a Niemeier root system have the same Coxeter
number, all the type A components appearing have the same rank, and similarly for
components of type D and E. So we can write

X = X4 XpXE (14)

where X4 = Af‘(_l for some non-negative integer dfq( (or X4 = ), and m the Coxeter
number of X, and similarly for Xp and Xg. For example, if X = A2DZ, then m = 8,
X4 = A2, Xp =D} df =df =2and Xg = 0.

Before finishing this subsection, we will comment on the relation between the Niemeier
lattices and the Leech lattice. The covering radius of the Leech lattice is +/2 according to



Cheng et al. Research in the Mathematical Sciences 2014, 1:3 Page 12 of 81
http://www.resmathsci.com/content/1/1/3

[29], meaning that R = /2 is the minimal positive R such that the 24-dimensional vector
space AR = A ®z R is covered by placing a closed ball of radius R at each point of A,

V2 = sup,ep, infren llx — A (15)

A point x € Ap that realizes the maximum value v/2 = infyep ||x — 1| is called a deep
hole of A. Let x € AR be a deep hole and let V, be the set of vertices of x,

sz[xeA|||x—A||=ﬁ}. (16)

It is shown in [29] that if A, € V, with A # A/, then ||» — A/||> € {4, 6, 8}. Following
[29], define the hole diagram attached to x by joining vertices A, A" € Vj with a single edge
if ||A — A/|?> = 6 and by joining them with a double edge if |» — A’||> = 8. The vertices A
and A’ are disjoined in case |A — A/||?> = 4. Then, the diagram so obtained is the extended
Dynkin diagram corresponding to a Niemeier root system, and all Niemeier root systems
arise in this way [29]. Conversely, from each Niemeier lattice, one can obtain a different

‘holy’ construction of the Leech lattice [30].

Genus zero groups
In this section, we attach a genus zero subgroup of SLy (R) to each of the 23 Niemeier root
systems.

If I' is a discrete subgroup of SLy(R) that is commensurable with the modular group
SLy(Z), then its natural action on the boundary R=RU {ico} of the upper-half plane H
restricts to @ = QU {ioo}. The orbits of " on @ are called the cusps of ', and the quotient

space
Xr=M\HUQ (17)

is naturally a compact Riemann surface (cf., e.g. in [31], Section 1.5). We adopt the
common practice of saying that I" has genus zero in case Xr is a genus zero surface.
For n, a positive integer, the Hecke congruence group of level n, denoted I'y(n), is defined

by setting

ab
=2

Say e is an exact divisor of n, and write e||n, if e|n and (e, n/e) = 1. According to [5], the
normaliser N (I'g(n)) of I'g(n) in SLy(R) is commensurable with SLy(Z) and admits the
description

1 b
N(To(n)) = {ﬁ (“" ;e)
h

where / is the largest divisor of 24 such that 4? divides #. So if e[| n, then we obtain a coset

a,b,c,d €7, ad—bcn:l}. (18)

eh?

a,b,c,d €7, e||%, ade — bcl = 1} (19)

W, (e) for I'g(n) in its normaliser by setting

W, (e) = i ae b
nte = Je \ cn de

Observe that the product of any two elements of Wj,(e) lies in W,(1) = I¢(n). More
generally, the operation e * f = ef/(e,f)? equips the set of exact divisors of # with a

a,b,c,d € 7, e||n, ade — bcE = 1} . (20)
e

group structure isomorphic to that obtained by multiplication of Atkin-Lehner involu-
tions, W, (e) W, (f) = Wy (e xf). So for S, a subgroup of the group of exact divisors of #,
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we may define a group I'g(n) + S, containing and normalizing I'g(#), by taking the union
of the Atkin-Lehner cosets W), (e) for e € S. It is traditional [5] to simplify this notation by
writing ['o(n) +e,f, ... in place of I'g(n) + {1,¢,f, .. .}. Thus, we have

1 [ae b
o= (= 2)

The positive integers occurring as Coxeter numbers of the A-type Niemeier root
systems (cf. (11)) are

a,b,c,deZ,eeS,ade—ch:l . (1)

2,3,4,5,6,7,8,9,10,12,13, 16, 18, 25. (22)

Observe that these are exactly the positive integers n > 1 for which the Hecke congruence
group 'g(n) has genus zero (cf,, e.g. [32]). The Coxeter numbers of the D-type Niemeier
root systems (cf. (12)) are

6,10, 14,18,22, 30, 46, (23)

and these are exactly the even integers 2# such that the group I'g(2n) + # has genus zero
[32]. We will demonstrate momentarily that the root system EZ, having Coxeter number
12, is naturally attached to the genus zero group I'g(12) + 4, and E3, having Coxeter num-
ber 30, is naturally attached to the genus zero group I'9(30) + 6, 10, 15. As such, we obtain
a correspondence between the 23 Niemeier root systems and the genus zero groups of the
form

To(n), To(@n)+n To(12)+4, To(30)+6,10,15. (24)

Write T'X for the genus zero subgroup of SL(R) associated in this way to a Niemeier root
system X. Write 7% for the unique principal modulus for I'* that has an expansion

X =4 ' —d¥ + 0(g) (25)

about the infinite cusp, where 4% denotes the number of irreducible components of X.
Then, we may recover TX and hence also I'" directly as follows, from the Coxeter Frame
shapes (cf. ‘Root systems’ section) of the irreducible components of X.

Define the Coxeter Frame shape 7% of an arbitrary root system X to be the product
of Coxeter Frame shapes of the irreducible components of X. Next, for a Frame shape
=], nfi , define the associated eta product n, by setting

(@) = [ [ nm)", (26)
i
and observe that if X is simply laced and ¥ is the Coxeter Frame shape of X, then
1
—— =q "1 -d"q+0(g") (27)
N7x(T)

where r denotes the rank of X and dX is the number of irreducible components. We may
also consider the lambda sum X, attached to a Frame shape 7, which is the function

b (1) = ) Kibon (T) (28)

where A, (7) is defined in (237) Appendix 1. Observe that if 7 = infi is such that
> ;ki=0,then A, = qd% log 17

The Coxeter Frame shapes of the Niemeier root systems are given in Table 1. By
inspection, we obtain the following result.
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Proposition 1. If X is a Niemeier root system and 7 is the Coxeter Frame shape of X, then
T = — (29)

is the unique principal modulus for TX satisfying T = g~ — dX + O(q) as 1 — ioco.

Remark 1. Niemeier’s classification of even unimodular positive-definite lattices of rank
24 together with Proposition 1 implies that if X is the root system of an even unimodular
positive-definite lattice of rank 24, then the eta product of the Coxeter Frame shape of X
is a principal modulus for a genus zero subgroup of SL»(R). It would be desirable to have
a conceptual proof of this fact.

The relation between the TX and umbral moonshine will be discussed in ‘From

Niemeier lattices to principal moduli’ section, where the weight two Eisenstein forms
X = hgx (30)

will play a prominent role (cf. Table 4). We have 3", k; = 0 when 7% = [T, nf" for every
Niemeier root system X, so the functions fX and T are related by

d d
[ =hz =g lognz = —q—log T* (31)
dq dq
for m = X,
It is interesting to note that all of the I'X, except for X = Ay, appear in monstrous
moonshine as genus zero groups for whom monstrous McKay-Thompson series serve

as principal moduli. Indeed, all of the Frame shapes 7%

, except for X = Ay, are Frame
shapes of elements of Conway’s group Coyp, the automorphism group of the Leech lattice
(cf. [5], Section 7). We observe that for the cases that 7% is the Frame shape of an element
in Cog, the corresponding centralizer in Cog typically contains a subgroup isomorphic
to GX.

We include the ATLAS names [33] (see also [5]) for the monstrous conjugacy classes
corresponding to the groups I'X via monstrous moonshine in the rows labelled I'" in
Table 1. Extending the notation utilised in [1], we assign lambencies £ - now symbols
rather than integers - to each Niemeier system X according to the prescription of Table 1.
The lambencies then serve to name the groups I'X also, according to the convention that
n corresponds to I'g(#), and 12 4+ 4 corresponds to 'g(12) + 4, &c. It will be convenient in
what follows to sometimes use (£) in place of X, writing G®, HO &c., to label the finite
groups and mock modular forms associated to the corresponding Niemeier root system.

Table 4 The weight 2 modular forms fX

X m(X) X X

Am,1 m % Am

Drmja1 m 1(%72) A2+ Am — Amsa

Ee 12 % A+ A3+ A —Ag— A
E; 18 2218 A2+ A3+ Aig— e — Ao

£s 30 AR Mo+ A3+ As + 30— de — o — Ais
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Umbral groups

Given a Niemeier root system X, we may consider the automorphism group of the associ-
ated Niemeier lattice LX. The reflections in roots of LX generate a normal subgroup of the
full automorphism group of LX - the Weyl group of X - which we denote WX, We define
GX to be the corresponding quotient,

GX = Aut(™)/w. (32)

The particular groups G arising in this way are displayed in Table 2. Observe? that the
group G of [1] appears here as GX for X the unique root system with a component Ay_1.
In fact, the G© of [1] are exactly those GX for which X is of the form X = Agfl with
even d. It will develop that, for every Niemeier root system X, the representation theory
of G is intimately related to a set of vector-valued mock modular forms Hg , to be intro-
duced in ‘The umbral mock modular forms” and ‘The umbral McKay-Thompson series’
sections.

As mentioned in the ‘Genus zero groups’ section, it will often be useful to use the lam-
bencies to label the groups and mock modular forms associated to a given Niemeier root
system. To this end, we define G = G* in case I'g(n) has genus zero and X is the unique
A-type Niemeier root system with Coxeter number # (cf. (11)). We define G2+ = GX
when I'g(21) + n has genus zero and X is the unique D-type Niemeier root system with
Coxeter number 21 (cf. (12)). We write G1** for G when X = Eg, and we write
GBOF61015) for GX when X = Ej.

Observe that the subgroup WX < Aut(LX) consisting of automorphisms of LX that
stabilize the irreducible components of X is also normal in Aut(LX). Define GX to be the

corresponding quotient,
GY = Aut(L®)/ WX, (33)

so that GX is precisely the group of permutations of the irreducible components of X
induced by automorphisms of LX and is a quotient of G* (viz., the quotient by WX/ wX)
since WX < WX_ It turns out that \/)\VX/WX has order 2 when X4 # Jor X = Xg = Eg,
has order 3 when X = Xp = Di, and is trivial otherwise.

Remark 2. In terms of the notation of [30], we have WX = G, WX/WX ~ G, GX ~ Gy
and GX ~ G1 Gz.

The groups GX and G* come naturally equipped with various permutation representa-
tions. To see, this choose a set @ of simple roots for LX, meaning a set which is the union
of sets of simple roots for each irreducible root sublattice of LX. Then, ® constitutes a
basis for the 24-dimensional space Lﬁi, and for each g € G%, there is a unique element in
the pre-image of g under Aut(LX) - GX that belongs to the subgroup Aut(LX, @), con-
sisting of automorphisms of L* that stabilize ® as a set (i.e. act as permutations of the
irreducible root subsystems followed by permutations - corresponding to Dynkin diagram
automorphisms - of simple roots within irreducible root subsystems). Thus, we obtain
a section GX — Aut(LX) of the projection Aut(L*) - GX whose image is Aut(LX, @),
and composition with the natural map Aut(L*, ®) — Symyg, defines a permutation rep-
resentation of GX on ®. Write ® = &4 U ®p U & where &4 contains the roots in &
belonging to type A components of X, and similarly for ®p and ®g. Then, the decom-
position ® = ®4 U &p U d is stable under G¥, since Aut(L¥) cannot mix roots that
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belong to non-isomorphic root systems, so we obtain maps G* — Symg, " GX — Symae,
and GX — Symg,,.. Write g — )?;( for the character of GX attached to the representation
GX — Symyg, write g > )?g 4 for that attached to GX — Symg,, and interpret X*P and
%X similarly. Observe that ¥X (and hence also x*4, ¥ and ¥*) are independent of the
choice of ®. We set ¥4 = 0 in case ®4 is empty, and similarly for ¥*? and ¥*£. We have

=+ (34)
The characters ¥*4, &c., are naturally decomposed further as follows. Suppose that
X4 # 9. Then, X4 = A‘:j‘_l fordy = di\( (¢f. (14)), and we may write

So={fi11=izdy1<j=m-1] (35)

where the superscript indicates the Ay_; component to which the simple root j;i belongs,
and the inner products between the f/ for varying j are as described by the labeling in
Figure 1 (so that (};i, f,f) is —1 or 0 accordingly as the'node‘s labelled f; and f; are joined
by an edge or not). Then, for fixed j, the vectors {];.’ —i—fr;_j | 1 < i < du} define a
permutation representation of degree d4 for GX. We denote the corresponding character

- X,
g Xg A
the choice of j. Observe that x*4 is generally not a faithful character since permutations of

since the isomorphism type of the representation is evidently independent of

®4 arising from diagram automorphisms, exchanging j;i with fr;_j for some i, act trivially.
The vectors {j;i — r’ﬁ_j | 1 <i<dy}alsospan GX-invariant subspaces of Spanp P4 < Lﬁé,
with different j in the range 0 < j < m/2 furnishing isomorphic (signed permutation)
representations; we denote the corresponding character g — ng 4, Since the ];.i are linearly
independent, we can conclude that

- m-—1]._ m-—1
XXA=’72 —‘XXAJrLZ JXXA (36)

by counting the possibilities for j in each case.
If ®p is non-empty, then m is even and Xp = DﬁqD/Hl fordp = d),f (cf. (14)). Write now

op={fi11=izdp1=j=m2+1| (37)

where, similar to the above, the superscript indicates the Dpy /211 component to which the
simple root _];.i belongs, and the inner products between the f].i for varying j are as described
in Figure 1. Suppose first that m > 6. Then, m/2+1 > 4 and the only non-trivial diagram
automorphism of Dm/41 has order 2 and interchanges %, /2 and f1 /241 SO we find that
for 1 <j < m/2, the sets {j;’ | 1 < i < dp} serve as bases for isomorphic permutation
representations of degree dp for GX, as does {fn%/2 +f;1/2+1 | 1 <i < dp}; we denote the
character of this (i.e. any one of these) permutation representation(s) by g )ZgX D We
define x*P to be the (signed permutation) character of the representation spanned by the
vectors {fri]/2 _frfn/2+1 | 1 <i <dp}, and we have

~ m _
X =1+ (38)

when Xp # ¥ and m > 6. In case m = 6, the group of diagram automorphisms
of D241 = Dy is a copy of S3, acting transitively on the sets {ff,fgf,fi} (for fixed i),
so we define ¥*P to be the character attached to the (permutation) representation of
GX spanned by {fz’ [1<i< dD} (or equivalently, {ff —I—fgi +ﬁ [1<i< dD}) and define



Cheng et al. Research in the Mathematical Sciences 2014, 1:3 Page 17 of 81
http://www.resmathsci.com/content/1/1/3

X0 to be the character of the representation spanned by the vectors { fll — fgi, fll — _ﬁ,f 1<
i < dp}. Evidently,

¥ =25%0 + x*0 (39)

in case m = 6. In preparation for the ‘Shadows’ section, where the characters defined
here will be used to specify certain vector-valued cusp forms of weight 3/2, we define
Xé{D = sgngDXgD for g € GX when X = A5D4 or X = D - the two cases for which X
involves Dy - where sgnfg(D = =1 is the function defined as follows. Write the image of
g € GYin Symg,, as a product g; o g, where g, j;’ =j;”(i) forallj € {1,2, 3,4}, for some
permutation m € Sym e and g - ];-’ = f(;i(j) for some permutations o; € Symy. Then, set

dX
sgnz,(D = [1,2, sgn(oy).

If & = EZE for dp = d%( > 0, then we may identify];i € Of such that
bp={f11sizdp1<j=n| (40)

and, as above, the superscripts enumerate simple components of X and the subscripts
indicate inner products for simple vectors within a component as per Figure 1. Define 3¢
to be the character of GX attached to the permutation representation spanned by the set
{ fsf | 1 < i< dg} (for example). In case n = 6, write x X for the character of GX attached
to the representation afforded by Spanp{ ff — f5’ | 1 <i <dg}. We have

XE = nyE (41)

when n € {7, 8} since for each 1 < j < n, the set {J;i | 1 < i < dg} spans a representation
with character ¥* in these cases, and

)~('XE — 4'XXE +2XXE (4:2)

when 7 = 6, the invariant subspace with character 2x*¢ being spanned by the vectors
fli—fsiandfzi—ﬁforlfigdg.

We call the functions )Zé( 4, x;( 4, )_(gX b ng b &c. the twisted Euler characters attached to
GX. They are given explicitly in the tables of ‘Euler characters’ in Appendix 2. As men-
tioned above, we will use them to attach a vector-valued cusp form Sg to each g € G* for
X a Niemeier root system in the ‘Shadows’ section.

McKay correspondence
The McKay correspondence [34] relates finite subgroups of SU(2) to the extended Dynkin
diagrams of ADE type by associating irreducible representations of the finite groups to
nodes of the corresponding diagrams. A beautiful explanation for this can be given in
terms of resolutions of simple singularities C?/G for G < SU(2) [35,36]. In Section 3.5 of
[1], we observed a curious connection between the umbral groups G*” and certain finite
subgroups D < SUI(2), for the cases £ € {3,4,5,7}, such that the lambency ¢ and the
rank r of the Dynkin diagram attached to D) via McKay’s correspondence are related
by £ 4+ r = 11. In this section, we describe an extension of this observation, relating the
umbral group G to a finite subgroup D© < SU(2), for each £ in {3,4,5,6,7,8,9,10}.
In [1], it was observed that a Dynkin diagram of rank 11 — ¢ may be attached to each
G for ¢ € {3,4,5,7} in the following manner. If p = (25 — £)/(¢£ — 1), then p is a prime
and there is a unique (up to conjugacy) subgroup L) < G such that L®) is isomorphic
to PSLy(p) and acts transitively in the degree 24/(¢ — 1) permutation representation of
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G® defined in ([1], section 3.3). Now L©) has a unique (up to isomorphism) subgroup
D® of index p in L'© - a fact which is peculiar to the particular p arising - and D® is
a finite subgroup of SO(3) whose pre-image D'© in SU/(2) realises the extended diagram
AW corresponding (cf. Figure 2) to a Dynkin diagram of rank 11 — £ via McKay’s corre-
spondence. In the present setting, with groups G'© defined for all £ such that ['g(¢) has
genus zero, and in particular for 3 < £ < 10, it is possible to extend this correspondence
as follows.

Since (25 — £) /(£ — 1) is not an integer for £ € {6, 8,10}, we seek a new definition of p.
Armed with the Niemeier root systems attached to each G®, we set p =d4q — lin case
X=X4= AZA_ 1 has only A-type components, and set p = d4 otherwise. This definition
yields values coincident with the former one when (25 — £) /(¢ — 1) is an integer. Next, we
seek a subgroup L < G© acting transitively on the irreducible components of X4 and
Xp that has a unique up to isomorphism index p subgroup D¥,

(1O DO = p. (43)
Such L® and D® exist for each 3 < £ < 10 and are given explicitly in Table 5. In the new

cases £ € {6,8,9, 10}, the groups L) and G© coincide.
The main observation of this section is the following:

For every 3 < £ < 10, the group D is the image in SO(3) of a finite subgroup
D® < SU(2) that is attached, via McKay’s correspondence, to the extended diagram
AW® corresponding to a Dynkin diagram of rank 11 — £.

The group D® is even a subgroup of G'© - the pre-image under the natural map
GX — GX - except in the case that £ = 5. (We refer to ([1], Section 3.4) for a discussion
of this exceptional case). To aid in the reading of Table 5, we note here the exceptional

isomorphisms
PGLy(5) >~ Syms, PSLy(5) ~ Alts, (44)
PGLy(3) ~ Syma, PSLy(3) ~ Alta, (45)
PGL5(2) ~ PSLy(2) ~ Syms. (46)

In [1], we used the common abbreviation L, (g) for PSL,(q).

Recall from Section 3.5 of [1] the following procedure for obtaining a length 8 sequence
of Dynkin diagrams. Start with the (finite type) Eg Dynkin diagram, being star-shaped
with three branches, and construct a sequence of diagrams iteratively by removing the end
node from a branch of maximal length at each iteration. In this way, we obtain Eg, E7, Eg,
Ds, Dy, A3, Az and A1, and it is striking to observe that our list AW, obtained by applying

Table 5 The McKay correspondence in umbral moonshine

X AY? AS AS AiD, Ad AZD? A3 A3Ds
¢ 3 4 5 6 7 8 9 10
p 1 7 5 4 3 2 2 2
G 2Miy 2AGL3(2) GLy(5)/2 GLy(3) SL>(3) Dihy Dihg 4
D® 2Alts 2.5ymy Dihe Qs 4 3 2
G® My, AGL3(2) PGL;(5) PGL;(3) PSL>(3) 2? PSL>(2) 2
[® PSL>y(11) PSLy(7) PSL>(5) PGL(3) PSL>(3) 22 PSL>(2) 2
D® Alts Symy Alty Syms 22 2 3 1
A B & 2 Ds Ds As A, A
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the McKay correspondence to distinguished subgroups of the G, is exactly the sequence
obtained from this by replacing (finite type) Dynkin diagrams with their corresponding
extended diagrams.

Automorphic forms
In this section, we discuss modular objects that play a role in the moonshine relation
between mock modular forms and finite groups that is the main focus of this paper.

In what follows, we take 7 in the upper half-plane H and z € C, and adopt the shorthand
notation e(x) = e*™**, We also define g = e(t) and y = e(z) and write

yT = %, y = (‘z Z) € SLy(R) 47)
for the natural action of SLy(R) on H, and write
for the action of SLy(Z) on H x C. We set

jr,1) =t + ) (49)
and choose the principal branch of the logarithm (i.e. * = |x[%¢!”S when x = |x|el?

and —m < 6 < ) to define non-integer exponentials.

Mock modular forms
We briefly recall modular forms, mock modular forms and their vector-valued generali-
sations.

Let I be a discrete subgroup of the group SLy(R) that is commensurable with the mod-
ular group SLy(Z). For w € %Z, say that a non-zero function ¥ : I' — C is a multiplier
system for I" with weight w if

YDV )L )Y iy, )Y = v (v jiriye, ©)” (50)

for all y1, y» € I'. Given such a multiplier system  for I', we may define the (v, w)-action
of I on the space O(H) of holomorphic functions on the upper half-plane by setting

flyw) (@ =fD¥ @iy, D" (51)

for f € O(H) and y € I'. We then say that f € O(H) is an (unrestricted) modular form
with multiplier ¥ and weight w for I" in the case that f is invariant for this action, i.e.
Sflywy =fforally € I'. We say that an unrestricted modular form f for I' with multiplier
Y and weight w is a weakly holomorphic modular form in case f has at most exponential
growth at the cusps of I'. We say that f is a modular form if (f17 ,,0)(t) remains bounded
as J(tr) — oo for any o € SLy(Z), and we say f is a cusp form if (f|]/7,w(r)(t) — 0 as
J(t) — oo forany o € SLy(Z).

Suppose that ¥ is a multiplier system for I" with weight w and that g is a modular form

for T with the conjugate multiplier system ¥ : ¥ > ¥ (y) and dual weight 2 — w. Then,
we may use g to twist the (¥, w)-action of I on O(H) by setting

(Flymer) @ =FGDV@) (D) + e(¥)) / ( + O Mg —Tde.  (52)
—y-loo
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With this definition, we say that f € O(H) is an (unrestricted) mock modular form with
multiplier ¥, weight w and shadow g for I if f is invariant for this action, i.e. f|y,wey =f
for all y € I'. We say that an unrestricted mock modular form f for I' with multiplier
¥, weight w and shadow g is a weakly holomorphic mock modular form in case f has
at most linear exponential growth at the cusps of I". From this point of view, a (weakly
holomorphic) modular form is a (weakly holomorphic) mock modular form with vanish-
ing shadow. This notion of mock modular form developed from the Maass form theory
due to Bruinier and Funke [37] and from Zwegers’ work [38] on Ramanujan’s mock theta
functions.

In this paper, we will consider the generalisation of the above definition to vector-valued
(weakly holomorphic) mock modular forms with n components, where the multiplier
¥: T — GL,(C) is a (projective) representation of I'. From the definition (52), it is not
hard to see that the multiplier ¥ of a (vector-valued) mock modular form is necessarily the
inverse of that of its shadow. To avoid clutter, we omit the adjective ‘weakly holomorphic’
in the rest of the paper when there is no room for confusion.

Following Zwegers [38] and Zagier [39], we define a mock theta function to be a g-series
h =7, as,q" such that for some A € Q, the assignment 7 > qkh|q:e(f) defines a mock
modular form of weight 1/2 whose shadow is a unary (i.e. attached to a quadratic form in
one variable) theta series of weight 3/2. In the ‘Conjectures’ section, we conjecture that
specific sets of mock theta functions appear as McKay-Thompson series associated to
infinite-dimensional modules for the groups G* (cf. ‘Umbral groups’ section), where X is

a Niemeier root system.

Jacobi forms

We first discuss Jacobi forms following [40]. For every pair of integers k and m, we define
the m-action of the group Z? and the (k, m)-action of the group SLy(Z) on the space of
holomorphic functions ¢: H x C — C as

(@lm (A ) (T,2) = e(m(A>T + 242)) $(T,2 + AT + 1) (53)
@lrmy)(T,2) = e(—mcﬁzjd) v, ooy (r,2) (54)

where y € SLy(Z) and A, u € Z. We say a holomorphic function ¢: H x C — C is an
(unrestricted) Jacobi form of weight k and index m for the Jacobi group SLy(7Z) x Z?2 if it
is invariant under the above actions, ¢ = @i,y and ¢ = @], (A, 1), forall y € SLy(Z)
and for all (A, ) € Z2. In what follows, we refer to the transformations (53) and (54) as
the elliptic and modular transformations, respectively.

The invariance of ¢ (7,z) under T — t + 1 and z — z + 1 implies a Fourier expansion

$(r.2) =) cmnq'y (55)

nreZ

and the elliptic transformation can be used to show that ¢(n,r) depends only on the
discriminant D = r* — 4mn and on r (mod 2m). In other words, we have c(n,r) =
Cy(r? — 4mmn) where 7 € Z/2mZ and r = 7 (mod 2m), for some appropriate function
D + C#(D). An unrestricted Jacobi form is called a weak Jacobi form, a (strong) Jacobi
form, or a Jacobi cusp form when the Fourier coefficients satisfy c¢(n,r) = 0 whenever
n < 0, Gz(D) = 0 whenever D > 0, or G3(D) = 0 whenever D > 0, respectively. In a slight
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departure from the notation in [40], we denote the space of weak Jacobi forms of weight
k and index m by Ji ;.

In what follows, we will need two further generalisations of the above definitions.
The first is relatively straightforward and replaces SLy(Z) by a finite index subgroup
I' C SLy(Z) in the modular transformation law. (One has to consider Fourier expansions
(55) for each cusp of I"). The second is more subtle and leads to meromorphic Jacobi forms
which obey the modular and elliptic transformation laws but are such that the functions
z > ¢(1,2) are allowed to have poles lying at values of z € C corresponding to torsion
points of the elliptic curve C/(Zt + Z). Our treatment of meromorphic Jacobi forms (cf.
‘From Meromorphic Jacobi forms to mock modular forms’ section) mostly follows [38]
and [41]. We will only consider functions with simple poles in z.

The elliptic transformation (53) implies (c¢f. [40]) that a (weak) Jacobi form of weight k
and index m admits an expansion

¢ = Y I (Dmp(1,2) (56)

r (mod 2m)

in terms of the index m theta functions,

2
Opmr(T,2) = Z qk /4myk. (57)
keZ
k=r (mod 2m)

Recall that the vector-valued function 6,, = (0,,,) satisfies

2
em(—%, —f) =V Zite (”f) SO0,(1,2), Ot +1,2) = TO,(t,2),  (58)

where S and T are the 2m x 2m unitary matrices with entries

1 rr’ r?
Srr’ = 7%6 (21’)’1) ’ Trr/ =e€ (4-1’]’!) (Sr,r" (59)

From this, we can see that W= (Zm,,) is a 2m-component vector transforming as a weight
k —1/2 modular form for SLy(Z), with a multiplier system represented by the matrices S
and T, satisfying SS" = TT' = L, and corresponding to the modular transformations
S and T, respectively. (See [42]). Moreover, the invariance under the modular transforma-
tion (54) with y = —I, implies that ¢ (7, —2) = (—1)*¢(z,2). Combining this with the
identity 6,,,—,(7,2) = 6,,,(t, —z), we see that

Zm,r = (_ l)kzm,—r- (60)

The Eichler-Zagier operators and an ADE classification
We now turn to a discussion of the Eichler-Zagier operators on Jacobi forms and establish
an ADE classification of maps satisfying a certain positivity condition.

Recall from the ‘Jacobi forms’ section that a Jacobi form of weight k and index m admits
a decomposition (56) into a combination of theta functions 6,,, and the 2m components
h - of a vector-valued modular form T of weight kK — 1/2. On the other hand, one can
also consider the following question: for a given vector-valued modular form Ty, is the
expression in (56) the only combination of 6,, . and Zm,, that has the right transformation
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property to be a weight &, index m Jacobi form? In other words, we would like to consider
all 2m x 2m matrices €2 such that
B2 b= Y T Qo (61)
r,r’ (mod 2m)
is again a weight k index m Jacobi form.
From (58) to (59) as well as the transformation under y = —I, we see that this condition
amounts to considering the commutants 2 of S and T satisfying

STQS =T'QT = Q. (62)
In particular, as  commutes with S2, we see that it has the reflection symmetry
Q= Q—r,—r’- (63)

Such commutants have been classified in [43]. For each positive integer m, the space
of 2m X 2m matrices satisfying (62) has dimension given by the number of divisors
of m, oo(m) = >, 1, and is spanned by the set of linearly independent matrices
{Q(m1), Qn(n2), . . ., L (Mge(m))} Whose entries are given by

1 ifr+7 =0mod2#n; andr — ¥ = 0 mod 2m/n;,
Qm(ni)r,r/ = (64)
0 otherwise,
where 1 =n; < ny < --+ < m = Hgy(m) are the divisors of m. It is easy to check that these
matrices automatically satisfy (63).
Note that

BL - Q(n) - 0 = (=¥ B, - Q(m/n) - 6, (65)

as is evident from the definition (64) of €2,,(n) as well as the reflection property (60) of
the components Zm,r of Zm

In fact, as we will now show, for a given vector-valued modular form Zm = (Zm,r) and
any given divisor # of m, the new Jacobi form ZZ;, - Q,,(n) - 6, can be obtained from the
original one Z; - 0, via a natural operator - the so-called Eichler-Zagier operator [40] -
on Jacobi forms.

Given positive integers #, m such that n|m, we define an Eichler-Zagier operator Wi, (n)
acting on a function f: H x C — C by setting

1 n—1
W) (.2) = = D" e(m (Gt +282+ %)) f (rz+ 41+ L). (66)
a,b=0
It is easy to see that the operator W,,(n) commutes with the index m elliptic transfor-
mation (53)

f|Wm(n) [ (X 1) :f|m()h w) Wi (n) (67)

for all 4, A € Z and in particular preserves the invariance under elliptic transformations.
Moreover, one can easily check that the modular invariance (54) is also preserved. As a
result, W, (1) maps an unrestricted Jacobi form of weight k and index m to another unre-
stricted Jacobi form of the same weight and index. Moreover, when n||m, this operation is
an involution on the space of strong Jacobi forms. This involution is sometimes referred
to as an Atkin-Lehner involution for Jacobi forms due to its intimate relation to Atkin-
Lehner involutions for modular forms [44,45]. We will explain and utilise some aspects of
this relation in the ‘From Niemeier lattices to principal moduli’ section.
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For later use, we define the more general operator W =3, ¢;W,,(n;) by setting

nilm

W =3 "ci (fIWn(m). (68)
nilm

The relation between the Eichler-Zagier operators WV and the transformation on Jacobi

forms
WL Oy > HE QO (69)

where Q is a linear combination of the matrices 2,,(#) in (64), can be seen via the action
of the former on the theta functions 6,,,. Notice that

Omr W) = Y Q1) Oy (70)

r' (mod 2m)

In terms of the 2m-component vector 6,, = (0,,,r), we have
Om|Win(n) = QL (1) - Oy, (71)
which immediately leads to
B - 0, Win(n) = B, - (1) - 6. (72)

In other words, the Jacobi forms we discussed above in terms of the matrices 2,,(n)
are simply the images of the original Jacobi forms under the corresponding Eichler-Zagier
operators. This property makes it obvious that Z}; - Qu(n) - 0,, is also a Jacobi form
since W,;,(n) preserves the transformation under the Jacobi group. This relation will be
important in the discussion in the “The umbral mock modular forms’ section.

Apart from the modularity (Jacobi form) condition, it is also natural to impose a certain
positivity condition. As we will see, this additional condition leads to an ADE classifica-
tion of the matrices Q. To explain this positivity condition, first recall that all the entries
of the matrices £2,,(n) for any divisor # of m are non-negative integers and it might seem
that any positivity condition would be redundant. However, we have also seen that the
description of the theta-coefficients Zm,, of a weight &, index m Jacobi form as a vec-
tor with 2m components has some redundancy since different components are related to
each other by Zm,, = (—1)%”,_, (cf. (60)). For the purpose of the present paper, we will
from now on consider only the case of odd k, where there are at most 2 — 1 independent
components in (Zm,,). In this case, using the property (63), we can rewrite the Jacobi form
Z,Tn - Q-6 as

ZZ;, QO = zm,r (Qr,r/ - Qr,—r’) (Qm,r’ - 9m,—r’)~ (73)

As a result, it is natural to consider the 2m x 2m matrices Q = Zfi(lm) ¢i 2, (n;) where

ny, ny,... are the (distinct) divisors of m that satisfy the corresponding positivity and
integrality condition

Qpp — Sy € Lsoforallr,r =1,...,m—1, (74)
with a natural normalisation
Q11— Q1 =1 (75)

Evidently, they are in one-to-one correspondence with the non-negative integer combi-
nations of (4,,,) and (6,7 — Oy —), with r,¥' = 1,2,...,m — 1, with the coefficient of
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the term Zm,lem_l equal to 1. From a conformal field theory point of view, this is precisely
the requirement of having a unique ground state in the theory.

It turns out that this problem has been studied by Cappelli et al. [24]. They found a
beautiful ADE classification of such 2m x 2m matrices Q2 (see Proposition 2 of [24]), and
we present these matrices in Table 6, denoting by QX the matrix corresponding to the
irreducible simply laced root system X. The motivation of [24] was very different from
ours: these authors were interested in classifying the modular invariant combinations
of chiral and anti-chiral characters of the affine Lie algebra Zl (the SU(2) current alge-
bra). However, as the modular transformation of the A 1 characters at level m — 2 is very
closely related to that of the index m theta functions 6,,,, the relevant matrices are also
the commutants of the same S and T matrices satisfying (62).

The relation between the Eichler-Zagier operators and the €2,,(n) matrices discussed
earlier makes it straightforward to extend the above ADE classification to an ADE clas-
sification of Eichler-Zagier operators. Combining the results of the above discussion, we
arrive at the following theorem.

Theorem 1. For any integer m and any odd integer k, and any vector-valued modular form
Zm = (Zm,r) such that Z};, - Oy, is an (unrestricted) weight k, index m Jacobi form, suppose
Q coincides with a matrix QX corresponding to an irreducible simply laced root system X
with Coxeter number m via Table 6. Then, the combination ’1;1,7;1 - Q- 6y, is also a weight k,
index m (unrestricted) Jacobi form which moreover satisfies the positivity condition

~ m—1 ~

B 0= Crphmr Oy — Om—r), Crp € Lo, €11 = 1. (76)

r,r'=1

Conversely, any 2m x 2m matrix Q for which the above statement is true necessarily coin-
cides with a matrix QX corresponding to an irreducible simply laced root system X with
Coxeter number m. Moreover, the resulting (unrestricted) Jacobi form is the image of the
original Jacobi form i{,{, - O,y under the Eichler-Zagier operator WX defined by replacing
Qun(n) in QX with W,,(n) (cf. (78)).

Proof. First, the Jacobi form condition on ’12; - Q - 0, requires that Q satisfies the com-
mutant condition (62). It was shown in [43] (c¢f. Proposition 1 of [24]) that the space of
such 2m x 2m matrices are spanned by {Q,,(11), 2, (112), . . ., LMoy (m))} given in (64).

Next, the positivity and integrality conditions on ¢,, are equivalent to those on the
entries Q,,» — 2, _,» given in (74-75). The linear combinations of ,,(n;) satisfying (74-
75) were shown in [24] to correspond to ADE root systems via Table 6. Finally, the equality
(78) follows from the equality (71). O

Table 6 The ADE classification of matrices 2 producing Jacobi forms ﬁ;, cQ-0m

X m(X) X X

Am—1 m a Qm(1)

Dm/2+1 m % Qm(1) + Qm(m/z)

Es 12 2312 Q12(1) + Q212(4) + Q212(6)
E 18 2218 Qig(1) + €218(6) + Q218(9)

Es 30 il Q30(1) + L30(6) + 230(10) + Q230(15)
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The relation between QX and the ADE root system X lies in the following two facts.
First, QX is a 2m x 2m matrix where m is the Coxeter number of X. Moreover, Qif, —
Qf_, =af forr=1,...,m— 1 coincides with the multiplicity of r as a Coxeter exponent
of X (cf. Table 3). Note the striking similarity between the expression for QX and the
denominator of the Coxeter Frame shape 7% (cf. ‘Root systems’ section). For instance,
QX =Q,,(1) for X = A, is nothing but the 2m x 2m identity matrix.

More generally, for a union X = [J,X; of simply laced root systems with the same
Coxeter number, we let

Q% =" Q% and similarly WY =) WX, (77)
i i

Then, we have the relation
(7f, - 6) WX =T - 2% (78)

among different (odd) weight k and index m Jacobi forms corresponding to the same
vector-valued modular form Zm = (Zm,r). Note that the operator W is in general no
longer an involution and often not even invertible. The Eichler-Zagier operators WX cor-
responding to Niemeier root systems (cf. ‘Lattices’ section) will play a central role in the
‘The umbral McKay-Thompson series’ section.

The A; characters, which have led to the ADE classification of Cappelli et al., are rather
ubiquitous in two-dimensional conformal field theory. They can be viewed as the building
blocks of, for instance, the characters of N = 4 super-conformal algebra and the parti-
tion functions of N = 2 minimal models (cf,, e.g. [9,43]). Moreover, the positivity and the
integrality condition (74-75) that are necessary to obtain the ADE classification are com-
pletely natural from the point of view of the conformal field theories. This might be seen
as suggesting a relationship between umbral moonshine and two-dimensional conformal
field theories. The concrete realisation of such a relationship is beyond the scope of the

present paper.

From Meromorphic Jacobi forms to mock modular forms

In the ‘Mock modular forms’ section, we have seen the definition of mock modular form
and its vector-valued generalisation. One of the natural places where such vector-valued
mock modular forms occur is in the theta expansion of meromorphic Jacobi forms. To
be more precise, following [38] and [41], we will establish a uniform way to separate a
meromorphic Jacobi form v into its polar and finite parts

¥ (t,2) = ¥P(t,2) + v (z,2). (79)

The finite part will turn out to be a mock Jacobi form, admitting a theta expansion as in
(56), whose theta coefficients are the components of a vector-valued mock modular form.
Up to this point, all the mock modular forms playing a role in umbral moonshine, as well
as other interesting examples including many of Ramunanjan’s mock theta functions, can
be obtained in this way as theta coefficients of finite parts of meromorphic Jacobi forms.

For the purpose of this paper, we will focus on the case of weight 1 Jacobi forms with
simple poles as a function of z. Consider such a Jacobi form { with a pole at z = z;, where
zs is a point inside the fundamental cell «t + 8, o, B € (—1,0]. The elliptic transforma-
tion (53) then forces v to have poles at all z € z; + Z + tZ. With this property in mind,
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in the rest of the paper, we will only write down the location of the poles inside the fun-
damental cell. To capture this translation property of the poles, following [41], we define
an averaging operator

Avin [F)] = Y a"™ " F(g*y) (80)
keZ
which takes a function of y = e(z) with polynomial growth and returns a function of z
which is invariant under the index m elliptic transformations (53). For a given pole z = z
of a weight 1 index m meromorphic Jacobi form v, we will consider the image wg under
Av,, of a suitably chosen meromorphic function F,_(y) that has a pole at z = z;, such that
- wéz isregularatallz € z; + Z + tZ.

In the remaining part of this subsection, we will first review (following [38,41]) this
construction of mock modular forms in more detail and then extend the discussion of
the Eichler-Zagier operators to meromorphic Jacobi forms and study how they act on the
polar and the finite part separately. This will allow us to establish an ADE classification of
mock Jacobi forms of a specific type in the next section and constitutes a crucial element

in the construction of the umbral mock modular forms HX.

Asimplepoleatz = 0
To start with, consider a meromorphic Jacobi form v (7, z) of weight 1 and index m, with
a simple pole at z = 0 and no other poles. Define the polar part of { to be
+1
P (1,2) = X (D) Ay, [y} (81)
y—1
where x (t)/miis the residue of ¥ (7, z) at z = 0. For the applications in the present paper,
we need only consider the case that x (t) = y is a constant. With this definition, one can
easily check that ¥ = ¢ — ¥ is indeed a holomorphic function with no poles in z.

Note that
+1
Hmo(7,2) = AV [y_] : (82)
where we define the generalised Appell-Lerch sum
ky—2j ky—2j+1 k142
. 2 q ) J =+ q ) ] + -+ q ) ]
bons(5,2) = (~D) 3 gk & & v (83)

— gk
keZ 1 Yq

forj e %Z. The function 1,0 enjoys the following relation to the modular group SLy(Z).
Define the completion of ., 0(t, z) by setting

ﬁm(f, .E’ Z) - Hm,O(t: Z)

1, 1 foo / —1/2C T =n 4./ (84)
—e8) = Yo (o) | @+, (T
2m r (mod 2m1) -t
where S, () denotes the unary theta series
1 9
Smp(T) = =Sp,—r(T) = %éem,r(f» Z)|z=0’ (85)

then i, transforms like a Jacobi form of weight 1 and index m for SLy(Z) but is clearly no
longer holomorphic whenever m > 1. From the above definition and the transformation
(59) of the theta functions, we see that S,, = (S,,,) is a (vector-valued) weight 3/2 cusp
form for SLy(7Z).
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Returning to our weight 1 index m Jacobi form 1/, assumed to have a simple pole at
z = 0, it is now straightforward to see that the finite part ¥ = v — ¥, a holomorphic
function on H x C, has a completion given by

@szhxe(—é)ﬁ Y Onr(n2) _L:ou’+r>—1/zsm,r<—f’>dz’ (86)

r (mod 2m)

that transforms like a Jacobi form of weight 1 and index # for SLy(Z). As such, ¥ is an
example of a mock Jacobi form (cf. [41], Section 7.2). Since both v and yP are invariant
under the index m elliptic transformation, so is the finite part f. This fact guarantees a
theta expansion of ¥f analogous to that of a (weak) Jacobi form (56)

wF(f: z) = Z he(T) em,r(fv 2), (87)
r (mod 2m)
where i = (k) is a weight 1/2 vector-valued holomorphic function on H whose
completion
~ 1 ico .
h(t) = he(0) + xe(—H—— [ @'+ )75, (=7 dr’ (88)

V2m J-z
transforms as a weight 1/2 vector-valued modular form with 2m components. As such,
we conclude that z = (/,) is a vector-valued mock modular form for the modular group
SLy(Z) with shadow x Sy, = (X Sm,r)-

Note that S; vanishes identically. This is a reflection of the fact that 10, in contrast to
the w0 for m > 1, coincides with its completion and is thus (already) a meromorphic
Jacobi form of weight 1 and index 1. By construction, it has simple poles at z € Zt + Z
and nowhere else, and we also have the explicit formula

_6(@2)n(@)° _y+1

fr 2— 72 DRI
r1,0(t,2) = —i ol y—1 O =y g+ (89)

(See ‘Jacobi theta functions’ in Appendix 1 for 6;(t,z)). The function wuyg is fur-
ther distinguished by being a meromorphic Jacobi form with vanishing finite part, a
‘Cheshire cat’ in the language of ([41], Section 8.5). It will play a distinguished role in
the ‘The umbral mock modular forms’ section, where it will serve as a device for pro-
ducing meromorphic Jacobi forms of weight 1 from (weak, holomorphic) Jacobi forms of
weight 0.

Simple poles at n-torsion points

Next, we would like to consider the more general situation in which we have a weight 1
index m meromorphic Jacobi form v with simple poles at more general torsion points
z € Qt + Q. We introduce the row vector with two elements s = (« ) to label the pole
at z; = ot + B and write y; = e(z). For the purpose of this paper, we will restrict our
attention to the n-torsion points satisfying nz € Zt + Z, where n is a divisor of the index
m. Focus on a pole located at say z; = a7t + B with o, B € %Z. Again following [41], we
require the corresponding polar term to be given by the formula

y y/ys + 1}

—2ma
VE(1,2) = miRes,—, (Y (1,2)) Ay [() (90)

y/ys — 1

S

generalising (81). One can easily check that ¢ — Iﬂg has no pole at z € z; + Zt + Z.
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As before, the above polar part is invariant under the elliptic transformation by
construction. To discuss its variance under the modular group, first notice that the trans-
formation (7,z) — y(7,z) maps the pole at z, to a different pole according to s +— sy.
As a result, to obtain a mock Jacobi form for SLy(Z) from a meromorphic Jacobi form
with poles at #-torsion points z; (where # is the smallest integer such that z; € 77 + %Z),
we should consider meromorphic Jacobi forms that have poles at all the #n-torsion points.
Moreover, the modular transformation of ¢ dictates that the residues of the poles satisfy
Ds(yt) = Dy, (1), where we have defined, after [41],

Ds(7) = e(mazs) Res;—; (Y (7, 2)). 1)
More specifically, we would like to consider the situation where ¥ satisfies

Res, .. »V¥(1,2) = xe(—ma(at + b)/nz)/nni, fora,b=0,1,...,n—1, (92)

ZT
corresponding to the simplest case where the function Ds(7) is just a constant. Without
loss of generality, we will also assume for the moment that ¥ has no other poles, as the
more general situation can be obtained by taking linear combinations. In this case, using
(90), it is not hard to see that the polar parts contributed by the poles at these n-torsion
points are given by the images under the Eichler-Zagier operator W, (n) (cf. (66)) of the
polar term contributed by the simple pole at the origin, so that

>

n—1
W= 3" v, = X o W), ©3)
a,b=0 "

N

From (84) and the fact that the Eichler-Zagier operators preserve the Jacobi transfor-
mations, we immediately see how considering Jacobi forms with simple poles at torsion
points leads us to vector-valued mock modular forms with more general shadows. In this
case, from (71), (84) and (93), it is straightforward to see that the completion of the polar
part

- Xe(—l)i Z Oy (T, 2) (1) //ioo(r’+r)*1/25 (=7 dt’ (94)
3 — m,r\ty m r,r _ m,r’
2m r,r' (mod 2m) -t

again transforms like a Jacobi form of weight 1 and index m for SLy(Z).
Following the same argument as before, we conclude that the theta coefficients of the
finite part
vi=y—vP= Y (1), (r,2), (95)
r (mod 2m)

define a vector-valued mock modular form % = (/4,), whose completion is given by

hy(t) = hy(7)
1 foo — 9
+xe(—g) Wir Yo Q) / @+, (T dr, 0o
2m r’ (mod 2m) -
and whose shadow is hence given by a vector of unary theta series whose r-th component
equals

Z Q1) Sy (97)

r’ (mod 2m)
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where r € Z/2mZ. In particular, this means that the vector-valued mock modular forms
arising from meromorphic Jacobi forms in this way are closely related to mock theta
functions, as their shadows are always given by unary theta series.

Finally, we also note that the Eichler-Zagier operators and the operations of extracting
polar and finite parts are commutative in the following sense.

Proposition 2. Suppose ¥ is a weight 1 index m meromorphic Jacobi form with simple
poles at ¥i-torsion points with 1ilm and with no poles elsewhere. Then, for any positive
integer n such that n\m and (n,71) = 1, we have

W@ Wi ()P = Y P Wou(n). (98)

Proof. Denote the set of poles of ¥ in the unit cell by S, and focus on the pole of ¢ at
zy = —d /7t — b/7 € S. From the action of W,,(n), we see that ¥/|W,,(n) has poles at all
zZ €z + %Z + - 7. Focussing on the pole at z = z; = z, — (at/n+ b/n), from (66), we get

_ L (2maz ma
Res;—z (Y Win(m)(7,2) = —e( == ) e( 5 (at + b) | Res;—, (¥ (7, 2)), (99)
n

which leads to
W@ Wi ()P (z,2)
=Y Resn(0(1,2) (100)

n —
z*:—%r—ges

= 2maz, ma mk®, 2mk ; _k 2m<g+z) qky/ys +1
x Y e(TS)e(p(mﬂLb))Zq PGy )N Z
a,b=0 kez ay/ys —1

where y;s denotes y; = e(z;) = e(—(@/n + a/n)t — (Z/ﬁ + b/n)) in the second line.
By direct comparison using (66) and (90), this is exactly ¥”|W,,(n) and this finishes the
proof. O

Since all the operations involved are linear, we also have the following corollary.

Corollary 1. Consider  as defined as in Proposition 2 and let W = Y, ¢ Wy, (n;) where
the n; are divisors of m satisfying (n;,71) = 1. Then,

W IWE =y Iw (101)
and
WIWE = yhiw. (102)

Moreover, if we denote the theta coefficients of Y& by hy = ((hy);) and its shadow by
Sy = ((Sy)y) with r € Z/2mZ, then the theta coefficients of ( IW)E form a vector-valued
mock modular form hy\y satisfying

hyw = Qhy, (103)
with shadow given by
Syw = QSy (104)

where Q@ = ), ¢iQy, (n;) (cf (64)).
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As a result, the relations (78) between different Jacobi forms of the same index can be
applied separately to the polar and the finite part. In the present paper, we will mostly be
concerned with the application of the above to the case that 77 = 1. For later use, it will be
useful to note the following property.

Lemma 1. For  and n as defined as in Proposition 2, we have
vEW) = —yE\Wim/n),  9E W) = = F Wm/n). (105)

Proof. From the property (93) of ¥” and the elliptic transformation of /i, it follows
that ¥*(t,2) = —yP (1, —2z) and therefore ¥¥ (1,2) = —pr(r, —z). As such, the vector-
valued mock modular form / = (/,) arising from the theta expansion (87) of ¥/ satisfies
hy = —h_,. Together with S,,,, = —S;,—, the lemma follows from the action of W, (n)
(71) on 8, = (6,,,r) and the definition (64) of the matrix ,, (7). O

The umbral mock modular forms

Following the general discussion of the relevant automorphic objects in the previous
section, in this section, we will start specifying concretely the vector-valued mock mod-
ular forms which encode, according to our conjecture, the graded dimensions of certain
infinite-dimensional modules for the umbral groups defined in the ‘Groups’ section. We
will specify the shadows of these functions - the umbral mock modular forms - in the
‘The umbral shadows’ section. Subsequently, in the ‘From Niemeier lattices to principal
moduli’ section, we will show how these shadows distinguish the Niemeier root systems
through a relation to genus zero groups and their principal moduli. Afterwards, we will
provide explicit expressions for the umbral forms of the A-type Niemeier root systems
by specifying a set of weight 0 weak Jacobi forms. The umbral forms of D- and E-type
Niemeier root systems will be specified in the next section.

The umbral shadows
In the ‘From Meromorphic Jacobi forms to mock modular forms’ section, we have seen
how the theta expansion of the finite part of a meromorphic Jacobi form gives rise to a
vector-valued mock modular form, and how different configurations of poles lead to dif-
ferent shadows. The shadows of the mock modular forms obtained in this way are always
given by unary theta series. In this subsection, we will see how the ADE classification
discussed in the ‘The Eichler-Zagier operators and an ADE classification” section leads
to particular cases of the above construction. Moreover, by combining the ADE classi-
fication and the construction of mock modular forms from meromorphic Jacobi forms
discussed in the ‘From Meromorphic Jacobi forms to mock modular forms’ section, we
will associate a specific shadow S, or equivalently a pole structure of the corresponding
meromorphic Jacobi form 1//X , to each of the Niemeier root systems X.

Consider a meromorphic Jacobi form ¥ with weight 1 and index m. Recall from (93)
that the contribution to its polar part ¥ from the simple poles at the #-torsion points
with residues satisfying (92) is given by

n—1
Z lﬂfgrl =X H«m,0|Wm(”)' (106)
a,b=0 o
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Clearly, one may consider a linear combination of expressions as in (106). Consider
a weight 1 index m meromorphic Jacobi form v with poles at n1-,...,n,-torsion points
where #j|m, and where each n, contributes cje(—ma(at + b)/nz)/n/ni to the residue of
the pole located at —fr — 2. From the above discussion, it follows that its polar part is

given by

K
yr = pcm_o|W, where W = Zcin(n,'). (107)
i=1
By taking a linear combination of expressions as in (94), we see that its completion,
given by

—~

VP =y"
1 ioo Y — (108)
—e(—1y_— Hmr , er// ,—}— l/sz,r —7/)d ,,
o3 = > /DRy [ @ 4T) (=T dr
where Q@ = Y7 ¢;Q2,(n;), transforms like a Jacobi form of weight 1 and index m for
SLy(Z). Immediately, we conclude that the theta coefficients of the finite part yf =
¥ — ¥® constitute a vector-valued mock modular form with (the r-th component of) the

r,r’ (mod 2m)

shadow given by
Z Qr,r/S;/n,r’- (109)

r' (mod 2m)

Now, recall that in the “The Eichler- Zagler operators and an ADE classification’ section,
we used the reflection property hm = —h m,—r to impose a positivity condition which
then led to an ADE classification (¢f. Theorem 1). Analogously, in the context of mero-
morphic Jacobi forms, we also have a natural positivity condition that we want to impose.
Using the reflection property Sy, = —Su,—r, for r € Z/2mZ (cf. (85)), we may instead
consider a (m — 1)-component vector with the r-th component given by

m—1

D Q= Sy T=1,..,m— 1. (110)

r'=1
Requiring that each component of this (m — 1)-component vector is a non-negative linear
combination of the unary theta series S, for r = 1,2,...,m — 1, with the normalisation
Q11 — Q1,1 = 1, from Theorem 1 we immediately see that such Q2 (and, equivalently,
W) are classified by ADE root systems. More precisely, to each irreducible simply laced
root system X with Coxeter number m, we associate a 2m-vector-valued cusp form SX, of
weight 3/2 for SLy(Z), with r-th component given by

SK= > QS (111)
v’ (mod 2m1)

where m denotes the Coxeter number of X and the matrix Q¥ is defined as in Table 6. For

instance, we have

Sﬁ‘m—l = Sy (112)
For the D-series root systems with even rank, we have

§Du — San—2,r + San—24n—2—r ifrisodd, (113)
0 if r is even,
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and in the case that # is odd, we have

Son— if  is odd,
S (114)

Son—22n—2—r ifriseven.

For Eg, E; and Eg we have

S121+S127 ifr=1lorr=7,
S124 4+ S128 ifr=4orr=38,

S = (115)
S125+S1211 ifr=5o0rr=11,

0 otherwise;
S181 + S18,17 ifr=1orr=17,
S189 ifr =3orr =15,
S185 + S ifr=5o0rr=13,
SE = 18,5 1 918,13 (116)
S18,7 + S18,11 ifr=7orr=11,

S183 + S189 + S18,15 ifr =09,

0 otherwise;

830,1 + S30,11 + S30,19 + S30,29 if r € {1,11,19, 29},
SE8 = { 307 + S30,13 + S30,17 + S3023  if r € {7,13,17,23}, (117)

0 otherwise;

where for simplicity, we have only specified S forr e {(1,--- ,m—1} C 7Z/2mZ. The
remaining components are determined by the rule §7 = —§;".

Following (77), more generally for a union X = | J;X; of simply laced root systems with
the same Coxeter number, we have S¥ = 3~ $Xi. With this definition, S¥ is given by the
matrix QX as

SK=H, = > Su (118)
r’ (mod 2m)

From the above discussion, we see that the cusp form SX arises naturally as the shadow
of a vector-valued mock modular form obtained from the theta expansion of a meromor-
phic Jacobi form X with simple poles at z € nliZ + ni’Z for all n;|m such that ¢; > 0 in
QX = > ¢iSm(n;), whose polar part is given by

WP = o (T, WX (119)

It is not hard to see that such meromorphic Jacobi forms exist for any simply laced root
system X where all the irreducible components have the same Coxeter number. Choose
an arbitrary weight 0, index m — 1 weak Jacobi form ¢ with ¢(7,0) # 0 and assume,
without loss of generality, that ¢ (t,0) = 1. Recall from the definition of weak Jacobi forms
in the ‘Jacobi forms’ section that if ¢ (7, z) is a weight 0 weak Jacobi form, then ¢ (7, 0) is
a weight 0 modular form, which is necessarily a constant. As such, by multiplying with
the meromorphic Jacobi form 1 of weight 1 and index 1 (c¢f. (89)), we obtain a weight
1 index m meromorphic Jacobi form with simple poles at z € Zt + Z and nowhere else,
and with the polar part given by ;0. (See [1], Section 2.3, for a more detailed discussion,
but note that u;, is denoted there also by Wy ;). The Corollary 1 then shows that its
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image —u1,00|WWX under the corresponding Eichler-Zagier operator is a weight 1 index
m meromorphic Jacobi with polar part coinciding with (119).

Besides specifying the poles of the meromorphic Jacobi form, in what follows, we will
also require an optimal growth condition (equivalent to the optimal growth condition
formulated in [41], with its name derived from the fact that it guarantees the slowest
possible growth of the coefficients of the corresponding mock Jacobi form). It turns out
that there does not always exist a meromorphic Jacobi form with polar part given by (119)
that moreover satisfies this optimal growth condition for an arbitrary simply laced root
system X, but when it does exist, it is unique.

Theorem 2. Let X be a simply laced root system with all irreducible components having
the same Coxeter number m. There exists at most one weight 1 index m meromorphic
Jacobi form X satisfying the following two conditions. First, its polar part ()P is given
by (119). Second, its finite part
WO =y —@HP= Y W, (120)
r (mod 2m1)

satisfies the optimal growth condition
""" (r) = 0(1) (121)

ast — ioo forallr € Z/2mZ.

Proof. 1f there are two distinct meromorphic Jacobi forms satisfying the above condi-
tions, then their difference is necessarily a weight 1 index m weak Jacobi form of optimal
growth in the sense of [41]. But Theorem 9.7 of [41] is exactly the statement that no such
weak Jacobi form exists. O

Corollary 2. Let X be a simply laced root system with all irreducible components having
the same Coxeter number m. Then, there exists at most one vector-valued mock modular
form KX for SLy(7) with shadow SX that satisfies the optimal growth condition (121).

Proof. Let b be a vector-valued mock modular form satisfying the above conditions.
Consider ' = (y*)P + >, 1X6,, - with ()P given by (119). From the fact that the mul-
tiplier of a mock modular form is the inverse of that of its shadow and from the discussion
in the ‘From Meromorphic Jacobi forms to mock modular forms’ section, ¥’ is a weight 1
index 1 meromorphic Jacobi form satisfying the conditions of Theorem 2. It then follows
from Theorem 2 that such /#¥ is unique if it exists. O

So far, our discussion has been very general, applicable to any simply laced root system
with all irreducible components having the same Coxeter number. In the next subsection,
we will see how the cusp forms S* with X given by one of the 23 Niemeier root systems
play a distinguished role. The SX for X a Niemeier root system are called the umbral
shadows,

K= > Q. Sur (122)
r'eZ/2mZ

We will demonstrate the existence of meromorphic Jacobi forms ¥ satisfying the con-
ditions of Theorem 2 for X an A-type Niemeier root system in Proposition 5 and for D-
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and E-type Niemeier root systems in Proposition 6. The resulting vector-valued functions
defined by the theta coefficients of the finite parts of these /X are the umbral mock mod-
ular forms, to be denoted HX = (Hf(). The first few dozen Fourier coefficients of the
umbral mock modular forms are tabulated in Additional file 1. For some of the Niemeier
root systems X, the meromorphic Jacobi forms /X are closely related to some of the mero-
morphic Jacobi forms analysed in [41], Section 9.5; for other Niemeier root systems X,
the corresponding shadows S fall outside the range of analysis in [41], and this is why we
find mock Jacobi forms of optimal growth for values of m other than those appearing in
the work of Dabholkar, Murthy and Zagier.

From Niemeier lattices to principal moduli
In the last subsection, we have seen how ADE root systems have an intimate relation to
meromorphic Jacobi forms. More precisely, to a simply laced root system with all irre-
ducible components having the same Coxeter number 71, we associate a pole structure for
meromorphic Jacobi forms of weight 1 and index m. Equivalently, we associate a weight
3/2 vector-valued cusp form to every such root system, which plays the role of the shadow
of the mock modular form arising from the meromorphic Jacobi form via the relation
discussed in the ‘From Meromorphic Jacobi forms to mock modular forms’ section. In
this subsection, we see how the shadows SX attached to Niemeier root systems are distin-
guished and, in particular, how they are related to the genus zero groups I' of the ‘Genus
zero groups’ section.

Recall [45] that a skew-holomorphic Jacobi form of weight 2 and index m is a smooth
function g(r,z) on H x C which is periodic in both 7 and z with period 1, transforms

under the S-transformation as
$(—L, %) e(-mZ) = t[tl(z,2) (123)

and has a Fourier expansion

r?— 2 4 |A|

o= Y Ciane Aoy + "
S A am 4m
A, reZ
A=r% (mod 4m)

i3(tr) + rz) (124)

where Cq;(A,r) = 0 for A < 0. We denote the space of such functions by ];fm. Recall
that an integer A is called a fundamental discriminant if A = 1 or A is the discriminant
of a quadratic number field. Following Skoruppa [45] (see also [46]), given a pair (Ao, ro)
where Ay is a positive fundamental discriminant that is a square modulo 4m and Ay = rg

(mod 4wm), we may associate a weight 2 modular form

~ A
Fnon (@) = c5(Ldo,r0) + D q" Y (;) Cj (Do’5,r0%) (125)

n>1 aln

for 'y (m) to each 5 € ]Z . Where (%) denotes the Jacobi symbol and ¢z (Ao, 10) denotes
a suitably chosen constant term.

From the discussion in the “The Eichler-Zagier operators and an ADE classification’
section, it is not difficult to see that given a simply laced root system X with each of
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its irreducible components having the same Coxeter number m, we may consider the
following skew-holomorphic form
oX = " O
> ST Om(r,2)
r (mod 2m) (126)
= Y Su @)y (1,2)

r,r’ (mod 2m)

of weight 2 and index m.

Applying #a,,r, with the simplest choice (Ag,79) = (1,1) to the skew-holomorphic
Jacobi form 0%, and using the fact that the Jacobi symbol (é) = 1 for all positive integers
a, we arrive at a weight 2 form on I'g(m)

@) = A1 @)

m—1 o 2km+ar (127)

r
= ﬂ + Ot Z Z (2hm + 81”) 2km+sr
r=1  e=klk=—|iL]

where r is the rank of the root system X and X is the multiplicity of the multiplicity of r as
a Coxeter exponent of X, which also coincides with the ‘diagonal’ coefficient QX QX
of Sy, in the r-th component of the vector-valued cusp form S* = (SX) (¢f. Table 3 and
‘The Eichler-Zagier operators and an ADE classification’ section).

For X = A,,—1, one can easily see from the fact that af,( =1forallre {1,2,...,m — 1}
that the associated weight 2 form is nothing but the following Eisenstein form at level m
(of. (237))

SAH@) = hon ()
d n(mt) m—1 P £ (128)
—a2 = K (g" — mg™).
s og< i — +k§a( " — mg™)

One can compute the function fX in a similar way for the D- and E-series and arrive at
the result in Table 4. From this table, one observes that the weight 2 form f* has a close
relation to the Coxeter Frame shape 7% and hence also to the matrix QX according to
Table 6. We now discuss this further.

From QX where X has Coxeter number m, we can obtain a map on the space spanned
by the weight 2 modular forms {A,(t), n|m} of level m by replacing each ,,(m1) in QX
with the operator w,, (1) which acts on Eisenstein forms according to

Ay (Wi (M1) = Apysmy — Ay s (129)

where m; and m1, are assumed to divide m1, and my * my = mymy/(m1, my)? (cf. ‘Genus
zero groups’ section). Then, the weight 2 form corresponding to a simply laced root
system X with Coxeter number m is nothing but

X = aulwX = px (130)

where 7% is the Coxeter Frame shape of X (cf. ‘Root systems’ section) and A, for 7 an
arbitrary Frame shape, is defined in the ‘Genus zero groups’ section.

The reader will notice that the map wy,(e) acts in the same way as the Atkin-Lehner
involution W,,,(e) (20) on modular forms for I'g(2) in the cases where e||m. (Notice that
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the set Wy, (e) is empty if e is not an exact divisor of m). Indeed, from the definition of the
Eisenstein form (237), one can compute that
A W) () = (Arly=1,w=2¥)(7)
= e(cmt + de)_zkf( aet+b ) = )Le*f(‘l,') — Xe(T),

cmt+de

(131)

where y = ﬁ (C‘erl je) € SLy(R) (¢f. (51)). On the other hand, from (71), we see that the
X

skew-holomorphic form o can be obtained as the image of the Eichler-Zagier operator

oX = oA WX, (132)

Taken together, at a given m and for a given union X of simply laced root systems with
Coxeter number m1, we have the equality

£ = A (M) = 30 A (oM Winten) (133)

where we have written WX = >, W,,(e;) explicitly in terms of its different components.
At the same time, for the cases that all ¢;||#2, we also have

=D A Wonen. (134)

14
For these cases, we note that the equalityfAmflle (e)) = A1 (GA'”*I Wi (e,-)) can be
viewed as a consequence of the relation between the Eichler-Zagier operators and the
Atkin-Lehner involutions observed in [44,45]. Due to this relation, the Eichler-Zagier
operators that define involutions are sometimes referred to as Atkin-Lehner involutions
on Jacobi forms in the literature.
We conclude this section by observing that if X is a Niemeier root system, then

d
F1a") =f" = —q_-log T* (135)
q

where 0¥ is the skew-holomorphic Jacobi form defined by SX in (126) and TX is the prin-
cipal modulus for I'* defined in the ‘Genus zero groups’ section. In this way, we obtain a
direct connection between the umbral shadows S* and the genus zero groups I'X attached
to Niemeier root systems in the ‘Genus zero groups’ section.

From weight 0 Jacobi forms to umbral mock modular forms

The goal of this subsection is to construct the umbral mock modular form HX which
(conjecturally) encodes the graded dimension of the umbral module KX (cf. ‘Modules’
section) for every A-type Niemeier root system X. In the “The umbral shadows’ section,
we have seen how to associate an umbral shadow SX to a Niemeier root system X.
Equivalently, we can associate a pole structure, which together with the optimal growth
condition (121) determines (at most one) meromorphic weight 1 index m Jacobi form
¥X according to Theorem 2. In this subsection, we will explicitly construct meromorphic
Jacobi forms % satisfying the conditions of Theorem 2 for X an A-type root system via
certain weight 0 Jacobi forms ¢ (cf. Proposition 5). After obtaining these ¥, the proce-
dure discussed in the ‘From Meromorphic Jacobi forms to mock modular forms’ section
then immediately leads to the umbral forms HX. It is also possible to specify the D- and
E-type Niemeier root systems in a similar way. However, the discussion would become
somewhat less illuminating, and we will instead specify these in an arguably more elegant
way in the ‘The umbral McKay-Thompson series’ section.



Cheng et al. Research in the Mathematical Sciences 2014, 1:3 Page 37 of 81
http://www.resmathsci.com/content/1/1/3

Our strategy in the present subsection is the following. As mentioned in the ‘The
umbral shadows’ section, if we take a weight 0 index m — 1 weak Jacobi form ¢ with
¢(t,0) = 1, then —,u1,0¢|WX is a weight 1 index m meromorphic Jacobi whose pole
structure is automatically of the desired form (cf. (89)). Namely, it always leads to a vector-
valued mock modular form whose shadow is given by $%. In this subsection, we will see
how to select (uniquely) a weight 0 form ¢X such that the resulting weight 1 Jacobi form

X = g0 WX (136)

satisfies the optimal growth condition (121).

For the simplest cases, this optimal growth condition can be rephrased in terms of
weight 0 Jacobi forms using the language of characters of the N' = 4 superconformal alge-
bra. Recall from [7,8] that this algebra contains subalgebras isomorphic to the affine Lie
algebra A1 as well as the Virasoro algebra, and in a unitary representation, the former of
these acts with level m — 1, for some integer m > 1, and the latter with central charge
¢ = 6(m — 1). The unitary irreducible highest weight representations V,E;.”) are labelled by
the two ‘quantum numbers’ s and j which are the eigenvalues of Ly and %]g, respectively,
when acting on the highest weight state. (We adopt a normalisation of the SU(2) current
J? such that the zero mode ]g has integer eigenvalues). In the Ramond sector of the super-
conformal algebra, there are two types of highest weight representations: the short (or

BPS, supersymmetric) ones with 1 = W’T_l andj € {0, %, e V”T_l}, and the long (or non-

BPS, non-supersymmetric) ones with i > mT_l andj € {%, 1,---, '”T_l}. Their (Ramond)
characters, defined as
ch) (1,2) = tr o ((—18y8goe/21), (137)
) ph
are given by
i(t,z
), (z,2) = Lol TD) (138)
E H1,0(7,2)
and
. m1_ 2 Opoi(T,2) — Oy —0i(T,2
h(r,2) = (~1)gh=5 s Dm0~ Oy (0) (139)

m1,0(t,2)

in the short and long cases, respectively, [8], where the function 1, (7,2) is defined
as in (83).

Lambencies 2,3,4,5,7,13
It turns out that for the pure A-type Niemeier root systems given as the union of 24/(¢—1)
copies of Ay_; for (£ — 1)|12, the relevant criterion for ¢©) is that of an extremal Jacobi
form ([1], Section 2.5). The idea of an extremal Jacobi form can be viewed as a generali-
sation of the concept of an extremal Virasoro character, a notion that was introduced in
[47] and discussed in [48] in the context of pure AdS3 gravity.

With the above definitions, following [1], for 7 a positive integer and ¢ a weak Jacobi
form with weight 0 and index m — 1, we say ¢ is extremal if it admits an expression

¢ = am Och(mm,)lo—f—a;l 1ch(m;)ll
s 42 732
- m) (140)
+ Z Z dT1+”v%ChmT_l+n,%
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for some a;,; € C. Note the restriction on # in the last summation in (140). Write ]&’;;_1
for the subspace of Jy ;;—1 consisting of extremal weak Jacobi forms.

We recall here that the extremal condition has a very natural interpretation in terms of
the mock modular forms / = (h,) of weight 1/2 via the relation

v=—p0p, Y=Y b (141)
r (mod 2m)
discussed in the “The umbral shadows’ section. More precisely, the extremal condition is

equivalent to the condition that

h,=r8,z,1amTf1,%q*ﬁ —|—O<qﬁ) (142)

as T — ioo, which clearly implies the optimal growth condition g h,(t) = O(1) of
Theorem 2.

In [1], we proved that dim ]8”;;_1 = 1 in case m — 1 divides 12, and vanishes oth-
erwise, at least when m < 25. (c¢f. [1], Section 2.5). Explicitly, if m — 1 divides 12,
then the one-dimensional space ]8,";‘71 of extremal Jacobi forms with index m — 1 is
spanned by (pim), using the basis defined in “Weight 0 Jacobi forms’ in Appendix 1.
These weight 0 forms wim) arising from the extremal condition (140) will determine the
unique weight 1 meromorphic Jacobi forms % satisfying the conditions of Theorem 2
forX € {A24, A%Z,Ag,Ag,Ag,A%Z} according to (136) where m is the Coxeter number of X.

Lambencies 9,25

In order to include the other two pure A-type Niemeier root systems (X = Ag and
X = Ayy), it is sufficient to weaken the extremal condition slightly and consider weight 0
and index m — 1 Jacobi forms admitting an expression

(m) ch™

=am-1,ch,” +am _
¢ =aniy mlo D TR 1

1
A

1
2
} : § : (m) 143
+ ﬂm;l+n,%ch _l+n,% ( )

1
O<r<m n>0
r2—4mn<0

for some a;,; € C. Notice that we have weakened the bound from r* — 4mn < 0 to
72 — 4mn < 0 in the last summand. This is directly related to the fact that for m = 9, 25,
there exists 0 < r < m such that 72 = 0 (mod 4m).

There exists at most one solution to (143) up to rescaling (look ahead to Lemma 3), and
inspection reveals that at m = 9, 25, we have the non-zero solutions q);g) and (p§25)’ in the
notation of “Weight 0 Jacobi forms’ in Appendix 1. These Jacobi forms will determine, by
way of (136), the unique weight 1 meromorphic Jacobi forms X satisfying the conditions

of Theorem 2 for X € {Ag,AM}.

Lambencies 6,10

In order to capture X = A‘5”D4 and X = AgDG at m = 6 and m = 10 (the cases with m
given by the product of two distinct primes), we will relax the extremal condition further
and consider weight 0 and index m — 1 Jacobi forms admitting an expression

_ (m) (m)
(t)—amTq’ochmT,l’O—l—a%’%chT,l’%
L ch™ (144)
* Z Z amT1+"’iChT’1+n,g

O<r<m n>0

r2 —4mn<1
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for some ay,; € C. For this more general condition, we also have a uniqueness property.

Proposition 3. For a given index m — 1, the dimension of the space of Jacobi forms
satisfying (144) for some ay,; € C is at most 1.

Proof. 1If ¢1 and ¢ are two weight 0 Jacobi forms that can be written as in (144), there
exists a linear combination ¢ of ¢; and ¢, satisfying

— L Om1 = Om—1
= ag-in OmL = Omo1 S Y pehf (145)
O<r<m n>0 * 2
r°—4mn<1

for some a, aj,; € C, where we have used that

Om,1 — Om,—
2ch(,jj”1 oF ch;” B e ) (146)

T2

1,0

Equivalently, ¥ = u1,0¢ is a weight 1 index m weak Jacobi form with Fourier expansion
v(t,2) = ZM c(n, E)q”y[, where ¢(n,£) = 0 for £2 — 4mn > 1. But such a weight 1 index
m weak Jacobi form does not exist according to Theorem 9.7 of [41], based on the fact
that there is no (strong) Jacobi form of weight 1 and index m for any positive integer m,
as shown earlier by Skoruppa [49]. We therefore conclude that ¢ = 0, and ¢; and ¢ are
linearly dependent. O

This more general condition (144) singles out the weight 0 Jacobi forms (p(6) and (p(lo)
(cf. “Weight 0 Jacobi forms’ in Appendix 1) at m € {6, 10} in addition to those already men-
tioned, for which m is prime or the square of a prime. As above, these weight 0 forms will
determine, by way of (136), the unique weight 1 meromorphic Jacobi forms ¥ satisfying
the conditions of Theorem 2 for X € {A2Dg, AZDg}.

Remark 3. We expect that the space of solutions to (144) is zero-dimensional for
all but finitely many m. The discussion of weight 1 Jacobi forms in [41], Section 9,
suggests that Jacobi forms satisfying (144) might only exist for these values m
€1{2,3,4,5,6,7,9,10, 13, 25} which are among those of relevance to umbral moonshine.

Lambencies 8,12,16,18
We are left with the A-type Niemeier root systems with Coxeter numbers that are not
square-free and not squares of primes: they are

X = A%D%, A11D7Es, A15Do, A17E7

with m = 8,12, 16, 18, respectively. To discuss these cases, let us first point out a sub-
tlety in our procedure for determining the weight 1 meromorphic Jacobi form ¥* from
a weight 0 meromorphic Jacobi form ¢X using (136). Although the resulting weight 1
form yX is unique following Theorem 2, in general, the corresponding weight 0 form
¢* is not. In other words, there could be more than one ¢ satisfying (136) for a
given wx. For the A-type cases with m € {2,3,4,5,6,7,9,10, 13,25} discussed above,
there is no such ambiguity since the matrix Q% corresponding to the Eichler-Zagier
operator WX is invertible. On the other hand, the matrix Q¥ is not invertible for X
€ {A2D2, A11D7Es, A15Do, A17E7 }, corresponding to m € {8,12, 16, 18}. At the same time,
in these cases, there exists a unique d > 1 such that 42 is a proper divisor of 1, and corre-
spondingly, there is an interesting feature in the space of Jacobi forms. This is due to the
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fact (cf. [41], Section 4.4) that if Y ,,, 2 (7, 2) transforms as a weight k index m /d? Jacobi
form, then Y ,,, 2 (7, dz) transforms as a weight k index m Jacobi form. It turns out that
the umbral forms discussed above, in particular those with lambency ¢ = 2, 3,4, help to
determine the weight 0 forms ¢* at lambency ¢ = 8, 12,16, 18 by requiring the ‘square
relation’

/d?

V4 -1
—1108 W) (1,2) = == Y (x, dz), (147)

where d is the unique integer such that d? is a proper divisor of ¢ different from 1, and
s @) is the weight 1 meromorphic Jacobi form with index ¢/d? that we have constructed
above via (136). This extra condition (147) eliminates the kernel of the Eichler-Zagier
operator WX and renders our choice for ¢X unique. Notice that, following Table 2, we
have used the lambency £ to denote the Niemeier root system X, and the former simply
coincides with the Coxeter number for the A-type cases discussed in this subsection.

To specify this particular choice of ¢%, let us impose the following condition. For
a non-square-free m which is not a square of a prime, we consider the weight 0
index m — 1 Jacobi forms ¢, such that the finite part of the weight 1 index m Jacobi
form —u1,00|(1 + Wy, (m/d)) is a mock Jacobi form with expansion ZM c(n,£)q"y" and
c(n,r) = 0 whenever > — 4mn > 1, i.e.

(—1108| L+ WiGm/d))" ()= Y cmng"y. (148)
n,reZ,n>0

r2 —4mn<1

From the above discussion, we arrive at the following uniqueness property for such
Jacobi forms.

Proposition 4. Consider integers m, ii1, d satisfying m = ind* and i, d > 1. Given any
meromorphic weight 1 index n Jacobi form " (t,z), there exists at most one weight 0
index m — 1 weak Jacobi form ¢ satisfying (148) and the square relation

— 111,00 Win(d) (7, 2) = ¥ (1, dz). (149)

Proof. Assume that there are two weight 0 index m — 1 weak Jacobi forms ¢; and ¢,
satisfying
11,081 Won(@)(1,2) = p1,062 Wi (@) (1,2) = v ™ (z, d2) (150)
and therefore (ul,ozﬁl Wi (d))F = (u1,0¢>2|Wm (d))F. It then follows from Lemma 1 that
(1,001 Wan (/D))" = (11,002 Won(m/dD))". (151)
Note that we also have

$1(T, 0) L0 Won(d) = (11,061 Win ()"
= (11,062 Wn(@)” (152)
= ¢2(T’ O)I’Lm,0|Wm (d)’

which leads to the equality between the two constants ¢; (7, 0) = ¢2(7,0), and hence

(11,0611 (1 + Wyu(m/d))’ = (11,0621 (1 + W(m/d)))". (153)
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Next, assume that ¢; and ¢, both satisfy (148). Then, p1,0(¢1 — p2)| (1 + Wy, (m/d)) is a
weight 1 index m weak Jacobi form with expansion ZM c(n, £)q"y", where c(n, £) = 0 for
€2 — 4mn > 1, which can only be identically zero (cf. [41], Theorem 9.7), and we arrive at

p1,0¢1| (X +Win(m/d)) = p1,0¢2|(1 + Win(m/d)). (154)

Combining with (151) and using Corollary 1, we obtain (M1,0¢)1)F = (MLO@)F. Again,
the polar part (/,LL()(Z))P of the meromorphic Jacobi form (i1 ,0¢ for any weight 0 index m—1
weak Jacobi form ¢ is given by ¢ (7, 0) its,0. This proves that j1,0¢1 = 1,042 and hence
1 = ¢o. O

Atm € {8,12,16, 18}, applying the above proposition and choosing
Y =~ =234, (155)

with ¢ as in Table 7 gives the weight 0 forms we need in order to specify the remaining
umbral mock modular forms HX for X of A-type.

The explicit expressions for ¢* for all A-type Niemeier root systems X are given in
Table 7, where the basis we use for weight 0 weak Jacobi forms is summarised in “Weight
0 Jacobi forms’ in Appendix 1 and (pée) denotes the constant <p(()€) = (p{e) (1,0).

Given ¢X and using the Eichler-Zagier operator WWX defined in the ‘The Eichler-
Zagier operators and an ADE classification’ section, the formula (136) gives the weight
1 meromorphic Jacobi form *. From there, using the method described in the ‘From
Meromorphic Jacobi forms to mock modular forms’ section, we can separate it into the
polar and the finite part I/IX = WP + WXF in a canonical way. As can be verified
by inspection, the choices of ¢* specified in this subsection determine solutions to the
hypotheses of Theorem 2.

Proposition 5. Let X be one of the 14 Niemeier root systems with an A-type component
(cf (11)) and let ¢X be as specified in Table 7. Then, the meromorphic Jacobi form y*
determined by (136) is the unique such function satisfying the conditions of Theorem 2.

Write
W = > H Oun (156)
r (mod 2m)
then HX = (HX) is the unique vector-valued mock modular form with shadow SX
r q

satisfying the optimal growth condition (cf. Corollary 2).

As a result, the weight 0 weak Jacobi forms constructed in this subsection define the
umbral mock modular forms H¥ for each of the A-type Niemeier root systems (cf. (11)).
The first few dozen coefficients of the components H.X are given in Additional file 1. It is
a reflection of the close relationship between the notions of optimal growth formulated
here and in [41] that the umbral forms H* attached to A-type Niemeier root systems are
closely related to the mock modular forms of weight 1 that appear in Section A.2 of [41].

The umbral McKay-Thompson series

The purpose of this section is to discuss the umbral McKay-Thompson series Hg con-
jecturally defining the graded character of the group G* attached to the umbral module
KX (cf. ‘Modules’ section). In the ‘Shadows’ section, we specify their mock modular prop-

erties. In the ‘Prime lambencies’ section, we discuss the McKay-Thompson series Hg
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attached to the five A-type Niemeier root systems X with prime Coxeter numbers. Sub-
sequently, in the ‘Multiplicative relations’ section, we discuss the multiplicative relations
relating the McKay-Thompson series Hé( and Hé/ attached to different Niemeier root
systems X and X’ with the Coxeter number of one of the root systems being an inte-
ger multiple of the other. In the ‘Mock theta functions’ section, we collect the relations
between certain McKay-Thompson series and known mock theta series. As we discuss in
the ‘Specification’ section in detail, these relations, together with the constructions pre-
sented in the ‘From weight 0 Jacobi forms to umbral mock modular forms’ and ‘Prime
lambencies’ sections, are sufficient to determine most of the umbral McKay-Thompson
series completely. More specifically, we determine all of the umbral McKay-Thompson
series Hg attached to all conjugacy classes [g] of the umbral group GX corresponding to
all the A-type Niemeier root systems, except for X = Ag, A,, corresponding to lamben-
cies 7,13 (c¢f. ‘Genus zero groups’ section), for which we provide partial specifications. We
also determine all of the umbral McKay-Thompson series Hg for all conjugacy classes [g]
of the umbral group G corresponding to all the D-type Niemeier root systems, except
for the lambencies 10+ 5 and 22 + 11. For these D-type Niemeier root systems 10+ 5 and
22 + 11, we specify all the McKay-Thompson series Héx except for [g] = 44 c GUO+D
and [g] = 24 € G®2H1D For X = Ef, we specify Hg except for [g] € {64, 8AB}, while for
X= Eg, we omit the cases [g] € {24, 3A}. We also provide the first few dozen coefficients
of all the umbral McKay-Thompson series in Additional file 1. The conjugacy class names
are defined in ‘Irreducible characters’ in Appendix 2.

Shadows
In the ‘Umbral groups’ section, we described the umbral groups GX and attached twisted
Euler characters x*4, xX4, X1, x*P, &c., to the A-, D- and E-components of each
Niemeier root system. In this section, we will explain how to use these characters to define
a function Sg,( , for each g € GX, which turns out to be the shadow of the vector-valued
mock modular form Hg .

Let X be a Niemeier root system and suppose that m is the Coxeter number of X. Then,
given g € G¥, we define 2m x 2m matrices Q?A, Q?D and Q?E , with entries indexed by

Z/2mZ x 7/2mZ, as follows. We define Q‘?A by setting
Xa _ ,Xap0 | sXapl
Q¥ = 3 SaPY, + 3 J4P), (157)

where P;, is the diagonal matrix (of size 2m x 2m, with entries indexed by Z/2mZ x
7,/2mZ) with r-th diagonal equal to 1 or 0 according as r = s (mod 2) or not,

(Psm)m,/ = 8r,s(2)8r,r’(2m)~ (158)

In (158), we write §; j(,) for the function that is 1 when i = j (mod #) and 0 otherwise.
Note that P?n + P,ln = Q,,(1) is the 2m x 2m identity matrix. According to the convention
that xé(A = 3% = 0if X4 = 0, we have Q?A =0 forallg € GX in case X4 is empty, i.e. in
case there are no type A components in the Niemeier root system X.

If Xp # ¥, then m is even. For m > 6, we define Qé(D by setting

QP = PPy + KPPy + Xy Qu(m/2), (159)
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whilst for m = 6 - an exceptional case due to triality for Dy - we define Q2 = Q?D so that

)Z;(D(sr,r’(IZ): ifr= 0,3 (mOd 6)r
- X X .
Q= XgD(Sr,r/(IZ) + XgD‘Sr,—r’(6)8r,r/(4): ifr =1,5 (mod 6), (160)

X X .
XgD(sr,r/(lz) + XgD(Sr,fr’(6)8r,r’(4); ifr = 2,4 (mod 6).

The matrices Qé(f are defined by setting

(Xg *PS, + g P (1) + (@) + xg " Qun(6) i m =12,
2 = 1 % Q1) + () + 2n(9), ifm=18  (161)
X (Qun(1) + u(6) + R (10) + 2, (15)), if m = 30.

Now for X a Niemeier root system, we set Qg = Q?A + Qz,(D + QZ,(E, and we define Sé(
by setting

Sp = - Sm. (162)

This generalises the construction (118). We conjecture (cf. ‘Modularity’ section) that
the vector-valued function Sg is the shadow of the mock modular form HgX attached to
g € GX. We will specify (most of) the Hé( explicitly in the remainder of the “The umbral
McKay-Thompson series’ section.

Remark 4. The matrices Q¥, corresponding to the case where [g] is the identity class,
admit an ADE classification as explained in the “The Eichler-Zagier operators and an
ADE classification’ section. It is natural to ask what the criteria are that characterise these
matrices Qfg( , attached as above to elements ¢ € GX via the twisted Euler characters
defined in the ‘Umbral groups’ section.

Prime lambencies
In this subsection, we review the mock modular forms H; = (ng) conjecturally encod-
ing the graded characters of the umbral module KX (cf. Conjecture 1) of the umbral group
GX for the five Niemeier root systems X with prime Coxeter numbers. Explicitly, these
are the root systems X = A24,A%2,A2,A3,A%2 with £ = 2,3,5,7,13, and the correspond-
ing McKay-Thompson series are denoted Hg) = (Hg(,er) )withr =1,2,...,€ —1, using the
notation given in Table 2. In the next subsection, we will see that they determine many
of the umbral McKay-Thompson series attached to the other Niemeier root systems with
non-prime Coxeter numbers. The discussion of this subsection follows that of [1]. The
McKay-Thompson series for £ =2, X = A%‘L were first computed in [12-15].

In order to give explicit formulas for the mock modular forms Héz) = (Hg,) ), we

consider a slightly different function

14
Xr( )(g)H(@
x@© 7

Hyy = H) — (163

where HO = (Hr(@)) is the umbral form specified in the ‘From weight 0 Jacobi forms to
umbral mock modular forms’ section corresponding to the identity class 1A and whose
Fourier coefficients are given in Additional file 1 with HY = H{Qr. We also let

10@ = xMforr=0 (mod2), x“(@=x forr=1 (mod2),  (164)
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and
_X 24
X =xd == (165)
for
Xa=X =D (166)

where the characters Xé( 4 and )_(;( 4 are defined in the ‘Umbral groups’ section and
given explicitly in ‘Euler characters’ in Appendix 2. Following the discussion in the
‘Shadows’ section, we note that the combination (163) of ng) and Hrw) has the property
of being a modular form rather than a mock modular form, as the shadows of the two
contributions to f-\lgr) cancel.

Subsequently, we define weight 2 modular forms

FY = Z Hgﬁsg,, (167)

where Sy is again the unary theta series given in (85). For £ > 3, we also specify further
weight 2 modular forms by setting

-1
FO? =% "HSi . (168)
r=1

As explained in detail in [1], specifying Fél) and Fg(z),z is sufficient to determine Hg@
uniquely for ¢ = 2,3,5. In the case £ = 2, there is only one term in the sum (167) and it
is straightforward to obtain ﬁgr) from the weight 2 form Fg). In the case £ = 3,5, we also
utilise the following fact obeyed by the conjugacy classes of G,

For any umbral group G) corresponding to an A-type Niemeier root lattice with Cox-
eter number £ > 2, for a given conjugacy class [g] with xlz)(g) > 0, there exists a (not
necessarily different) conjugacy class [g'] with the property

@ =x%), @ =-x"@ (169)

and the order of g and g’ are either the same or related by a factor of 2 or 1/2. For such
paired classes, we have

HY) + (- 1)’H(“ 0. (170)

In particular, H, ge)m = 0 for the self-paired classes. For £ = 7,13, this serves to
constrain the function Hg( ) and supports the claims regarding their modular properties
discussed in the ‘Modularity’ section. We refer the readers to Section 4 of [1] for explicit
expressions for the weight 2 forms Fg(e) and Fg) 2,

Note that, from the discussion in the ‘Shadows’ section, the relation (169) implies that
the shadows attached to such paired classes satisfy

¢+ (-1'Sy) = 0. (171)

Therefore, the paired relation (170) can be viewed as a consequence of (the validity of)
Conjecture 5.

Multiplicative relations
In this subsection, we will describe a web of relations, the multiplicative relations, among
the mock modular forms attached to different Niemeier lattices. The nomenclature comes
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from the fact that these relations occur only among mock modular forms attached to
Niemeier root systems with one Coxeter number being an integer multiple of the other. To
simplify the discussion, we will distinguish the following two types. The horizontal rela-
tions relate umbral McKay-Thompson series Hg and ng attached to different Niemeier
root systems with the same Coxeter number, i.e. m(X) = m(X’). The vertical relations
connect umbral McKay-Thompson series Hg and Hé(/ attached to different Niemeier root
systems X and X’ with m(X)|m(X') and m(X) # m(X’).

First, we will discuss the horizontal relations, summarised in Table 8. Note that there
are five pairs of Niemeier root systems that share the same Coxeter number m €
{6,10,12,18,30}. Let us choose such a pair (X', X). From the definition of the umbral
shadows (118) and the generalisation in the ‘Shadows’ section to the non-identity con-
jugacy classes, we see that it can happen that the 7'-th component Si,(,:r, of the shadow
attached to the conjugacy class [g'] of the umbral group GX' is expressible as a linear com-
bination of the components Si,f, of the shadow attached to the conjugacy class [g] of the
umbral group GX. It turns out that for all five equal-Coxeter-number pairs of Niemeier
root systems, this indeed happens for various pairs ([g'], [g]) of conjugacy classes.

Note that the relation between the shadows

!
Syp =D CrrSy, (172)
r
is a necessary but insufficient condition for the linear relation
X X
HY . =Y cp,Hy, (173)
r

between the corresponding McKay-Thompson series to hold, since the coincidence of the
shadow guarantees the coincidence of the corresponding mock modular form only up to
the addition of a modular form. Nevertheless, it turns out that in umbral moonshine, the

Table 8 Horizontal relations

X X (g'1, g Relations
(1A1A) HS, = H + Hs
(2A,2B) rodd
(38,3A)
6+3 6 (4A,8AB)
(2C,44) H, = H, — Hs
(4B,8AB) rodd
(68,6A)
(1A,14) H, = Hi + Ha o
10+5 10 (2A,4AB)
(2B,4AB) Hg’,,r = H)g(,r - H?;(,WO—r
X X X _
12+ 4 12 (1A 14) Hg’,,r_Hg,r_"Hg,éﬂ'r_]'S
(24, 24) HY o = H s+ HY
XX X
1849 18 aAIA) My, = Ho, + Hra—r
RATA Hg',r = Héz(,r B H)g(JSf/
HY = HY 4 HX
3046,10,15 30+ 15 (1ATA) g1 =M1 +Hg

X X X
Hy 7 =Hgr +Hgis
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relation between the McKay-Thompson series (173) holds whenever the relation between
the shadow (172) holds non-trivially with Sg,:r,,Sg, # 0. This fact, together with the
more general multiplicative relations (177), can again be viewed as the consequence of
the conjectured uniqueness of such mock modular forms (Conjecture 5). See Table 8
for the list of such horizontal relations. In particular, for the identity element, a relation
Hff/ =>, c,/,,Hf( holds for some ¢/, € Z for all the five pairs (X', X) of Niemeier root
systems with the same Coxeter numbers.

Note that, together with the discussion in the ‘From weight 0 Jacobi forms to umbral
mock modular forms’ section and Proposition 2, this implies more specifically that the
umbral mock modular forms HX can be obtained as the theta coefficients of the finite
part of the meromorphic weight 1 Jacobi form

X = — 1o WX, ¢X =¥ (174)

for the four pairs (X', X) € {(6,6 + 3), (10,10 + 5), (12,12 + 4), (18,18 + 9)} with A-type
root systems X and with the weight 0 Jacobi forms given in Table 7.

In fact, a linear relation between the shadows attached to different Niemeier root
systems can happen more generally and not just among those with the same Coxeter
numbers. The first indication that non-trivial relations might exist across different Cox-
eter numbers is the following property of the building blocks of the umbral shadow. As
one can easily check, the unary theta function S,;, = (Sy,,) defined in (85) at a given index
m can be re-expressed in terms of those at a higher index as

r41-1 L5l
Simr(T) = Z Sum,rr2me(nT) — anm,Zml—r(nT)i (175)
=0 =1

for any positive integer 7. The above equality makes it possible to have the relation

Y Sy kt) =S¥ (7) (176)
r/

for some k € Z-o. We will see that this relation between the umbral shadows does occur
for many pairs of Niemeier root systems (X', X) with m(X") = km(X). Moreover, when-
ever this relation holds non-trivially with Szf,: e Sg » 7 0, the corresponding relation among
the McKay-Thompson series

> onHE, (’;’n({f(; 1:) = HY.(D) 177)
r/

also holds.

We summarise a minimal set of such relations in Table 9. In Tables 8 and 9, when it is
not explicitly specified, the relation holds for all values of r such that all Hé:rl and Hérz
appearing on both sides of the equation have 1 < r; < m(X) and 1 < r, < m(X).
From the relations recorded in these tables as well as the paired relations (213) and (217),
many further relations can be derived. For example, combining the relations between the
(14, 2BC) classes for (X, X) = (16, 8), the (2BC,4C) classes for (X', X) = (8,4) and the
(4C, 8A) classes at (X, X) = (4, 2), one can deduce that there is a multiplicative relation
Zzzo(_l)nH{}f%nﬂ 81) = ng),l (7). See the ‘Specification’ section for more detailed
information.
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Table 9 Vertical relations
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X X (1g'1,1g1) Relations
(14,24), (2B,4A) (Hg,’,1 - H;,/’S) Q1) =Hy, (1)
. 5 (2C,4B), (3A,64)
(4A,40) , (4, 8A)
(6BC, 124), (7AB, 14AB)
, (1A,34), (2B,6A) 2 (=1)" HX 1400 BD) = Hg] ()
(84B,124)
6 (1A,28), (24,20) (HS, = HY o) @0y = Hi, (©)
3 (2B,4C) , (4A,4B)
(3A,60), (6A,6D)
(84B,8CD)
6+3 2 (5A,154B) Y2y CIHY o, BT =AY ()
. . (1A,20) , (2BC, 40) (HX’ —Hle_ ,) Q) =H, ()
(44, 4B)
9 3 (1A,34), (28,60) (HE, +HS s = H ) GO = HE, (@)
o 2 (1A,54), (448, 10A) Yo COHY o 5T = HY ()
5 (1A,20), (4AB, 4CD) (HS, —H o) o) =L, (@
10+5 2 (3A,154B) (Hg —HY +HX5/2> (571) = H{; (©)
b 4 (1A,34) (H)g(,,-i—/—l)g( s~ Mg ) GO =L, ()
6 (1A,28) (M, = H o) @0 = Hy ()
X _ _ (X _ X
- . (34,34 (H,g,n Hs) @0 = (HG —His) @
(2B,84B) HY, (20) = (HX +HY )(r)
e , (1A,7AB), (24, 14AB) (—ng Y ) H 1+2n> (1) = H', (©)
(3A,2148)
16 8 (1A,280) (M, = Hi e ) @0y = Hi ()
18 6 (1A,3A) (/—()g( HX/ ot H)g( ]2+,) (31) = H)g(’, (7)
9 (1A,28) 3(HY, = H ) @0 = Hi, ()
240 2 (1A,114) ( THY 1+ Lo (C1HS +2n)(1 ) =Hy, (1)
25 5 (1A,54) (Zi N Y r) (51) = HS, (1)
0415 2 (1A, 154B) (= 5HS 15 + T (<1 Y +2n)(]Sz) HS (@)
1045 (1A,34) (HE, S 1o = HE04,) GO = H, ()
46+ 23 2 (1A,234B) (=3H s + T2 (<1 HY ) 230 = H (0)

These multiplicative relations form an intricate web relating umbral moonshine at dif-

ferent lambencies. We summarise this web in Figure 3, where the horizontal relations are

indicated by arrowed dashed lines and the vertical relations are indicated by solid lines.

We will finish this section with a discussion of a curious property of the multiplicative

relations. Note that these relations occur among the McKay-Thomson series attached to
l¢]c GXand [¢'] C GX with ord(g") m(X’) coinciding with ord(g) m(X) up to a factor of
2. This property can be understood as a consequence of the relation between the level #,

of the automorphy group I'g(#,) of the McKay-Thomson series Hg),( and the order ord(g)

of the group element (c¢f. ‘Modularity’ section). The extra factor of 2 can be understood as
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a consequence of the structure GX = 2.GX of the associated umbral groups (cf. ‘Umbral

groups’ section).

Mock theta functions

In this subsection, we record relations between the McKay-Thompson series of umbral
moonshine and known mock theta functions. Many of the mock theta functions arising
appear either in Ramanujan’s last letter to Hardy or in his lost notebook [50]. In what fol-

lows, we will give explicit expressions for the mock theta series using the g-Pochhammer

symbol
n—1
@@= []A—-ag". (178)
k=0

For lambency 2, two of the functions Héz)(f) are related to Ramanujan’s mock theta
functions of orders 2 and 8 through

1)yt g" a2
}’l>0 _q 761 )n
(179)
HY) g BUy(q) = -2 7" (- 61»61);1'
(1) = o(q) };) Casab,

For ¢ = 3, we encounter the following order 3 mock theta functions of Ramanujan:

3 3 3 _
Hig\ (v) = Hyp (1) = Hig) (1) = =24 /" (g%)

Hégc),l(f) = HésD),l(T) =202y (g%
H (1) = Hgp 1 (1) = =24 /2 (—¢?) (180)
HE, (1) = —H2, (1) = —4¢" 0 (—g)

Hé?)c),z(f) = _Hg)),z(f) =24""p(—q),

30+6,10,15

Figure 3 Multiplicative relations.
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where

n?

_ q

n2

_ q
YD =1 B T

n?

_ q
X(q)_1+n§(1—q+q2)(1—q2+q4)---(1—q”+qz”)

0 2n(n+1)

q
w(g) = -
; 1=*A—g** - (1 —g*th)?

S 2n(n+1)

'O(q):Z 2 3q 6 Wl o A2y
S A+g+aH A+ +4°) - A+ g+ g7+2)

For £ = 4 and £ = 16, we have the relations
Hyl (1) =4 % (~250(q) +4To(q)),
HiE (1) = g6 (251(g) — 4T1(),
Hig (0) = =247 1550(@),
Higs(1) =24 $1(@)

and

16 6 _
HI(A%(T) H& i4 =2q"""%To(—q) =

N | =

16 16 _

H{AZ)L( ) = H{A iz =2q"*V1(g)
16 16

H{Aé( ) = H;A io =2¢""°T1(—q)

to the order 8 mock theta functions

q’ *(— T qn
So(z) =
,; (=% 4*)n

qn(n+2) (_q; q2)n

S1(7) =
=0 (_q2;q2)n
To(z) = q(n+1)(n+2)(_q2; qz)n
= o
Tyt = """ (—q% q*)n
= (49
2
Vl(r) _ q(n+1) (_q; qZ)n
= (g

discussed in [51]. We also have H(16) —H&G) forr =2,4,6,10,12, 14.
For ¢ = 5, we encounter four of Ramanujans order 10 mock theta functions:

1
H(Bc1(f) Hzicm(f) 24~ % X(q%)
5 5 _o
;B)CS( )= ;8D3(T) = -2 x10(¢%)
HiP 5 (7) = —Hi3,(v) = 2475 Yo(—
202(T) = —Hyp, (1) =295 Y10(—9)

1
Hésc),zx(f) = _HE?A(T) = =245 ¢10(—q)

(M1 (0 - HE (@)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

Page 50 of 81
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given by
o qn(n+1)/2
$10(q) = o
n=0 (q,q )n+1
S q(n+1)(n+2)/2
Y10(q) =

= (9P

X(g) = Z ﬂ

=0 G D2m

0 2
(_1)nq(n+1)

X10(q) = S
yg (=4 Dant+1

Atf =6and £ = 6 + 3, we find

Higs (1) = =24~ y6(q)
HE (1) = =247 ¢6(q)
HED (1) = =24 ()
HigtP (r) = =247 ()
Higi (1) = =2 q‘”%(—q)

643 —1/24

Hepy (1) = x(@)

where f (), ¢ (q), x (q) are third-order mock theta functions given earlier and

i (—1)"g" 0 (g 4%

veld) = = (=@ Dan+1

i (—1"q" (@ ¢Pn
= @D

7" (@ Dn
ve(q) = Z G

de(q) =

are sixth-order mock theta functions.

For ¢ =8,
n+1
H® HO® 41/ _ag a1 (—=4*4)n
()= =4 Ag) =
Hiaa() = Hiue =44 AU }; (@ 4P
®) 1/2 77 4" (=44 )n
H 4(f)—4q/B(q) / Z (g5 2)n+1

n>0

where A(q), B(g) are both second-order mock theta functions discussed in [52].

(190)

(191)

(192)

(193)

(194)
(195)
(196)
(197)
(198)
(199)

(200)

(201)

(202)

(203)

(204)

Page 51 of 81
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For £ = 12 and £ = 12 + 4, we have

H{5 (1) = HZ (1) = —247%%0 (g) (205)
HUO(m) = HIG (1) = 24w (g) (206)
HyZ Y () = =g V8 (£(g'?) - f(—4"/%) (207)

where o (g) is the order 6 mock theta function

0 q(n+1)(n+2)/2(_q; q)n

LOEDD

= (¢ 4P n+1

(208)

and w(q) and f(g) are third-order mock theta functions given in (181).
For ¢ = 30 + 6, 10, 15, we find four of Ramanujan’s mock theta functions of order 5:

30+6,10,15 -
Hi @) = g7V 2 x0(@) - 9)

HE(’; S1019) (7) = 247120y, (g)
Hyp 19 (1) = —247 %0 (~g)
Héi(?;re,lo,w)(r) _ 2q_49/120¢1(—q) (209)
where
7
Yo(®) = HZEO @59

n

@ =3 1

(Ciansy) PIs)

n>0

$o() =Y 4" (~g: ¢
n>0

$1(0) = q" TV (~g: . (210)
n>0

Specification
In this subsection, we will combine the different types of data on the McKay-Thompson
series discussed in the ‘From weight O Jacobi forms to umbral mock modular forms’
section and the ‘Prime lambencies’ to ‘Mock theta functions’ sections, and explain how
they lead to explicit expressions for the umbral McKay-Thompson series.

First, we will note one more relation among umbral McKay-Thompson series Hg and
Hé attached to different conjugacy classes of the same umbral group G*. Notice that for
all the A-type Niemeier root systems as well as X = Eg, the corresponding umbral group

takes the form
GX =2.GX (211)

and the corresponding McKay-Thompson series display the following paired relation. For
the A-type Niemeier root system X, for every conjugacy class [g] C GX with )ZgX 4 >0,
there is a unique conjugacy class [g'] with

Xao X,
Xt ==xgt Xt =Xt (212)

that we say to be paired with [g]. For such paired classes, the corresponding McKay-

Thompson series satisfy the relation

Hy, + (—1)’H§)r =0. (213)
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This generalises the paired property for the pure A-series discussed in the ‘Prime lam-
bencies’ section. Similarly, for X = Eg, we have for every conjugacy class [g] C GX with
Xg . o
Xz~ > 0aconjugacy class [g'] with

X - - X
XE=—xg Kt =Xt (214)

that is paired with [g]. For such paired classes, the corresponding McKay-Thompson
series again satisfy the relation (213).

For the lambency ¢ = 6+ 3, corresponding to X = DZ, the corresponding umbral group
has the form

GX =3.G% (215)
and the conjugacy classes with %P (g) > 0 form pairs satisfying
5P =" BP 23" =0 (216)

For these paired conjugacy classes, the McKay-Thompson series have the property
X X X X
Hgy —Hy, =0, Hgz+2Hy,=0. (217)

In particular, we have Hg(,63+3) = 0 for all the self-paired classes. From the discussion in
the ‘Shadows’ section, we see that the relation between the twisted Euler characters and
the paired relations is implied by the shadows of the umbral McKay-Thompson series,
just as the multiplicative relations discussed in the ‘Multiplicative relations’ section. As
a result, one can view the relations (213) and (217) as a consequence of the apparently
general phenomenon that the umbral McKay-Thompson series are determined by their
mock modular properties together with the optimal growth condition, cf. Conjecture 5.

In the rest of this subsection, we will tie these relations together and discuss each
lambency separately. First of all, for all the A-type Niemeier root systems

£ e{23,4,5,6,7,8,9,10,12,13, 16, 18, 25}, (218)

the discussion in the ‘From weight 0 Jacobi forms to umbral mock modular forms’ section
specifies all H® = (H{Q’r), r = 1,...,£ — 1 and it remains only to specify Hg(z) with
[¢] € GX different from the identity class. For £ = 2,3, 5, the discussion in the ‘Prime lam-
bencies’ section specifies all the McKay-Thompson series. For £ = 7,13, the discussion
in the ‘Prime lambencies’ gives partial information on all the McKay-Thompson series.
For £ = 4, the vertical relations in Table 9 specify all the odd components of Hg(ftr) for all
conjugacy classes [g] € G except for [g] = 4B, 8A. The odd components for [g] = 4B, 8A
can be specified by the identities

(i~ Hif) ) = 22
’ ' n ()" n (;Lf) (219)
(s~ 8) 0 = =2
We are left to determine the second components H, gz) (t), which are given by
HS () = %Hé‘“(r) e (;)3 (= 302(0) — 4A3(0) + Ae(@)),
H o (1) = %Hg”(r) (220)

* W( — TAs(D) — 4A7(0) + A1a() + 28fua(D) ).
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Together with the paired relation (213), Table 9 and
Hggm =0 forall [g] & {14,24,3A,6A,7AB, 14AB}, (221)
(219)-(220) completely specifies all Hg(4) = (Hg,)) for all [g] ¢ G@.

For ¢ = 6, the vertical relations in Table 9 to the McKay-Thompson series of lambencies
¢ = 2,3 suffice to specify all Hé& = (ng)) except for the components r = 1,5 of the
classes 3A and 6A. Subsequently, the relation to Hl(}fz in Table 9 and the paired relation
(213) determines H&S) and H&S).

For £ = 8, the vertical relations to £ = 4 recorded in Table 9, together with the paired
relation (213) and Hé%)c,zn = Hﬁ)m = 0forall n = 1,2, 3, specify all the H(ég) = (Hg?).

For ¢ = 9, the vertical relations to £ = 3 recorded in Table 9 together with the paired
relation (213) determine all Hég) except for [g] = 34, 6A. To determine Hg\) and Héi), we
have

1M (127)n (187)?
n (61) 1 (97) 1 (367)

n (1) n (21) n (31)>
n (47)*n (97)
1 (27)% 5 (127) 5 (187)>
n (v) n (47)* 0 (67) n (97) 0 (367)
Hyyy (v) = Hy () = Hyy (1) = Hg) g (v) = 0.

%) 9) )
(HSA,l —Hyys t+ H3A,7) B7) =

( H®

9) )
342 ~Hzaat HSA,S) (B7) =-3

Together with the paired relation, this determines all Héi),r and Héi),r and finishes the
specification for £ = 9.

For £ = 10, the vertical relations to £ = 2 and ¢ = 5 recorded in Table 9 specify all
Hélo). For £ = 12,16, 18, 25, there is only one conjugacy class 24 except for the identity
class. The paired relation (213) relating the McKay-Thompson series for the 24 class to
that of the identity class then determines all Hg).

Next, we turn to the D-type Niemeier root systems. For £ = 6 + 3, the horizontal rela-
tions in Table 8 determine all McKay-Thompson series H§6+3), except for [g] € {3C,6C}
that are given by

HS () = o n%(v) HE) () = _277(2T) n(37)

31 n(3r) " eC ner)
(6+3) _ ,7(643) _
Hyes” = Hgegw = 0. (222)

For £ = 10 + 5, the horizontal relations in Table 8 and the vertical relations in Table 9
determine all McKay-Thompson series Hg(m%), except for [g]= 4A. For £ = 14 + 7,
the vertical relations in Table 9 determine all McKay-Thompson series Hg(M”). For ¢ =

18+ 9, the horizontal relations in Table 8 determine all McKay-Thompson series H§18+9).
For ¢ = 22 + 11, the vertical relations in Table 9 determine the umbral form HﬁZHD.

For £ = 30 + 15 and £ = 46 + 23, the vertical relations in Table 9 determine the only
McKay-Thompson series H{Q attached to the corresponding Niemeier root system.
Finally, we discuss the McKay-Thompson series attached to the two E-type Niemeier
root systems. For £ = 12 + 4, the horizontal relations in Table 8 and the vertical relations
in Table 9 determine all the McKay-Thompson series H§12+4) except for [g] € {64, 8AB}.
For £ = 30 + 6,10, 15, the horizontal relations in Tables 8 and 9 determine the umbral

mock modular form H 80%’10'15).
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Focusing on the umbral mock modular form HX = H{i1 corresponding to the identity
class, one can explicitly check that the above specification determines the unique vector-
valued mock modular form satisfying the conditions of Corollary 2.

Proposition 6. Let X be one of the D- or E-type Niemeier root systems (cf. (12), (13)).
The vector-valued mock modular form HX = Hf(A specified above is the unique vector-
valued mock modular form with shadow SX satisfying the optimal growth condition (cf
Corollary 2).

Together with Proposition 5, this proposition establishes our construction of the unique
vector-valued mock modular form HX corresponding to all 23 Niemeier root systems X.

Conjectures
In this section, we pose the umbral moonshine conjectures connecting the umbral groups
GX and the mock modular forms HgX discussed in the previous sections.

Modules
In this section, we formulate a conjecture that relates the umbral McKay-Thompson series
Hé( to an infinite-dimensional GX-module K.

Recall that a super-space V is a Z./27Z-graded vector space V = V53 ® V. If T: V - V
is a linear operator preserving the grading, then the super-trace of T is given by stry T =
try; T—try, T where try T denotes the usual trace of T on W. We say that V is purely
even (odd) when V = V; (V7). If V is a G-module, with G-action preserving the Z/27Z-
grading, then the function g +— stry g is called the super-character of G determined
by V.

Conjecture 1. Let X be a Niemeier root system and let m be the Coxeter number of X.
There exists a naturally defined 7./2mZ x Q-graded super-module

= @ K'= P A I (223)

r (mod 2m) r (mod 2m) DeZ
D=r? (mod 4m)

for GX such that the graded super-character attached to an element g € GX coincides with
the vector-valued mock modular form

MHY = Y Strgx ), @ q P, (224)
DeZ
D=r% (mod 2m)

where ¢ = 1 except for X = A3, for which ¢X = 3. Moreover, the homogeneous component
K;Xd of KX is purely even ifd > 0.

The reason for the exceptional value ¢X = 3 for X = Ag is the curious fact that there are
no integer combinations of irreducible characters of GX that coincide with the coefficients

qP/%, D = —27)2 for some integer A, of ng(t) (¢f. Conjecture 8). For example, the
minimal positive integer ¢ for which g — cHg6 is a graded virtual super-character of G*
isc=c"=3.

Combining the above conjecture and the paired relations (213) and (217) of the McKay-
Thompson series, we arrive at the following.
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Conjecture 2. Let X be a Niemeier root system and set ¢ = #GX /#GX. Then, the Q-graded
GX-module KX is a faithful representation of GX whenr = 0 (mod c) and factors through
GX otherwise.

As discussed in the ‘Groups’ section, we have ¢ = 2 for ¢ € {3,4,5,6,7,8,9,10,
12,13,16,18,25,12 + 4} and ¢ = 3 for £ = 6 + 3, and ¢ = 1 in the remaining 8 cases.

As mentioned in the ‘Background’ section, for the special case X = A2%, Conjecture 1
has been shown to be true by T. Gannon in [16], although the construction of KX is still
absent. In this case, we have ¢ = 1 and hence Conjecture 2 is automatically true. It should
be possible to apply the techniques similar to that in [16] to prove Conjecture 1 for other

Niemeier root systems X.

Modularity

We have attached a cusp form Sz,( to each ¢ € G in the ‘Shadows’ section by utilising
the naturally defined permutation representations of G¥, and the corresponding twisted
Euler characters, that are described in the ‘Umbral groups’ section. We begin this section
with an explicit formulation of the conjecture that these cusp forms describe the shadows
of the super-characters attached to the conjectural GX-module K.

In preparation for the statement, define 7, and /i, for g € G as follows. Take 7, to
be the order of the image of g in G* (cf. ‘Umbral groups’ section), and set hg = Ng/ng
where N, denotes the product of the shortest and longest cycle lengths of the permu-
tation which is the image of g under GX — Symg,. These values are on display in the
tables of ‘Euler characters’ in Appendix 2. They may also be read off from the cycle
shapes ﬁfg( and l:Ii,(A, l:I‘z,(D , &c., attached to the permutation representations constructed
in the ‘Umbral groups’ section, for n, is the maximum of the cycle lengths appearing in
l:IgA, I:I?D and I:If;E, and if ﬁg = ji"t - lc with i < -+ < j{"™ and m; > 0, then
hg = jijk/ng.

Conjecture 3. The graded super-characters (224) for fixed X and g € GX and varying
r € Z/2mZ define the components of a vector-valued mock modular form HgX of weight
1/2 on I'o(ng) with shadow function Si,(.

Let vé( denote the multiplier system of Hg . Since the multiplier system of a mock mod-
ular form is the inverse of the multiplier system of its shadow, Conjecture 3 completely
determines the modular properties of Hg - i.e. the matrix-valued function vg - when Sg
is non-vanishing. However, it may happen that Sé( vanishes identically and Hg is a (an

honest) modular form. The following conjecture puts a strong restriction on vg even in

the case of vanishing shadow.

Conjecture 4. The multiplier system vé( for Hg coincides with the inverse of the multiplier
system for SX when restricted to T (nghy).

Moonshine
We now formulate a conjecture which may be regarded as the analogue of the prin-
cipal modulus property (often referred to as the genus zero property) of monstrous
moonshine.

The monstrous McKay-Thompson series Tj, for g an element of the monster, are distin-
guished in that each one is a principal modulus with pole at infinity for a genus zero group
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I'g, meaning that Ty is a I'g-invariant holomorphic function on the upper-half plane hav-
ing a simple pole at the infinite cusp of I'y, but having no poles at any other cusps of I';.
Equivalently, T satisfies the conditions

(i) Tglioy = Tgforally € Ty,
(ii) ¢Tg(r) =O0(1)ast — ioo, (225)

(iii) Te(r) = O()ast — a € Q whenever oo ¢ I',a,

for some group I'y, where T |1 oy is the function T — Tg(y 1) by definition (cf. (51)). Note
that the existence of a non-constant function T, satisfying the conditions (225) implies
that the group I'y has genus zero, for such a function necessarily induces an isomorphism
from Xr, (¢f. (17)) to the Riemann sphere. As such, if we assume that both 7, and Té
satisfy these conditions and both g7, and ng’ have the expansion 1 + O(g) near T — ioo,
then T, and Té differ by an additive constant, i.e. Té = Ty + C for some C € C. In other
words, the space of solutions to (225) is 1 or 2 dimensional, according as the genus of X ¢
is positive or 0.

Observe the similarity between condition (ii) of (225) and the optimal growth condi-
tion (121). Since ¢! is the minimal polar term possible for a non-constant I'g-invariant
function on the upper-half plane, assuming that the stabiliser of infinity in Iy is generated
by + ((1) %), the condition (ii) is an optimal growth condition on modular forms of weight
0; the coefficients of a form with higher order poles will grow more quickly. The condition
(iii) naturally extends this to the situation that Iy has more than one cusp.

Accordingly, we now formulate an analogue of (225) - and an extension of the optimal
growth condition (121) to vector-valued mock modular forms of higher level - as fol-
lows. Suppose that v is a (matrix-valued) multiplier system on I'g(n) with weight 1/2, and
suppose, for the sake of concreteness, that v coincides with the inverse of the multiplier
system of SX, for some Niemeier root system X, when restricted to I'g () for some N with
n|N. Observe that, under these hypotheses, every component H, has a Fourier expansion

1/4m 1/4m is the smallest order

in powers of ¢ where m is the Coxeter number of X, so g~
pole that any component of H may have. Say that a vector-valued function H = (H,)
is a mock modular form of optimal growth for I'o(n) with multiplier v, weight 1/2 and

shadow S if

(i) Hlisy =Hforally € I'g(n),
(i) ¢Y*"H,.(t) = O(1) as T — ioco forallr, (226)

(iii) Hy(r) =0(Q) forallrast — a € Q, whenever oo ¢ ['ya.

In condition (i) of (226) we write |,,1/2,s for the weight 1/2 action of I'g(n) with multi-
plier v and twist by S (cf. (52)), on holomorphic vector-valued functions on the upper-half
plane.

Recall that vg denotes the multiplier system of Hg , and Sz,( is its shadow. Recall also
that 7, denotes the order of (the image of) g GX in the quotient group G*. We now
conjecture that the umbral McKay-Thompson series all have optimal growth in the sense
of (226), and this serves as a direct analogue of the Conway-Norton conjecture of mon-
strous moonshine, that all the monstrous McKay-Thompson series are principal moduli
for genus zero subgroups of SLy(R); or equivalently, that they are all functions of optimal
growth in the sense of (225).
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Conjecture 5. Let X be a Niemeier root system and letg € G*. Then, Hg is the unique, up
to scale, mock modular form of optimal growth for T'o(ng) with multiplier vX, weight 1/2
and shadow Sé( .

Conjecture 5 should serve as an important step in obtaining a characterisation of the
mock modular forms of umbral moonshine. Note that the above conjecture has been
proven in the ‘The umbral shadows’ section (cf. Corollary 2) for the identity class of GX for
all Niemeier root systems X. Note that in the case of the identity class, we have 'g(n) =
SLy(Z) which has the cusp (representative) at ico as the only cusp. As a result, the more
general conditions in (226) reduce to the condition (121) discussed in the “The umbral
mock modular forms’ section. For X = A%‘L, this conjecture was proven for all conjugacy
classes of GX = My, in [53]. See also [54] for related results in this case.

Discriminants

One of the most striking features of umbral moonshine is the apparently intimate relation
between the number fields on which the irreducible representations of GX are defined
and the discriminants of the vector-valued mock modular form H¥. In this subsection,
we will discuss this ‘discriminant property;, extending the discussion in [1].

First, for a Niemeier root system with Coxeter number m, we observe that the discrim-
inants of the components HY of the mock modular form HX = H{, determine some
important properties of the representations of G*. Here, we say that an integer D is a dis-
criminant of HX if there exists a term g% = q_& with non-vanishing Fourier coefficient
in at least one of the components. The following result can be verified explicitly using the
tables in Appendix 2 and 2.

Proposition 7. Let X be one of the 23 Niemeier root systems. If n > 1 is an integer satisfying

1. there exists an element of GX of order n, and
2. there exists an integer X that satisfies at least one of the following conditions and
such that D = —uA? is a discriminant of HX. First, (n, ) = 1, and second, A? is a

proper divisor of n,

then there exists at least one pair of irreducible representations o and o* of GX and at least
one element g € G~ such that tr,(g) is not rational but

tro (9), tr-(g) € Q(V/—n) (227)

and n divides ord(g).

The list of integers n satisfying the two conditions of Proposition 7 is given in Table 10.
We omit from the table lambencies of Niemeier root systems for which there exists no
integer n satisfying these conditions.

From now on, we say that an irreducible representation o of the umbral group GX is
of type n if n is an integer satisfying the two conditions of Proposition 7 and the charac-
ter values of o generate the field Q(/—n). Evidently, irreducible representations of type n
come in pairs (o, 0*) with try«(g) the complex conjugate of tr,(g) for all g € GX. The list
of all irreducible representations of type # is also given in Table 10. (See ‘Irreducible char-
acters’ in Appendix 2 for the character tables of the G* and our notation for irreducible

representations).



Cheng et al. Research in the Mathematical Sciences 2014, 1:3 Page 59 of 81
http://www.resmathsci.com/content/1/1/3

Table 10 The irreducible representations of type n

X n (0,0%)

A% 71523 (X3, x4), (X5, x6): (10, X11), (X12, X13), (X15, X16)
AY? 5811,20 (X4, x5): (16, X17), (X20, X21), (X22, X23), (X25. X26)
A3 37 (X2, x3). (x13. x14), (X15, X16)

AS 4 (X8, x9), (10, X11), (X12, X13)

A2D4 8 (X6, x7)

At 3 (X2, x3), (X6, x7)

A3Ds 4 (X3, x4)

A 4 (X3, x4)

0; 15 (X12, X13)

£ 8 (X6, x7)

Recall that the Frobenius-Schur indicator of an irreducible ordinary representation of a
finite group is 1, —1 or 0 accordingly as the representation admits an invariant symmetric
bilinear form, an invariant skew-symmetric bilinear form or no invariant bilinear form,
respectively. The representations admitting no invariant bilinear form are precisely those
whose character values are not all real. We can now state the next observation.

Proposition 8. For each Niemeier root system X, an irreducible representation o of
GX has Frobenius-Schur indicator 0 if and only if it is of type n for some n defined in
Proposition 7.

The Schur index of an irreducible representation o of a finite group G is the smallest
positive integer s such that there exists a degree s extension k of the field generated by
the character values tr,(g) for g € G such that ¢ can be realised over k. Inspired by
Proposition 8, we make the following conjecture.

Conjecture 6. If o is an irreducible representation of GX of type n, then the Schur index
of o is equal to 1.

In other words, we conjecture that the irreducible GX-representations of type # can
be realised over Q(./—n). For X = A%‘L, this speculation is in fact a theorem, since it is
known [55] that the Schur indices for My, are always 1. For X = A%Z, it is also known [55]
that the Schur indices for G® = M are also always 1. Moreover, the representations
of G® ~ 2.G® with characters Xx16 and x17 in the notation in Appendix 2 have been
constructed explicitly over Q(+/—2) in [56]. Finally, Proposition 8 constitutes a non-trivial
consistency check for Conjecture 6 since the Schur index is at least 2 for a representation
with Frobenius-Schur indicator equal to —1.

Equipped with the preceding discussion, we are now ready to state our main observa-
tion for the discriminant property of umbral moonshine.

Proposition 9. Let X be a Niemeier root system with Coxeter number m. Let n be one of
the integers in Table 10 and let A, be the smallest positive integer such that D = —nA2 is
a discriminant of HX. Then, I<£,(7D/4m = on ® 0}, where 0, and o}, are dual irreducible
representations of type n. Conversely, if o is an irreducible representation of type n and —D
is the smallest positive integer such that Kf_ Dpjam has ¢ as an irreducible constituent, then
there exists an integer ) such that D = —n)>.
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Extending this, we make the following conjecture.

Conjecture 7. Let X be a Niemeier root system with Coxeter number m. If D is a discrim-
inant of HX which satisfies D = —n)\? for some integer A, then the representation Kfﬂ D/am
has at least one dual pair of irreducible representations of type n arising as irreducible
constituents.

Conjecture (7) has been verified for the case X = A%‘L in [57].

We conclude this section with conjectures arising from the observation (¢f. Additional
file 2) that the conjectural G*-module Kr)’( , is typically isomorphic to several copies of a
single representation. We say a G-module V is a doublet if it is isomorphic to the direct
sum of two copies of a single representation of G, and interpret the term sextet similarly.

Conjecture 8. Let X be a Niemeier root system and let m be the Coxeter number of X.
Then, the representation Kr),(—D/sz is a doublet if and only if D # 0 and D # —nA? for
any integer ) and for any n listed in Table 10 corresponding to X. If X = Ag then the
representation Kfﬁ D/am iS a sextet if and only if D # —27)2 for some integer A.

In particular, for the nine Niemeier root systems

A2D2, A11D7Es, D¢, D3, DioE2, D3,, DigEs, Doa, Ej, (228)

that have no irreducible representation with vanishing Forbenius-Schur indicator and
have no terms with zero discriminant, we conjecture that all the representations KrX_ D/am
corresponding to Hé( are doublets.

Conclusions and discussion

Let us start by recapitulating the main results of this paper. Taking the 23 Niemeier lattices
as the starting point, in the ‘Umbral groups’ section, we identify a finite group G* - the
umbral group - for each Niemeier root system X. On the other hand, using the ADE classi-
fication discussed in the ‘The Eichler-Zagier operators and an ADE classification’ section
and Theorem 2, we identify a distinguished vector-valued mock modular form HX - the
umbral form - for each Niemeier root system X. We then conjecture (among other things)

1. (Conjecture 1) that the mock modular form H* encodes the graded
super-dimension of a certain infinite-dimensional, Z/2mZ x Q-graded module KX
for GX,

2. (Conjecture 3) that the graded super-characters Hg arising from the action of GX
on KX are vector-valued mock modular forms with concretely specified shadows
Sg ,and

3. (Conjecture 5) that the umbral McKay-Thompson series Hé( are uniquely
determined by an optimal growth property which is directly analogous to the genus
zero property of monstrous moonshine.

To lend evidence in support of these conjectures, we explicitly identify (almost all of) the
umbral McKay-Thompson series Hgf( .

In this way, from the 23 Niemeier root systems, we obtain 23 instances of umbral moon-
shine, encompassing all the six instances previously discussed in [1] and in particular the
case with GX = Moy first discussed in the context of the K3 elliptic genus [11]. Apart
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from uncovering 17 new instances, we believe that the relation to Niemeier lattices sheds
important light on the underlying structure of umbral moonshine. First, the construc-
tion of the umbral group G¥ is now completely uniform: GX is the outer-automorphism
group of the corresponding Niemeier lattice (cf. (32)). Second, it provides an explanation
for why the six instances discussed in [1] are naturally labelled by the divisors of 12: they
correspond to Niemeier root systems given by evenly many copies (viz., 24/(€ — 1)) of an
A-type root system A;_1. Third, it also sheds light on the relation between umbral moon-
shine and meromorphic weight 1 Jacobi forms as well as weight 0 Jacobi forms. For as we
have seen in the ‘From Meromorphic Jacobi forms to mock modular forms’ section, the
umbral forms HX can be constructed uniformly by taking theta coefficients of finite parts
of certain weight 1 meromorphic Jacobi forms, but in general, the relevant meromorphic
Jacobi form has simple poles not only at the origin but also at non-trivial torsion points
whenever the corresponding root system has a D- or E-type root system as an irreducible
component. As a result, in those cases, the relation to weight 0 Jacobi forms is less direct
as the Eichler-Zagier operator WX of (136) is no longer proportional to the identity. In
particular, in these cases, the umbral mock modular form HX does not arise in a direct
way from the decomposition of a weight 0 (weak) Jacobi form into irreducible characters
for the N = 4 superconformal algebra.

Recall that the relevant weight 0 Jacobi form in the construction described in the ‘From
weight 0 Jacobi forms to umbral mock modular forms’ section coincides with the elliptic
genus of a K3 surface in the case of the Niemeier root system X = A2* (¢ = 2, GX =
Msa). As the relation to weight 0 forms becomes less straightforward in the more general
cases, the relation between umbral moonshine and sigma models, or in fact any kind of
conformal field theory, also becomes more opaque. An interesting question is therefore
the following. What, if any, kind of physical theory or geometry should attach to the more
general instances of umbral moonshine?

To add to this puzzle, the Borcherds lift of the K3 elliptic genus is a Siegel modu-
lar form which also plays an important role in type II as well as heterotic string theory
compactified on K3 x T? [58-60]. As pointed out in [12] and refined in [17], Mathieu
moonshine in this context (corresponding here to X = A%‘L) leads to predictions regard-
ing Siegel modular forms which have been partially proven in [61]. Furthermore, this
Siegel modular form also serves as the square of the denominator function of a gen-
eralised Kac-Moody algebra developed by Gritsenko-Nikulin in the context of mirror
symmetry for K3 surfaces [62-66]. As discussed in detail in [1], Section 5.5, many of these
relations to string theory and K3 geometry extend to some of the other five instances
of umbral moonshine discussed in that paper. Since the relation between umbral forms
and weight 0 modular forms is modified when D- or E-type root systems are involved, it
would be extremely interesting to determine how the above-mentioned relations to string
theory, K3 surfaces and generalised Kac-Moody algebras manifest in the more general
cases.

Regarding K3 surfaces, note that Niemeier lattices have a long history of application to
this field, and the study of the symmetries of K3 surfaces in particular. See for instance
[67]. See [68] for an analysis involving all of the Niemeier lattices. It would be interesting
to explore the extent to which recent work [22,23] applying the Niemeier lattice LX to the
X = A} case of umbral moonshine can be extended to other Niemeier root systems in
light of [68].
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In another direction, the physical context of Mathieu moonshine has been extended
recently to K3 compactifications of heterotic string theory with eight supercharges [69].
As the structure of theories with 8 supercharges is much less rigid than those with 16
supercharges, one might speculate that a suitable generalisation of [69] could provide
physical realisations of more instances of umbral moonshine.

Apart from posing the umbral moonshine conjecture, in this paper, we have also noted
various intricate and mysterious properties of this new moonshine story. An impor-
tant example is the close relation between Niemeier lattices and the genus zero groups
discussed in the ‘Genus zero groups’ and ‘From Niemeier lattices to principal moduli’
sections. Another is the multiplicative relations discussed in the ‘Multiplicative relations’
section between McKay-Thompson series attached to different Niemeier root systems
that plays an important role in the explicit specification of the umbral McKay-Thompson
series in the ‘Specification’ section. While we have a concrete description of these
two properties in terms of mock modular forms and related structures, their origin is
still unclear. We also observe empirically discriminant relations between number fields
underlying irreducible representations of GX and the discriminants of the vector-valued
mock modular form HX (‘Discriminants’ section) extending the observations made in
([1], Section 5.4). It would be extremely interesting to have a representation theoretic
explanation of these relations.

Last but not least, the construction of the umbral modules K is clearly an important
next step in unraveling the mystery of umbral moonshine.

Endnote
*We are grateful to George Glauberman for first alerting us to this fact.

Appendix 1
Special functions

Dedekind Eta function
The Dedekind eta function, denoted 1(7), is a holomorphic function on the upper half-
plane defined by the infinite product

nm =q"*]a-q" (229)

n>1

where g = e(7) = 2™ 1t is a modular form of weight 1/2 for the modular group SL2(Z)
with multiplier € : SLy(Z) — C*, which means that

ey Djacly, H* = n(1) (230)

forall y = (‘g Z) € SLy(Z), where jac(y, t) = (ct + d)~2. The multiplier system € may
be described explicitly as

)= (231)

ab e(—b/24), c=0,d=1
€
e(—(a+d)/24c+s(d,c)/2+1/8), ¢>0

where s(d, ¢) = Zin;ll (d/c)((md/c)) and ((x)) is O for x € Z and x — |x] — 1/2 otherwise.

We can deduce the values €(a, b, ¢, d) for ¢ < 0, or for ¢ = 0 and d = —1, by observing
that e(—y) = e(y) e(1/4) for y € SLy(Z).
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Jacobi theta functions
We define the Jacboi theta functions 6;(t, z) as follows for g = e(t) and y = e(2).

01(1,2) = —ig"/®y'/? ]o—o[(l — YA -y -y ") (232)
nt
b2(t,2) = q'/%'/? lo"o[u —q"A+yg")A+y " (233)
e
05(t,2) = ﬁ(l —q"A+yq" A +y g (234)
nel
Oa(t,2) = f‘o[a —qNA—yq" A -y ") (235)

n=1
Note that there are competing conventions for 6; (7, z) in the literature and our normali-
sation may differ from another by a factor of —1 (or possibly +i).

Higher level modular forms
The congruence subgroups of the modular group SLy(Z) that are most relevant for this
paper are the Hecke congruence groups
ab
To(N) = {[ d] € SLy(Z),c = 0 mod N } (236)
c

A modular form for I'g(N) is said to have level N. For N, a positive integer, a modular form

4. (n(Nf)>
Tdq 2\ (o)
2—4+k§a<k><q Ng™%)

of weight 2 for I'g () is given by

AN(T) (237)

where o (k) is the divisor function o (k) = Zd‘ « 4. The function Ay is, of course, only
non-zero when N > 1.

Observe that a modular form on I'g(IN) is a modular form on I'g(M) whenever N|M,
and for some small N, the space of forms of weight 2 is spanned by the A;(7) for d, a
divisor of N.

A discussion of the ring of weak Jacobi forms of higher level can be found in [70].

Weight 0 Jacobi forms
According to [71], the graded ring Jo . = @mz 1 Jo,m—1, of weak Jacobi forms with weight
0 and integral index (cf. ‘Jacobi forms’ section), is finitely generated by ¢§2), wig) and (pYL),
where
2
o =4+ 5+ 7).
3
0 =255 + 11+ 1) (238)

) 22 02
o1 =41 304
and fi(t,z) = 0i(t,2)/6i(7,0) for i € {2,3,4} (cf. ‘Jacobi theta functions’ section). If we
work over Z, then we must include

5 1/ @ e 3
o) =2 (w{ Y0P — (o) ))2>

2 (239)

Page 63 of 81
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as a generator also, so that JOZ’ L =2 ¢§2) , (pig), <p§4), go{s)] The ring Jo,« has an ideal

Jou@) = D Jom1(@) = 6 € Jou | $(r,2) = Y cm,1q"y (240)
m>1 nre’z
nu>0

consisting of Jacobi forms that vanish in the limit as ¢ — ico (i.e. have vanishing coeffi-
cient of g°y", for all r, in their Fourier expansion). This ideal is principal and generated by
a weak Jacobi form of weight 0 and index 6 given by

01(t,2)"?
n(x)t2

(cf. ‘Tacobi theta functions’ section for 6; and 7). Gritsenko shows [71] that for any positive

t(t,2) = (241)

integer m, the quotient Jo,—1//0,m—1(q) is a vector space of dimension m — 1 admitting a
basis consisting of weight 0 index m — 1 weak ]acobl forms <p (denoted 1/1(()’2,_1 in [71])
for 1 < n < m — 1 such that the coefficient of 4° y in ga,(,m) vanishes for |k| > # but does
not vanish for |k| = n. In fact, Gritsenko works in the subring ]OZ’ .. of Jacobi forms having
integer Fourier coefficients and his <p(m) furnish a Z-basis for the Z-module ]OZ, Wi ](% (@).In
what follows, we record explicit formulas for some of the (p(m).

Following [71], we define

3 5 4
o = o 0” — (0",
9 3 7 5
o) =P 0l” — ()% (242)
13 5 9 7
oY = o70” =207,

and define go ™ for the remaining positive integers m according to the following recursive
procedure. For (12, m — 1) = 1 and m > 5, we set

(m—4)

o = 12,m—5)" Vo> + 12, m—3)p{" Vo>

(m— 3) (4)

—2(12, m—4) ¢, (243)

For (12, m — 1) = 2 and m > 10, we set

o™ = ((12 m—5)p" Yo +(12,m —3)p{" VoY —2(12,m — 19"V (Y).

(244)
For (12, m — 1) = 3 and m > 9, we set
(245)

For (12,m — 1) = 4 and m > 16, we set

o™ = ((12 m—13)p " o1 4 (12, m—5)p " P> — (12, m—9)p!" P p®).
(246)

For (12,m — 1) = 6 and m > 18, we set
o™ = 7(12m 4)p" Y 4)+ c(12m— 7" VeV — (12m 5" Y. (247)

Finally, for (12,m — 1) = 12 and m > 24, we set

o = f(lzm D" — (12m 5)pi" 4)<p(5)+ 5 12m =" %", (248)
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where we have set

1
25 21 5 19 7 13
o> Ewi Yo — gt )¢§)+ (w( )2, (249)

The (p(m) are defined by setting
(¢(2))2 24¢(3)

(pgn — oPp® 18, (250)

5 2) (4 5
<ﬂ§)—§0§)<ﬂ§) 16<p()

and
00" = (12,m — ) " Ve — (12,m — 5)p" P — 12,m - 1)p"™  (251)

for m > 5, and the remaining <pnm) for 2 < m < 25 are given by

3 4
oM = "™,

2 3
ooy = (@) 30, (252)

(p;(an)l = (¢,

where the first equation of (252) holds for 3 < n < m — 3.

2))m—1

Appendix 2

Characters

In ‘Irreducible characters’ we give character tables (with power maps and Frobenius-
Schur indicators) for each group G for X a Niemeier root system. These were computed
with the aid of the computer algebra package GAP4 [72]. We use the abbreviations
a, = /—nand b, = (—1 + /—n)/2 in these tables.

The tables in ‘Euler characters’ furnish cycle shapes and character values - the twisted
Euler characters - attached to the representations of the groups GX described in the
‘Umbral groups’ section. Using this data, we can obtain explicit expressions for the shad-
ows Sg of the vector-valued mock modular forms H, g according to the prescription of the

‘Shadows’ section.
Irreducible characters (Tables 11,12, 13,14, 15,16, 17,18, 19,20, 21,22 and 23)

Euler characters
The tables in this section describe the twisted Euler characters and associated cycle
shapes attached to each group GX in the ‘Umbral groups’ section (Tables 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43 and 44). According to the prescrip-
tion of the ‘Shadows’ section, the character values )_(? 4, x? 4, &c., can be used to describe
the shadows of the vector-valued mock modular forms Hg attached to each g € G¥ by
umbral moonshine. We also identify symbols .|/, which are used in the ‘Modularity’
section to formulate conjectures about the modularity of Hg . By definition, #g is the order
of the image of g € GX in GX and /i, = N,/n; where N, denotes the product of shortest
and longest cycle lengths appearing in the cycle shape ﬁg .

Note that we have ﬁf{( = ﬁz,(/" = l:Iz,(A in case X = A?*. More generally, we will have
ﬁg = ﬁ?“‘ when X = Xy4 (cf. ‘Lattices’ section), and similarly when X = Xp or X = Xp,
so we suppress the row (that would otherwise be) labelled ﬁg in these cases.
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— Al12
= A2
3A

3A

Table 12 Character table of GX ~ 2.M;,, X

22B
11A
22B
22B

11B

22A

11A

11B

20B
10A

20A

8D
4C
8D
8C
8D

8C
4C
8C
8D
8C

8B
4B

8A
4B
8A
8B
8A

6D
3A
2C
6D
6D

6C
3A
2B
6C
6C

10A  12A

5A
5A
5A
1A

4C
2B
4C
4C

4B

6B
3B
2A
6B

3B
3B
1A
3B

6A
3A
2A
6A
6A

2C
1A
2C
2C
2C

2B
1A
2B
2B
2B

4A
2A
4A
4A
4A

2A
1A
2A
2A
2A

1A
1A
1A
1A
1A

FS

[g]

11A

11B

11B

22A

10A

6B
aA
12A

5A
10A

2B
4B

[g2]

11A
11A

20B

20A

8B
8A
8B

1A
3A
3A

[g°]

11B

22A

4A
20A

4A
20B

2A
10A

4B

[g°]

2A 1A 2A

1A

12A

[g"

1007HH
o o
1007HH
o O

- e JH
O[O

- e HT
O[O

[ N

+ 4+ 00
— ON 0N < N
XX R XX

45

45

X6

54
55
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54
55
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X7

X8

— O — O O O |0 3O O
| 700
— O — O O O 27200
| S IS

N YOO T OO O N
NOORTN— — —m

- = = 1
N OO T OO O
NOOANITN— = —m

+
+
J’_
+
+
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o

o
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—44
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Table 13 Character table of G¥ =~ 2.AGL3(2), X = AS

[gl FS 1A 2A 2B 4A 4B 2C 3A 6A 6B 6C 8A 4C 7A 14A 7B 14B
[gZ] 1A 1A 1A 2A 2B 1A 3A 3A 3A 3A 4A 2C 7A 7A 7B 7B
[g°] 1A 2A 2B 4A 4B 2C 1A 2A 2B 2B 8A 4C 7B 14B 7A 14A
[ g7] 1A 2A 2B 4A 4B 2C 3A 6A 6B 6C 8A 4C 1A 2A 1A 2A
Xi + 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
X o 3 33 -1 =1 =1 0O 0 0 0 1 1T b, by b by
¥3 o 3 3 3 -1 =1 =1 o 0 0 0 1 1 b, by by by
X4 + 6 6 6 2 2 2 0 0 0 0 0 0 =1 -1 =1 —1
X5 + 7 7 7 =1 =1 =1 1 1 1 1T =1 =1 0 0 0 0
X6  + 8 8 8 0 0 0o -1 =1 =1 =1 0 0 1 1 1 1
X7 + 7 7 =1 3 =1 -1 1 T =1 =1 I 0 0 0 0
xs  + 7 7 =1 =1 = 3 1 =1 =1 =1 1 0 0 0 0
X9 + 14 14 =2 2 =2 2 =1 =1 1 1 0 0 0 0 0 0
xo + 21 21 =3 1 1T =3 0 0 0 0 =1 1 0 0 0 0
X1 + 21 21 -3 =3 1 1 0 0 0 0 I 0 0 0 0
X12 + 8 -8 0 0 0 0 2 =2 0 0 0 0 1 —1 1 —1
X13 o 8 -8 0 0 0 0 -1 1 as as 0 0 1 —1 1 —1
X14 o 8 -8 0 0 0 0 -1 1 as  as 0 0 1 —1 1 —1
Xis o 24 —24 0 O 0 O 0 O 0 0 0 0 by —b; by —by
Xie o 24 —24 0 0O 0 O 0 O 0 0 0 0 by —b; b, —b;
Table 14 Character table of GX ~ GL,(5)/2, X = A§
[g] FS 1A 2A 2B 2C 3A 6A 5A 10A 4A 4B 4C 4D 12A 12B
[gz] 1A 1A 1A 1A 3A 3A 5A 5A 2A 2A 2C 2C 6A 6A
[g3] 1A 2A 2B 2C 1A 2A 5A 10A 4B 4A 4D 4C 4B 4A
[g°] 1A 2A 2B 2C 3A 6A 1A 2A 4A 4B 4C 4D 12A 12B
X1 + 1 1 1 1 1 1 1 1 1 1 1 1 1 1
X2 + 1 1 1 1 1 1 1 1 —1 —1 —1 —1 —1 —1
X3 + 4 4 0 0 1 I —1 2 2 0 0 —1 —1
X4 + 4 4 0 0 1 1 —1 —1 -2 -2 0 0 1 1
X5 + 5 5 1 [ — 0 0 1 1 —1 -1 1 1
X6 + 5 5 1 1 —1 —1 0 0 —1 —1 1 1 —1 —1
X7 + 6 6 -2 =2 0 0 1 1 0 0 0 0 0 0
X8 o 1 —1 1 —1 1 —1 1 —1 a —a an —a an —a
X9 o 1 —1 1 —1 1 —1 1 —1 —a ar —a ay —a ay
X10 o 4 -4 0 0 1 —1 —1 1 2ay —2a, 0 0 - an
X11 o 4 —4 0 0 1 -1 —1 1 —2a 2aq 0 0 aj —a
X12 o 5 -5 1 —1 —1 1 0 0 aq —d1 — a a —a1
X13 o 5 -5 1 -1 —1 1 0 0 —ay ai ay —a —a ai
X14 + 6 —6 =2 2 0 0 1 —1 0 0 0 0 0 0
Table 15 Character table of G¥ =~ GL,(3), X € {A2D4, EZ}
[g] FS 1A 2A 2B 4A 3A 6A 8A 8B
[g%] 1A 1A 1A 2A 3A 3A 4A 4A
[g%1 1A 2A 2B 4A 1A 2A 8A 8B
Xi + 1 1 1 1 1 1 1 1
X2 + 1 1 —1 1 1 1 —1 —1
X3 + 2 2 0 2 —1 -1 0 0
X4 + 3 3 —1 —1 0 0 1 1
X5 + 3 3 1 —1 0 0 —1 —1
X6 o 2 -2 0 0 —1 1 a ar
X7 o 2 -2 0 0 -1 1 a a;
X8 + 4 —4 0 0 1 -1 0 0
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Table 16 Character table of GX ~ 3.Syme, X = Dg

[g] FS 1A 3A 2A

6A

3B

3C

4A  12A

(%)
>

15A

15B

[g%] 1A 3A 1A
[°] 1A 2A
[g°] 1A 2A

w =
> >
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4A  12A

4A

= uwu
> > >
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>

w
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[
> >
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Table 17 Character table of GX =~ SL,(3), X = A}

e FS 1A

2A

4A

[g%] 1A
[4] 1A

1A

2A
4A

X 1
X2
X3
X4
X5
X6
X7

o | + 0 o +
N NN W= =

o

OO O — — — —

Table 18 Character table of GX =~ Dihs, X = A2D2

[g] FS

1A

2A

2B

2C

4A

[g%]

1A

1A

1A

1A

2A

X1
X2
X3
X4
X5

+ 4+ + +

1
1
1
1
2

1
1
1
1

-2

-1
-1

-1

—1

—1
-1

Table 19 Character table of GX = Dihg, X = A3

[g] FS

1A

2A

6A

[g%]
[g°]

1A
1A

1A
2A

3A
2A

X1
X2
X3
X4
X5
X6

+ + + + o+

1
1
2
1
1
2

—1
-1
—1

Page 69 of 81



Cheng et al. Research in the Mathematical Sciences 2014, 1:3
http://www.resmathsci.com/content/1/1/3

Table 20 Character table of GX = 4, for X € {A2Ds, A2, )

[g] FS 1A 2A 4A 4B
[g% 1A 1A 2A 2A
Xi + 1 1 1 1
X2 + 1 1 —1 -1
X3 o 1 —1 ai ar
X4 ° 1 =1 ay as

Table 21 Character table of GX ~ PGL;(3) ~ Symg4, X = D}

[g] FS 1A 2A 3A 2B 4A
[g%] 1A 1A 3A 1A 2A
[g°] 1A 2A 1A 2B 4A
xi + 1 1 1 1 1
X + 1 1 1 —1 —1
X + 2 2 -1 0 0
X4 + 3 -1 0 1 —1
x5 + 3 -1 0 -1 1

Table 22 Character table of GX =~ 2, for X € {A11D7Eg, A15Do, A17E7, A24, D1oE3, D2, }

[g] FS 1A 2A
[g%] 1A 1A
X1 + 1 1
X2 + 1 —1

Table 23 Character table of GX ~ Syms, X € {D}, E3)

[g] FS 1A 2A 3A
[g%] 1A 1A 3A
[g°] 1A 2A 1A
X1 + 1 1 1
x2 + 1 -1 1

X3 + 2 0 -1
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Table 24 Twisted Euler characters and Frame shapesat{ =2, X = Af“

[g] 1A 2A 2B 3A 3B 4A 4B 4C 5A 6A 6B
nglhg 1 211 22 3|1 3|3 4|2 41 4|4 5|1 61 6|6
— X

X4 24 8 0 6 0 0 4 0 4 2 0
l;[)g(/\ “24 ]828 212 -‘636 38 2444 ]42244 46 “454 12223262 64
[g] 7AB 8A 10A 1A 12A 12B 14AB 15AB 21AB 23AB

nglhg 711 8|1 10]2 1M 12)2 12]12 141 151 21|3 23|1

— Xy

X" 3 2 0 2 0 0 1 1 0 1

e 1373 12214182 22102 12112 24161121 122 112171141 113751151 31217 11231

9

€/1/1/3US1U0/WO PSYIRWSI MMM //:d1Y

€11 "L 0T S22U3IS [DIIDWAYIDY 3y} Ul Y2ipasay ‘b 12 Busy)

18 jo £ abed



Table 25 Twisted Euler characters and Frame shapesat{ = 3, X = A;z

[g] 1A 2A  4A 2B 2C 3A 6A 3B 6B 4B 4C 5A 10A  12A 6C 6D 8AB 8CD 20AB 11AB  22AB
nglhg 11 114 2|8 2] 212 3N 314 313 3112 42 41 51 514 6|24 6|1 612 8|4 8|1 1018 111 114
% 12 12 0 4 4 3 3 0 0 0 4 2 2 0 1 1 0 2 0 1 1
XgXA 12 =12 0 4 —4 3 -3 0 0 0 0 2 -2 0 1 -1 0 0 0 1 —1
iy 120 g1z 6 At it 333 333 3 3t 2242 1942 1252 1252 6> 1'213'6!  112'3'6! 478! 12218t 210" 1Tt !
e 124 212 45 188 212 1630 )3¢3 38 6t 2444 14224% 1454 2102 122 12223%¢2 2267 4287 122'47g2 4100 12112 2122

€/1/1/3US1U0D/WOD DSYIRWSI MMM //:d1Y

€11 " LOT S22U3IIS [DIIDLWSYIDY dY3 Ul Y2ip3say ‘Ib 12 Busyd

18 Jo 7/ =bed
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Table 26 Twisted Euler characters and Frame shapesat{ =4,X = A

lg] 1A 2A 2B 4A 4B 2C  3A 6A 6BC  8A 4C 7AB 14AB
nglhg 11 112 212 2|4 44 211 31 312 6|2 48 401 7N 712
% 8 8 0 0 o0 4 2 2 0 0 1 1
X 8 -8 0 0 0 0 2 -2 0 0 1 -1
i’ 1 8 24 2t 42 942 1232 1232 2T6! 42 122147 117 17
iy 12 1828 212 2% 45 1828 1636 1222327 2363 4282 142244 P73 11217114
Table 27 Twisted Euler characters and Frame shapesat{ =5,X = Ag
lg] 1A 2A 28 2C 3A 6A 5A 10A  4AB 4CD  12AB
nglhg 11 1]4 22 211 313 312 51 5|4 2|8 an 6/24
% 6 6 2 2 0 0 1 1 0 2 0
X 6 -6 -2 2 0 0 1 -1 0 0 0
iy 1° 19 1222 1222 32 32 qls! 115! 2 1241 6'
ﬁ)g(A 124 212 212 1828 38 64 ]454 22102 46 142244 122
Table 28 Twisted Euler characters and Frame shapesat{ =6, X = A‘;D4
lg] 1A 2A 2B 4A 3A 6A 8AB
nglhg m 12 211 2|2 3N 312 4)2
% 4 4 2 0 1 1 0
X 4 —4 0 0 1 -1 0
iy & 1 122! 22 13! 113! 41
iy 120 1428 1627 244 1°3° 11223162 482
%° 1 1 1 1 1 1 1
x° 1 1 -1 1 1 1 -1
e 2 2 0 2 -1 -1 0
;P 1 ik 1 1 " 1 1
i, 1 1 122! 1 13! 13! 122!
X 124 1828 1828 149244 1636 12923262 12214182
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Table 29 Twisted Euler characters and Frame shapesat{ =6 + 3, X = Dg

lg] 1A 3A 2A 6A 3B 6C 4A 12A 5A 15AB 2B 2C 4B 6B 6C
nglhg 101 113 21 213 31 313 4|2 4l6 501 513 21 22 4N 61 616
bo 6 6 2 2 3 0 0 0 1 1 4 0 2 1 0
X" 6 6 2 2 3 0 0 0 1 1 -4 0 -2 —1 0
X 12 -6 4 -2 0 0 0 0 2 -1 0 0 0 0 0
ﬁgo 16 16 1292 1292 1331 32 2147 2141 1151 1151 141 3 1241 112131 6!
i 124 1636 1828 12223%¢? 1636 38 PAZS 2'416112 1454 113751151 1228 212 142244 12273262 6

€/1/1/3US1U0D/WOD DSYIRWSI MMM //:d1Y

€11 " LOT S22U3IIS [DIIDLWSYIDY dY3 Ul Y2ip3say ‘Ib 12 Busyd

18 J0 7/ abed
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Table 30 Twisted Euler characters and Frame shapesat{ =7,X = Ag

[g] 1A 2A 4A 3AB 6AB
nglhg 11 114 2|8 31 314
bed 4 4 0 1 1
x5 4 -4 0 1 A1
iy 1 1 22 13! 13!
ﬁ)g(A 124 212 46 1636 2363
Table 31 Twisted Euler characters and Frame shapesat{ =8, X = A§D§
[g] 1A 2A 2B 2C 4A
nglhg 111 112 211 21 2|14
% 2 2 0 2 0
X 2 2 0 0 0
SO 2 2 1 2 1
y 1 1 2 1 2
ﬁ;@« 114 1226 27 183 2143
%° 2 2 2 0 0
x° 2 2 0 0 0
X 2 2 2 1 1
I’ 1 1 1 2 2
ﬁ)g(o 110 162 1821 25 2341
ﬁX 124 "828 "828 "828 2444
g
Table 32 Twisted Euler characters and Frame shapesat{ =9, X = Ag
[g] 1A 2A 2B 2C 3A 6A
nglhg 11 114 21 2|2 3|3 3]12
7 3 3 1 1 0 0
X" 3 -3 1 -1 0 0
iy 13 13 12! 12! 3 3
=X, 24 12 898 12 8 4
Iy 1 2 182 2 3 6
Table 33 Twisted Euler characters and Frame shapesat{ = 10, X = A§D6
lg] 1A 2A 4AB
nglhg 111 112 2|2
hea 2 2 0
%" 2 2 0
— 2 2
Iy’ 1 1 2!
iy’ 18 1228 2'4¢
3P 1 1 1
x5° 1 1 -1
=% 1 1 !
1‘[5 1 1 1
I 6 6 451
I’ 1 1 142
ﬁX ]24 ]828 ]42244
g
Table 34 Twisted Euler characters and Frame shapesat{ =10+ 5,X = Dg
[g] 1A 2A 3A 2B 4A
nglhg 11 2|2 3 21 4|4
7P 4 0 1 2
x° 4 0 1 ) 0
hid 1 22 13! 122! 41
X 24 12 636 858 6
l'[g” 1 2 1°3 1°2 4
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Table 35 Twisted Euler characters and Frame shapes at { = 12, X = A11D7E¢

[g]

1A

nglhg

m

Table 36 Twisted Euler characters and Frame shapesat{ =12+ 4,X = Eg

[g] 1A

2A

2B

4A

3A

6A 8AB

nglhg 1

12

21

2|4

3N

3]2 48

X 4

X
XgE 4

4
—4

2
0

1
1

1 0
-1 0

= Xe 4
I'[?( 1
XE 24
ITy 1

14

1828

122!
1828

]131
1636

]13] 41
12223262 4282

Table 37 Twisted Euler characters and Frame shapesat{ = 13, X = Afz

[g]

1A

2A

nglhg

m

114

X
XgA

2
2

2
-2

—
I

~%
I

]2
124

12

212
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Table 38 Twisted Euler characters and Frame shapesat{ =14+7,X = Dg

[g]

1A

2A

3A

nglhg

m

2|1

3|3

=X

XgD
XD

ng

3
3

Lo
l'Ig“

“3
124

38

Table 39 Twisted Euler characters and Frame shapes at { = 16, X = A5Dg

[g]

1A

2A

nglhg

1m

12

]24

Table 40 Twisted Euler characters and Frame shapes at «= 18, X = A7E7

[g]

1A

2A

nglhg

m

12

X,
XgA

o
A
Hg

—X;
th

=¥
I

~Y
Iy

X
HQ

Table 41 Twisted Euler characters and Frame shapes at K= 18 + 9, X = D1OE§

[g]

1A

nglhg

m

X
Xgu

o
D
HQ

—X¢
Xg

Lo
l'IgL

X
]_Ig

1828
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Table 42 Twisted Euler characters and Frame shapes at =22 + 11, X = sz

[g] 1A 2A
nglhg 1 2|2
ng; 2 0
Xg" 2 0
e 2 7
ﬁ)g(o 124 712

Table 43 Twisted Euler characters and Frame shapes at <= 25, X = A4

[g] 1A 2A
nglhg 11 114
_Xp

X%(/ 1 1
xg" 1 -1
iy 1 1
s 124 712

Table 44 Twisted Euler characters and Frame shapes at =30+ 6,10,15,X = Eg

[g] 1A 2A 3A
nglhg 11 2|1 3|3
X,

ng 3 1 0
l:l)g(f 13 1191 31

i 124 1828 3°
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