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Second-quantized Mathieu moonshine

DANIEL PERSSON, ROBERTO VOLPATO

We study the second-quantized version of the twisted twining gen-
era of generalized Mathieu moonshine, and prove that they give rise
to Siegel modular forms with infinite product representations. Most
of these forms are expected to have an interpretation as twisted
partition functions counting 1/4 BPS dyons in type II superstring
theory on K3 x T? or in heterotic CHL-models. We show that all
these Siegel modular forms, independently of their possible physical
interpretation, satisfy an “S-duality” transformation and a “wall-
crossing formula”. The latter reproduces all the eta-products of an
older version of generalized Mathieu moonshine proposed by Mason
in the 1990s. Surprisingly, some of the Siegel modular forms we find
coincide with the multiplicative (Borcherds) lifts of Jacobi forms
in umbral moonshine.
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1. Introduction and summary

Mathieu moonshine [1-16] and its generalized version [17, 18] pertain to
the association of a class of weak Jacobi forms ¢, p(7,2), called twisted
twining genera, to each commuting pair of elements (g,h) in May. It has
been verified that these functions satisfy all the requirements of Norton’s
generalized moonshine conjectures [19]; in particular, they decompose into
(projective) graded characters of the centralizer of g in Myy. Many of these
Jacobi forms arise as supersymmetric indices in certain non-linear sigma
models with target space K3; in particular, ¢.. is the K3 elliptic genus.
The obvious idea that Ms4 might be the symmetry group of some of these
non-linear sigma models has been ruled out quite quickly [8, 10, 11] and
the most recent works on the subject [20-22] seek for an explanation of
Mathieu moonshine in the framework of K3 compactifications of full-fledged
superstring theory rather than within conformal field theory (CFT).

In this paper, we adopt a similar viewpoint, and construct the second-
quantized! version U, of the twisted twining genera. From a mathematical
perspective, the functions ¥, ;, are obtained from the Jacobi forms ¢, via
a certain twisted equivariant version of Borcherds multiplicative lift. Physi-
cally, many of these functions can be interpreted as twisted supersymmetric
indices counting 1/4 BPS states in type II superstring theory compactified
on K3 x T? and in CHL models [24-27]. A similar construction for the twin-
ing genera of the ordinary Mathieu moonshine was first proposed by Cheng
[2].

We show that these multiplicative lifts are Siegel modular forms, gen-
eralizing results for the case (g,h) = (e, h) [2, 28, 29]. In some cases we
can identify W, with known Siegel modular forms which have previously
appeared in the context of umbral moonshine [30]. Furthermore, they satisfy
a “wall-crossing formula”, which reproduces all of Mason’s generalized eta-
products 1, for Moy [31-34]. This therefore establishes the link between
the two existing versions of generalized moonshine for Moy.

1.1. Background
The first hint of Mathieu moonshine was found by Eguchi et al. [1], who

noticed a connection between the the elliptic genus of K3 and the largest
Mathieu group May. The elliptic genus of K3 ¢x3(7, 2) is the unique (up

IThe terminology “second-quantized” originates in the work of Dijkgraaf, Moore,
Verlinde, Verlinde [23].
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to normalization) weak Jacobi form of weight 0 and index 1 and it can be
defined as a supersymmetric index of non-linear sigma models with target
space K3. It therefore is natural to consider a decomposition of ¢x3(T, 2)
into characters of the N =4 superconformal algebra. The authors of [1]
noticed that the coefficients in this decomposition are sums of dimensions
of irreducible representations of Msy. This observation led to the Mathieu
moonshine conjecture: for each conjugacy class [g] of My there should exist
a weak Jacobi form ¢4 : H x C — C such that the Fourier coefficients of ¢,
are the characters of these Moyy-representations evaluated at g. In particular,
for the identity element e of Moy, ¢e(T, z) coincides with the elliptic genus of
K3. In subsequent work [2-5], all the functions ¢4, dubbed “twining elliptic
genera”, were found and substantial evidence was given for the validity of
Mathieu moonshine, namely the existence of a graded My4-module such that
the ¢,’s are its graded characters. This conjecture has now been proven
rigorously by Gannon [12].

The story outlined above is of course in close analogy with Monstrous
moonshine [35-37] which assigns modular functions T, : H — C (McKay—
Thompson series) with each conjugacy class [g] of the Fischer—Griess Mon-
ster group M, the largest of the finite sporadic simple groups. After the initial
conjecture [35], Norton proposed his generalized Monstrous moonshine [19],
which assigns modular functions f(g, h; 7) to each commuting pair g, h € M.
For fixed g € M, these generalized moonshine functions should then have
(possibly rational) Fourier coefficients that correspond to projective charac-
ters of the centralizer Cy(g) = {k € M| gk = kg}. Dixon-Ginsparg-Harvey
subsequently suggested that Norton’s functions f(g, h; 7) naturally arise in
string theory as the path integral on a torus C/(Z + 7Z) with boundary
conditions twisted by (g, h) along the (a,b)-cycles. Although the full gener-
alized Monstrous moonshine conjecture is still open, considerable progress
has been made toward proving it [38-44].

In earlier work [17, 18], we gave substantial evidence that Norton’s gen-
eralization also holds, with small modifications, for Mathieu moonshine. We
found that for each commuting pair g,h € Ms4 there exists a weak Jacobi
form ¢4, (7, 2), dubbed twisted twining genus, whose Fourier coefficients are
characters of a projective representation of Cyy,, (g). Inspired by orbifolds of
holomorphic CFTs [45-48], we further showed that the modular properties
of the functions ¢, are controlled by a cohomology class [a] in the third
cohomology group H3(Mag, U(1)), as was anticipated in [49] (see also [12]).

A different kind of generalized moonshine for M4 had in fact already
been established in old work by Mason [31, 33, 34]. Mason associated to each
commuting pair g,h in My a so-called multiplicative eta product 7g,(7),
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based on the action of Msys on 24 chiral-free bosons. This leads to the nat-
ural question: Is there a relation between the recently discovered Mathieu
moonshine, pertaining to weak Jacobi forms, and Mason’s Maoy-moonshine
inwvolving eta-products?

For the special case of commuting pairs (g,h) = (e, h), where e is the
identity element of May, this was given an affirmative answer by Cheng in
[2]. Cheng’s idea was to generalize the known fact that the elliptic genus of
K3, ¢¢(T, ), exhibits an exponential Borcherds lift to the unique weight 10
Siegel modular form for Sp(4;Z), referred to as the “Igusa cusp form” and
commonly denoted by ®19. She proposed that to all twining genera ¢y (7, 2)
one should have a similar lift of the form

> e (dmn — 02 mon
(11)  ®ulo,m,2)=pgy ] exp —ZM@ "y,

k
(n,m,£)>0 k=1
where ¢ = €™y = €2™* p = 2™ and cg denotes the Fourier coefficients
of ¢g(T,2):
(12) (bg(Ta Z) = Z cg(mje)qmyf.

m>0,€7

It was conjectured in [28] that ®j is automorphic with respect to a sub-
group Ff) of Sp(4;Z). This was then proven by Raum [29] for most of the
conjugacy classes [h] C Moy.

A central point for us is that ®, (o, 7, z) has a double pole at z = 0 and
in the limit one finds

(I)h(07 T, Z)

(1.3) lim 5= = nn(7) mn(0),

z—0 (27T7,Z>
where 7, = 7., are the eta-products of Mason’s Mas-moonshine [31]. Hence,
the process of taking the multiplicative lift of ¢ followed by studying the
limiting behavior as z — 0 provides a link between the two moonshines.

1.2. Summary of results

In this paper, we answer the question above in the general case of com-
muting pairs (g,h) in Msy. In other words, we establish a link between
the generalized Mathieu moonshine proposed in [17, 18] and the general-
ized eta-products of Mason. To describe our results, we recall the notion
of “second-quantized elliptic genus” as defined in [23]. Suppose ¢x (T, z) is
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the elliptic genus of some Calabi—Yau manifold X. Then one defines the
second-quantized genus ¥y as the generating function of the elliptic genus
¢gnx for the n:th symmetric product S"X: Uy =" -~ p"¢s-x. In [23],
the following remarkable formula is proved: -

(14) x(o,7,2) = exp | 3 0" Tuox (7, 2)]

n=1

where p = €>™_ and T), is the standard Hecke operator acting on Jacobi

forms. Subsequently, Gritsenko showed [50] that by multiplying the inverse
U! by a certain factor Ax (o, 7,2) (the “Hodge anomaly”) one obtains a
Siegel modular form

(1.5) Ox(o,7,2) =

of weight ¢x(0,0)/2 for a subgroup Fg?) C Sp(4;7Z), where cx(m,n) are the

Fourier coefficients of ¢x.

Inspired by these results, we define for each commuting pair (g,h) in
Moy the associated second-quantized twisted twining genus Vg5, via a gen-
eralization of the formula (1.4):

(L6) Uynlo,7,2) = exp | 30" T 6y (7, 2)]

n=1

where 7,¢ is now a certain twisted equivariant Hecke operator (for the precise
definition see Section 3.2) which reduces to the T}, in (1.4) in the special
case (g,h) = (e,e). Note that, when g = e, the presence of a non-trivial 3-
cocycle o governing the modular properties of the twisted twining genera
can be safely ignored (see [17] and Section 2.2). This leads to the simpler
definition of the multiplicative lift adopted in [28]. However, for the general
case considered in this paper, the technical subtleties associated with non-
trivial 3-cocycles cannot be avoided.

Multiplying the second-quantized twisted twining genera by a correction
Agn(o,7,2) (see Equation (3.53) for the explicit form of Ay j) we obtain a
new class of functions

Agp(o,T,2)
1.7 P =g
( ) g;h (Ua T, Z) \I/g h(a_’ T, Z) s

)

and the main result of this paper is:
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Theorem. The functions ®g4p(0,7,2) defined by (1.7) are meromorphic
Siegel modular forms for certain discrete subgroups F§2i)z C Sp(4;R), such

that FEIQ})L N Sp(4,Z) is a congruence subgroup of Sp(4,7Z).

For a more precise formulation, see Theorem 5.3 in Section 5.2.
The most noticeable new automorphic property is the “S-duality” transfor-
mation
-

M7
where N is the order of g and A is the length of the shortest cycle of ¢ in
the 24-dimensional permutation representation. Notice that h, h' € Cyy,,(g)
are not necessarily in the same conjugacy class. This is related with the
“relabeling” phenomenon described in [17]. In particular, as described in
Section 5.1.2, when ¢ is an element of an Ms3 subgroup, then A’ is the
symmetry induced by h in the g-orbifold theory. We proved (1.8) for at
least one commuting pair of generators (g,h) in each group (g, h), but we
conjecture that similar relations hold for all commuting pairs.

In Section 4, we prove the following “wall-crossing formula”:

(1.8) By p(0,7,2) = Dy ( Nao, z) ,

(1.9) lim Lon(07:2)

lim = oz~ Mo (TIngn (NA0),

which generalizes (1.3). This shows that the limit z — 0 of ®, j,(0, 7, 2) repro-
duces all of Mason’s generalized eta-products 7y [32, 33], thus providing
the desired link between the two moonshines. See figure 1 for a pictorial
overview of the relation between the various modular objects.

When (g, h) lies in the conjugacy classes (24,2A), (3A,3A) and (4B, 4B)
we can identify ®,; with known Siegel modular forms:

(24,24) : @, ), = (Ag)? = 0¥,
(1.10) (34,34) : @, 5, = (A1)? = W),
(4B,4B) : ®g) = (Ay9)? = @O,

where the first equality identifies them with the squares of the weight k&
Siegel modular forms Ay obtained by Gritsenko and Nikulin [51], and the
second equality with the umbral Siegel modular forms ®© of lambency
¢ =3,4,5 [30]. Thus we obtain a surprising connection between generalized
Mathieu moonshine and umbral moonshine, which clearly deserves further
investigation.?

2We thank Miranda Cheng for a discussion that pointed us in this direction.
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second-quantized twisted twining genera
(Siegel modular forms)

@, 1(0,7,2)

multiplicative lift z—=0
twisted twining genera generalized eta-products

(weak Jacobi forms) (modular forms)
bg.n(T, 2) Ng,h(T)Ng,n (NAO)

Figure 1: Pictorial description of the relation between generalized Mathieu
moonshine, involving the twisted twining genera ¢, and Mason’s general-
ized eta-products 7, . Starting from ¢, 5 one constructs a second-quantized
twisted twining genus W, 5, whose reciprocal becomes a Siegel modular form
@, , after multiplying by a factor A, j,. This is the content of the multiplica-
tive (automorphic) lift indicated in the leftmost arrow. At the level of the
Siegel modular form ®, ;, one then takes the limit z — 0 which produces the
generalized eta-products 1, 1, (7)1, 1 (N o). Here, h' is possibly in a different
class from h, as a consequence of the “relabeling phenomenon” described in
[17]. See Section 4.2 for more details.

Finally, we would like to comment further on the possible physical inter-
pretation of the functions ®, ;. For ®. . = 1, it is of course well-known
that the reciprocal 1/®g is the generating function of 1/4-BPS dyons in
heterotic string theory on T [52], and in this case the decomposition (1.3)
becomes 1/®19 ~ (1)~ %*n(p) =24, where each factor on the right-hand side
is identified with the partition function of 1/2 BPS-states. More generally,
1/®. 1, should correspond to the partition function of “twisted dyons”, and
the limit (1.3) reflects the wall-crossing phenomenon when a 1/4 BPS-state
splits into two 1/2 BPS-states. Similarly we expect that in general 1/®,
should be the generating function of certain “twisted dyons” in CHL orb-
ifolds T%/Zy of heterotic string theory [24-27]. In particular, this should be
true whenever g, h can be interpreted as a pair of commuting symmetries of
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some K3 surface and the orbifold by g is consistent. Given the results of [8],
the first condition amounts to the group (g, h) having at least four orbits in
the standard 24-dimensional permutation representation of Msy, while the
second condition simply requires g to belong to some Mbs3 subgroup of Moy.
From the tables in Appendix F, it is easy to check that the first condition
is satisfied by all 34 groups except the groups numbered 22, 30, 31, 32. As
for the remaining groups, the second condition is satisfied by at least one
generator g, except for groups 4, 5, 6, 13, 14.

1.3. Outline

Our paper is organized as follows. In Section 2, we recall some relevant
facts about holomorphic orbifolds, focusing on properties of the associated
twisted twinining partition functions. We explain the important role played
by the third cohomology group H?(G,U(1)), where G is a finite automor-
phism group of the holomorphic CFT. In particular, this cohomology group
controls the modular properties of the twisted twining partition functions.
After discussing these properties in a general context we restrict to the rele-
vant case of G = My, for which we recall the main results of [17, 18]. Section
3 introduces some aspects of symmetric products of holomorphic CFTs and
the connection with Hecke operators. In Section 3.2 we then introduce the
key notion of twisted equivariant Hecke operators that will play a crucial role
in what follows. In Section 3.3 we use the twisted equivariant Hecke opera-
tors to define second-quantized twisted twining genera ¥, j, and we compute
their infinite product expansions. The connection with Mason’s eta-products
is then made in Section 4 by evaluating ¥, 5, in the limit 2 — 0. The modular
properties of the second-quantized twisted twining genera are analyzed in
Section 5.2. Finally, in the concluding Section 6 we summarize our results
and give some ideas for future research. Various background material, tech-
nical calculations and tables have been relegated to the appendices.

2. Twisted twining partition functions

In this section we review the main properties of the twisted twining partition
functions associated with the orbifold of a CF'T C by a finite group G of sym-
metries [39, 53, 54]. When C is a bosonic CFT, these are modular functions
Zgn(T) on the upper-half plane H, associated with each commuting pair
g,h € G. For superconformal field theories the analogous functions include
the twisted twining genera ¢, (7, ), which are Jacobi forms on H x C. Our
main interest is the case when C is a putative N' = 4 super-vertex algebra at
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central charge ¢ = 6 with automorphism group G = My, but we shall keep
the discussion general whenever possible. We emphasize that the existence
of such a super-vertex algebra is not established and its definition seems to
be problematic. Despite these issues, the properties satisfied by the twisted-
twining genera are analogous to the ones expected for a non-linear sigma
model with target space K3, although no such model has a group of sym-
metries containing Moy. Finally, we will provide an abstract formulation of
Mathieu moonshine [1-5, 12] and of its generalized version [17, 18].

2.1. Definition and basic properties

Consider a two-dimensional CFT C and let G be its symmetry group, i.e.,
the group of linear automorphisms of its space of states H that preserves
the OPE of the corresponding fields and fixes (at least) the left- and right-
moving Virasoro algebra. Given such data, one can construct a new CFT by
considering the orbifold of C by (a subgroup of) G. The first step in the orb-
ifold construction consists in introducing, for each g € GG, the g-twisted fields
Eg, generating a g-twisted space of states H,. The defining property of the
g-twisted fields is that every field of C has a non-trivial monodromy g when it
is moved along a (sufficiently small) closed path encircling the twisted field
Egy. The orbifold theory is defined by including all twisted sectors in the
spectrum and then restricting to the G-invariant part. The orbifold theory
is a consistent CFT provided certain conditions (in particular, the level-
matching condition), assuring the locality of the OPE of twisted fields, are
satisfied.

Even if the consistency conditions for the orbifold theory are not satis-
fied, it makes sense to consider the g-twisted sector H, as a module over the
Virasoro algebra (or more generally, over the G-invariant part of the chiral
algebra of C). Let us consider the case where C is a holomorphic CFT, so
that it coincides with its chiral algebra, which is a self-dual vertex opera-
tor algebra (VOA). Then, under suitable assumptions, there exists a unique
irreducible g-twisted sector H, for each g € G [39]. The action of a generic
element h € G on C induces a linear map

(2.1) Pg(h) i Hg — Hp-14n,

from the g-twisted to the h~'gh-twisted sector. In particular, when h
commutes with g, it defines an endomorphism of H,, so that H, carries
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a representation p, of the centralizer
(2.2) Ca(g) :={h € G : gh = hg},

of g in G. It should be noticed that the representation p, of Cg(g) is in
general only projective. This fact will play a crucial role in what follows.

Let us define a g-twisted h-twining partition function on the upper half-
plane H by

(2.3)  Zgn(r) = Tru, (pg(h)g™0721), q:=€*"", g,h € G, gh=hg.

When g and h are the identity, this reduces to the usual torus partition
function for C. On general physical grounds, one expects the twisted twining
partition function Z,; to be given by a path-integral on an elliptic curve
E. = C/(Z + 7Z) with modular parameter 7, where the fields have mon-
odromies g and h around the generators —1, 7 of the first homology group
H\(E;,Z) = Z + 7Z. Furthermore, each twisted twining partition function
Zg 1, is a holomorphic function of the modular parameter 7 and is expected
to be a modular function under the subgroup I'y ,, € SL(2,Z), that preserves
the monodromies of the fields around the non-trivial cycles of the torus.

Analogous properties are expected for the twisted twining genera in
superconformal field theories with an extended (at least N' = (2,2)) super-
conformal algebra and a group G of symmetries preserving such an algebra.
The twisted twining genera are defined as traces

(2.4)

io_i(_l)F+FyJ0)7 Q2T . p2miz

gﬁg’h(T, Z) = TI"HgRR(thO_z%Lq
over the Ramond-Ramond (RR) g-twisted sector H?R. Here Jy is the zero
mode of a u(1) current algebra contained in the left A" = 2 superconformal
algebra (normalized so that the charges are integral) and (—1)F*¥ is the
total fermion number. This trace is computed by a path-integral with the
same ¢g- and h-twisted periodicity conditions for both bosonic and fermionic
fields, with the insertion of an operator y’°. Although these conformal field
theories are not chiral, the twisted twining partition functions are holomor-
phic with respect to both 7 and z and are expected to be Jacobi forms of

c

weight 0 and index § under the same subgroup I'y , C SL(2,Z) as above.
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2.2. Modular properties and the a-twist

We mentioned above that for a holomorphic CFT C with automorphism
group G, the twisted sectors H,, carry projective representations p, of the
centralizer C(g). This implies that p, satisfies

(2.5) pg(h)pg(h') = cg(h, W) pg(RN'),  h,h' € Calg),

where ¢4(h, h') is a phase, or, more precisely, a 2-cocycle representing a class
[cg] in H?(Cg(g),U(1)). As a consequence, the twisted twining partition
function Z, j, is not an honest class function on G, but rather satisfies

20 Zunln) = s Znln), € Calo)

which puts strong constraints on Z;;, (see Appendix B and [18]). The same
formula also applies to the twisted twining elliptic genera ¢ p,.

The role of the cohomology group H2(Cg(g),U(1)) can in fact be derived
from a more fundamental property of C, namely that consistent orbifolds of
a holomorphic CFT are classified by the third cohomology H?(G,U(1)).
Concretely, this implies there exists a U(1)-valued 3-cocycle a(g, h, k), with
(g,h, k) € G x G x G, representing a class [a] in H3(G,U(1)), which in turn
determines the class [cy] € H?(Cg(g),U(1)) via the formula [47, 48]

alg, z,y)alz,y, (zy) g(zy))
oz, z" gz, y)

(27) Cg(IE,y) = y 9,%,Y € G.

Thus, o characterizes the projective representations p,. The 3-cocycle « is
normalized, i.e., a(g, h, k) = 1 whenever at least one of its arguments g, h, k
is the identity. The cohomology group H?(G,U (1)) also controls the modular
properties of the twisted twining partition functions Z, p,, in the sense that
under a modular transformation (29) € SL(2,Z) they satisfy

ar +b
(2.8) €9 (2 5) Zgin-c g-vho (M> = Zgn(7),

where €,,(?%) is a U(1)-valued multiplier system® for SL(2,Z) that can
be explicitly constructed from the 3-cocycle (g, h,k) (see Appendix B).

3This was called x5 in [18].
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Furthermore, (2.6) generalizes to

cq(h, k)
2.9 Z = gkt keG
( ) 97h(7—) Cg(k,k_lhk) k=1gk.k hk(T)v cG,

where conjugation is taken within the whole group G. In [17, 18] these
properties were used to constrain and determine all of the twisted twining
elliptic genera ¢, 5, for g, h a commuting pair in May.

Given the rather complicated modular action in (2.8) it turns out to
be very convenient to introduce a certain slash operator which combines the
action of SL(2,Z) on (7; g, h) with the conjugation by G in (2.9). In addition
this must incorporate the multiplier induced by the cocycle twist. To define
the slash operator we must first define the following twisted modular action
on commuting pairs of elements (g, h) in G:

(2.10)  (3,k) < (g,h) — (kgk™ ", khk™ ")y ™" = (kg®h ™k kg "Rk 1),

Here, (v,k) = ((¢%).k) € SL(2,Z) x G.
When acting on twisted twining partition functions Z,j the a-twisted
equivariant slash operator is defined as follows:

(2.11)
Zg,h(T)|Oé(77 k) = 6g,h(’}/? k)Z(‘/,k)-(g,h) (fy ' T)v (77 k) € SL(27 Z) X Ga

where €, 1,(7, k) € U(1) is a phase which depends on the choice of 3-cocycle o
representing a class [a] € H3(G,U(1)) (see Appendix B.2. for more details).
When k = e this phase reduces to the phase €, (7,€) = € n(7) in (2.8),
while for v = 1 we have that €, (1, k) is identified with the phase in (2.9).4

The class [a] € H3(G,U(1)) is part of the defining data of a holomorphic
CFT C with finite automorphism group G. In general the twisted twining
partition functions Z, (1) associated with C are invariant under the a-
twisted slash operator

(2.12) Zgn(T)la(7, k) = Zg (7).

Different choices of representative « in the class [ are related to each other
by rescalings of Z, (1) by overall (g, h)-dependent phases. More precisely,

4This phase was called &, p, in [18].
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if two normalized 3-cocycles o and o/ differ by a 3-coboundary 943, i.e.,

B(91,9293)3(92, 93)
B(9192, 93)6(91, g2)

for some 3 : G x G — U(1), with 8(e,g) = B(g,e) = 1 for all g € G, then the
corresponding twisted twining partition functions Z,; and Zsly,h are related
by

(2.13) a(g1,92,93) = (g1, 92, 93)

B(g,h)
B(h,g) Zh(7,2).

We also define the a-twisted slash operators on the twisted twining gen-
era ¢g4 5, by the natural generalization of (2.11) to Jacobi forms of weight 0
and index 1:

(2.15)

_ 2mimez? z
g n (T, 2)|a (v, k) = €gn(v, ke er+d Qpgip—cp1, kg-vhe k1 <V'T, c¢+d> )

(2.14) () =

2.3. (Generalized) Mathieu moonshine

The elliptic genus of K3 is defined in physics as a refined partition function

(2.16) ) )
¢r3(T,2) = Try(gommigho e (= 1)THy ), = ™7,y = €27,

of certain conformal field theories with A" = (4,4) superconformal algebra
at central charge ¢ = 6, namely non-linear sigma models with target space
K3. The only states contributing to this partition function are the RR right-
moving ground states, i.e., with Lg — i =0.

In [1], Eguchi, Ooguri and Tachikawa conjectured a relationship (subse-
quently dubbed Mathieu moonshine) between the elliptic genus of K3 and
the largest Mathieu group Moy. It is useful to formulate the Mathieu moon-
shine conjecture (now a theorem, thanks to [12]) in terms of an abstract
representation H of the (holomorphic) N =4 superconformal algebra at
central charge ¢ = 6, which is also a module for the Mathieu group May4.
Heuristically, H can be interpreted as the spectrum of R-R right-moving
ground states in a generic K3 model, although it is known that no such
model has My as its symmetry group [8, 11]. The module H also admits a
Zo-grading by a “right-moving fermion number” (—1)%, which is preserved
both by the N = 4 superconformal algebra and by the action of Myy. The
precise statement of the conjecture is as follows.
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Theorem (Mathieu moonshine). There exists unitary Ramond repre-
sentation H of the N' =4 superconformal algebra at central charge ¢ =6,
Zo-graded by the “right-moving fermion number” (—1)F, that carries a non-
trivial action of the Mathieu Msy commuting with both the N = 4 algebra
and the Zs-grading. Furthermore, for each g € Moy, the twining genus

(2.17) ¢g(T,2) :=Try(g qLO*ing(—l)FJFF), g € Moy,
(q := €™, y := €2™%) is a weak Jacobi form of weight 0 and index 1 (pos-
sibly with multiplier) under To(N'), where N is the order of g. In particular,
e 1s the elliptic genus of K3.

A list of Jacobi forms ¢4, g € Moy, satisfying the expected modular prop-
erties was proposed in [2-5] (see Table A in Appendix F for the explicit
expressions) and the existence of the corresponding module H was proved
n [12]. The module H is not uniquely determined by this description, since
one can always adjoin to H a pair of isomorphic representations of the N' = 4
algebra and Ms4 with opposite right-moving fermion number, so hat they do
not contribute to any twisted twining genus. However, there is a “minimal”
module that contains no such pair of representations and this is uniquely
determined by the twining genera ¢4. Remarkably, in this minimal module,
the only A/ = 4 representations with negative (—1) are the BPS ones. It is
believed that the module H and the Jacobi forms ¢, of [2-5] are the unique
solutions of the Mathieu moonshine conjecture, although this has not been
proved yet.

In the same spirit, generalized Mathieu moonshine can be expressed in
terms of the existence of twisted modules H, and twisted twining genera

¢g,h-

Conjecture (Generalized Mathieu moonshine). For each g € Moy,
there exists a Za-graded unitary Ramond representation Hy of the N =
4 algebra at central charge ¢ =6, that carries a projective representation
pg: Ci,(9) = GL(Hy) of the centralizer of g in Mays, with group law

(2.18) pg(h)pg(k) = cg(h,k)pg(hk), h,k € Ch,,(9),

where cq(h, k) is defined by (2.7) in terms of a normalized 3-cocyle o rep-
resenting a primitive class in H3(May,U(1)) & Z12. The operators py(h)
commute with the N = 4 algebra and with the right-moving fermion number
(—-1)¥', and we have

(2.19) pglg) = ™00,
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Furthermore, for each pair of commuting elements g, h € May, the function

(220) ¢g,h(7'7 Z) = Tng (pg(h)qL()iing (_1)F+F)7

satisfies the following properties:

(A) For g = e, where e is the identity element of My, the functions ¢ p
coincide with the twining genera ¢y, constructed in [2]-[5]. In partic-
ular, ¢ee s the elliptic genus of K3.

(B) Elliptic properties:
(2.21) Ggn (T2 + 07 + ) = e72ETH) 4 (1 2), 0,0 e
(C) Invariance under the a-twisted slash operator (see Equation (2.15))

(2.22) g n (T, 2)|a(v: k) = g n(T,2), (7,k) € SL(2,Z) x May.

In particular, each ¢4, is an even weak Jacobi form of weight 0 and
index 1 under a group I'g ), € PSL(2,7), with multiplier x4 depend-
mng on .

These conditions were presented in [17] where all the functions ¢4, were
explicitly found, and strong numerical evidence was given that they decom-
pose into projective characters of Cyy,,(g) with respect to the N/ = 4 alge-
bra. It was also proven in [17] that there exists a unique cohomology class
[a] € H3(May,U(1)) for which (A) to (C) can be satisfied and that, for each
choice of a normalized representative «, the functions ¢, satisfying (A) to
(C) are uniquely determined. If two normalized 3-cocycles a and o’ differ
by a 3-coboundary 93, as in (2.13), then the corresponding twisted twining
genera ¢4 and %,h are related as in (2.14)

B(g, h)
B(h, g)

The explicit expressions for ¢4 derived in [17] are collected in Table
Appendix F in Appendix F. Although the existence of the modules H,
matching (2.20) is not proven yet for g different from the identity, strong
evidence in this direction has been given [17]. In the rest of the paper, we
will assume that the conjecture holds. As in the ordinary moonshine case,
one can choose minimal modules H,, such that the only states with neg-
ative (—1)f" are contained in irreducible BPS representations of A' = 4. In

(2.23) ¢fq7h(7, z) = bg.n(T, 2).



420 Daniel Persson and Roberto Volpato

fact, the results of [17] suggest that such states only appear in the untwisted
sector Hy—e.

2.4. Geometric perspective

Before we close this section we shall offer a more geometric perspective on the
twisted twining genera which will be useful later on. In [55], Ganter showed
that the natural home for the Norton series f(g, h; 7) [19] is the equivariant
elliptic cohomology developed in [56]. We shall here give a short review of
Ganter’s perspective, adapted to the case of Jacobi forms on Hy x C, as
opposed to modular forms on H .

Let P be the set of pairs of commuting elements of Moy

(2.24) P :={(g,h) € Moy | gh = hg},

and P the set of conjugacy classes of such pairs, i.e., the quotient of P
with respect to (g, h) ~ (k~'gk, k= 'hk), for any k € Moy. The set P can be
identified with the set of isomorphism classes of principal Mos-bundles over
the elliptic curve E. = C/(Z + 7Z). One can then consider the associated
moduli space® of principal Mays-bundles on E-

(2.25) M =P x (Hy x C)/ Moy x (SL(2,Z) x Z?).

For each pair (g, h) € P there exists an (SL(2,Z) x Z?)-equivariant line bun-
dle

£§7h
(2.26) 1

M

which is twisted by the 3-cocycle oo € H3(May, U(1)) [55]. Thus, for fixed
(g, h) we can think of the twisted twining genus ¢, 1, as a section of [’?, 5- The
twist by « in the bundle E; ;, accounts for the a-dependent multiplier phases
occurring in the modular transformations of the twisted twining genera. In
the cases when « describes a trivial class in H?(Mag, U(1)), the bundle oh
is canonically trivialized and the associated ¢, j, exhibits no multiplier phase.
The interpretation of the twisted twining genera as sections of E;‘,h will in
particular play a role in Section 3.3 when we discuss twisted equivariant
Hecke operators.

5This should really be a moduli stack but we ignore this technical point; see [55]
for a more precise description.
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3. Second quantization of Mathieu moonshine

In this section we construct the second-quantized twisted twining genera
¥, 1, as the exponentiated generating function of certain twisted equivariant
Hecke operators acting on ¢, 5. The forms ¥, ; have a natural interpreta-
tion in terms of generating functions of the twisted twining genera in the
symmetric orbifold CFTs and we therefore begin by reviewing some relevant
facts about symmetric orbifold theory. Having defined the functions ¥, ; we
also show that they have infinite product expansions.

3.1. Symmetric Orbifolds and Hecke Operators

Given a holomorphic CFT, or self-dual VOA, C with a group G C Aut(C) of
automorphisms, let us consider the theory C®% obtained by taking the tensor
product of L copies of C, for some L > 1. The group of automorphisms of
C®L contains the direct product of the symmetric group Sz, and the group G
acting diagonally on all copies of C.% The twisted twining partition function
Zgi of the theory C®%, associated with a pair of commuting elements (g, h)
of the diagonal group G, is simply the L:th-power of the twisted twining
partition function Z, in the original theory C:

(3.1) Z8,7 (1) = Zyp(r)E

In other words, the path integral on the torus with boundary conditions
g,h in the product theory C® is simply the product of L copies of the
path integral in the original theory with the same boundary conditions. In
particular, if Z,, is 1nvar1ant under the a- tw1sted slash operator for some
3-cocycle a, then ZC is invariant under the a“~twisted slash operator.

The L:th symmetrlc orbifold SEC of C is defined as the orbifold of C®F
by Sr, and its group of automorphisms contains the diagonal G. Therefore,
one can define the twisted twining partition functions

(3.2) Z8) () = 75,6 (r)

in each symmetric product. These partition functions can be computed using
the usual formulae for orbifold CFTs.

6 Actually, Aut(C®%) contains the wreath product S; 1 G := Sp x (G x - x G),
i.e., the semidirect product of S; and the direct product GF :=G x --- x G of L
copies of G, with Sy, acting on G by the obvious permutation.
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The orbifold formula for Z h) can be nicely understood in the geometric
setting of Section 2.4. Recall that the twisted twining partition function
Zg n(7) of a VOA C with Aut(C) = G is a section of a (a-twisted) line bundle
Ly, over the moduli space M of G-bundles over the elliptic curve £ = C/A
with A = Z + 77Z. In this picture, g and h correspond to the monodromies
around the cycles —1 and 7 of the elliptic curve.

As shown in [23], Z (Lh) can be expressed as a sum of contributions from

g7
all isomorphism classes of unramified L-fold coverings Y : £/ — E, namely

L
(3.3) Z8) (r) ~ 3 Y*Zy (1),
isomorphism classes of
L-fold coverings
Y:E'—E
up to a suitable normalization. Here, T*Z j is simply the partition function
associated with the pull-back T*L’a — E’ of the line bundle [ZC“

Up to isomorphisms, we can con81der coverings that preserve the base-
point of the elliptic curve. Any connected unramified base-point preserving
L-fold cover of E = C/A is given by E' 2 C/AN — FE, z+— z, where A is a
sublattice of index L in A. In turn, the sublattices of index L are given by
AN = MA for any M in the set

(3.4) MatL(Z)::{<CCL b)\abcdeZad be=L }

of integral 2 x 2 matrices M of determinant L. In particular, when L =
1, the covers Y : £/ — E are actually isomorphisms and are classified by
Matq(Z) = SL(2,Z). Let T, denote the isomorphism associated with a spe-
cific choice of v € SL(2,Z). The pull-back Y%7, then coincides with the
slash operator

(3.5) Y Zgn(T) = Zgn(7)lalr,€), v € SL(2,Z).

For generic L > 0, the isomorphism classes of coverings are in one to one
correspondence with the cosets

(3.6) SL(2,7)\ Mat(Z),

and a set of coset representatives is given by

(3.7) (‘OL Z) ad=1L, a,d>0, 0<b<d.
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Therefore, the contribution to the partition function Z{th) (1) from the
connected L-fold coverings is given by

(3.8) T Zgp(1) = Y Zgn(T)

MESLy(Z)\ Mat, (Z)

Zg,h(T)‘Oé(M7 6)7

MESL,(Z)\ Mat, (Z)

where |, (M, e) is a suitable generalization of the slash operator to Mat,(Z),
that will be discussed in the following sections and in Appendix C.

The full twisted twining partition function Z;Lh) is given by the sum over
connected and disconnected L-coverings. The result is most easily expressed
in terms of a generating function, which is given by the plethystic exponential
of the connected contribution

(3.9) S otz ) = eXp(Z pLnggﬁh(T)).
L=0

L=1

Explicit formulae for the (a-twisted) equivariant Hecke operators 7* defined
by (3.8) will be discussed in more detail in Section 3.2 and Appendix C.

3.2. Twisted equivariant Hecke operators

The exponential lifts W, ; of the twisted twining genera ¢, are the ana-
logue of the generating functions (3.9) for superconformal field theories. In
particular, they can be defined in terms of some set of Hecke operators that
are compatible with the properties (A) to (C) in Section 2.3. This means
that the Hecke action should be compatible, i.e., equivariant, with respect
to the May-action on the pair (g, h), and it should incorporate the a-twist in
the modular transformation. Equivariant versions of Hecke operators acting
on modular forms was proposed by Ganter [55] in the context of generalized
Monstrous moonshine, and we shall see that this result also applies here
after some minor modifications.

3.2.1. Generalities on Hecke operators. Hecke operators are linear
operators acting on modular forms. Specifically, for each L > 1 there is an
operator T, that acts on a weight k£ modular form f(7) and produces another
modular form T7, f(7) of the same weight. On modular functions, i.e., weight
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k = 0 modular forms, the Hecke operator is defined by

(3.10) T f(r) == % 3 f (Z::Z) .

(‘Z 3) €SL(2,2)\ Mat(Z)

These operators have a natural generalization to Jacobi forms given by [57]
(restricting to the weight 0, index m case)

1 —mLcz? at +0b Lz
(3.11) Tpo(r2) = 7 3 e ( ) .

ct+d ecr+d
(@5)esLEz)\ Mat. (2)

In fact, on Jacobi forms there exists an additional Hecke operator Uy with
the simple action

(3.12) ULé(7,2) == ¢(7, L).

These operators map Jacobi forms of weight 0 and index m to Jacobi forms
of weight 0 and index Lm and L?m, respectively. They also form a Hecke
algebra, with the relations

T - Ty = Thun, for ged(m,n) =1,
Um : Un = Umn7

1
Tp . Tpm = Tp7n+1 + ETpm,fl M Up’ fOI‘ p prime.

It is easy to see that a set of representatives for the quotient SL(2,Z)\
Matr,(Z) can always be chosen of the form (3.7). This allows us to write the
action of T, on ¢(7, z) as follows

4= at + b )
a,d>% gﬂ ( .

3.2.2. Twisted equivariant Hecke operators: main definition. The
standard Hecke-operators T, map weak Jacobi forms of weight 0, index 1 to
weak Jacobi forms of weight 0, index L. In the generalized setting the analo-
gous statement implies that we should have equivariant Hecke operators T
that map sections of L7, to sections of the product bundle (L7, )®L where
Eg , — M is the line bundle discussed in Section 2.4. In fact, because of the

(3.17) Tro(r,z) =

S
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cocycle-dependent multiplier phases arising in the modular transformations
of the ¢4, we need to introduce a certain a-twisted version 7, of the equiv-
ariant Hecke operator. More explicitly, if the sections of £g‘h correspond to
holomorphic functions ¢4, on the covering space P x Hy x C of M, with
an automorphy factor determined by a 3-cocycle «, then 7/*¢, j, should cor-
respond to holomorphic functions whose automorphy factor derives from the
L:th power al of the 3-cocycle.

Since the detailed analysis is rather technical, we will postpone it to
Appendix C and just quote the explicit formula for the action of the Hecke
operators on a twisted twining character ¢,

d—1
at +b
(3.18) T dgn(T, 2) Z Zeg:h gbg g_bha< 7 ,az),

ad>0 b=
ad=L

(319> ug(bg,h(Ta Z) ‘= €g,h (6 2) (bgL,hL (7-7 LZ),
where

Hz 1 Cg(h hz)
H;l;% cgfbha (gv g]) Hk:l Cg(g’ gikha)d

(3.20) egn (85) =

and ¢q4(2,y), 9,2,y € G, depends on the cocycle o that determines the auto-
morphy factor of ¢, p, via (2.7).

As discussed in Appendix C, these Hecke operators satisfy the Hecke
algebra (3.13) to (3.16). The explicit expressions for 7,*¢, p, for L = 1,2, 3,4,
in the case of Mathieu moonshine are collected in Appendix F.

Note that the phases €, (“ Z) are trivial whenever ¢ is the identity
or when the restriction of the cocycle a to the group (g, h) is trivial. An
example where non-trivial phases appear is given by 7;*¢, 4, where g is in
class 2B of Ms4. These phases can be understood by first considering

(321)  Tf¢ey(T,2) = % (gf)e,e(%', 22) + e g (;Z> + deg (T ; 1,z>) 7

and then imposing the relations

(3.22)
—4miz? 1 z
TQagbg,e(Ta Z) =e - 1 ¢e,g ( iy 7_) ) 7—2a¢g,g(7_> Z) = T2a¢g,e(7_ +1, Z)-
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Using the modular properties of ¢, 4, we obtain

1 1
(3.23) T3'dge(T,2) = B <¢g,e(2¢, 22) + dee (%, z) — Qe g <T;r,z>> ,

1 1
B20) T005(r.2) = (~0002n22) — dug(5,2) +0ne (T3 ) ).

where the minus signs in the last two equations are due to the non-trivial
multiplier system of the twining genus ¢ 4.

3.2.3. Central extensions. Rather than considering the projective rep-
resentation pg of the centralizer Cyy,,(g), it is often useful to work with a
linear representation of a central extension

(3.25) 1=U(1) — Chp,,(9) = Car(9) — 1.
The group Cf; (g) can be constructed explicitly in terms of generators and
relations. Let q(x) := €2™@ x € R/Z, be the generator of the central U(1)

factor and consider one generator h, for each h € Chy,,(g). Then, Cf; (9)
is generated by all such elements subject to the relations

(3.26) haka = q(pg(h, k) (hk)a,  q(x)ha = hag(z)
for all h,k € Chr,,(g). Here, pg(h, k) € R/Z is defined by
(3.27) e2mins(k) — ¢ (b k),

where ¢g4(h, k) is the 2-cocycle determining the projective representation pg
as in (2.5). This definition provides also a canonical lift

(3.28) h i ha,

from Cp,, (g) to its central extension Cf; (g). By construction, the g-twisted
sector carries a genuine representation p, of Cf | (9), with

(3.29) Po(a(x)) = €™, pg(ha) = pg(h),

for all h € Cyp,,(g), x € R/Z. A less trivial observation is that also the
g"-twisted sectors, for all r € Z>g, carry a genuine representation pg, of
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C41,,(9), defined by’

(3.30) porla(x)) = e%im, Pgr(ha) = pgr(h) = ;5’;((};1))7

for all h € Ci,,(9) € Cap,u(g"), ® € R/Z, 1 € Z>0, where

r—1

(3.31) far(m) =[] enlg. 9"

=1

The fact that py .- are well defined representations of C'f; (g) is an immediate
consequence of the identity

(3.32) cge(h, k) = Jor (M) g (k) co(h, k), R,k € Clg),

fo.r(hk)

which follows from the definition of ¢, in terms of o and repeated appli-
cations of the cocycle condition for a. Notice that f,1(h) =1 for all h €
CM24 (g)? so that ﬁg = ﬁg,l'

If o and o are different cocycle representatives of the same cohomology
class [a], then the central extensions are isomorphic C§; (g9) = C{y (g),
although the corresponding lifts h, and h, are different. In particular, for
special choices of the representative cocycle «, it is sufficient to consider a
central extension of Cyy,,(g) by a finite subgroup of U(1). With slight abuse
of notation, we will denote also these finite central extensions by Cf§; (g).
See Appendix D.2 for more details on these special choices for .

3.2.4. Twisted equivariant Hecke operators: alternative definition.
The a-twisted equivariant Hecke operators are more easily defined in terms
of the central extension Cf; (g) described in Section 3.2.3. Set

(8:33) by, (r2) = Ten,, (for(ha)a™ Fy S (~1)7FF)

“We denote by the same symbol pg,r also the projective representation of Ciy,, ()
on Hyr with pg (k) := pgr(h)/ fg.r(R).
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so that
(3.34)
Gyt gmone (T2 2) = Trr, (ﬁgd<g>-bﬁgd<h>“q% Gyl (-1)7F)

C h hl - —bra _ e 3 o
- HHZ =! (Z(gk;a) 1,0 (Boala™h®)g =5y R (-1)P+F)
k=1"*~9\Y>

— Hz 1 Cg(h’ hl)
H;l;% Cgfbh“ (g’ gj) Hk:l Cg(ga g—k’ha)d
x Try , ( (g7 glo 22yJ§(_1)F+F>

= €g,h (8 2) Pga g—vha (T, 2).

Therefore, we can reinterpret the a-twisted Hecke operators 7;/* acting on
the twisted twining genera ¢, 5 as (untwisted) equivariant operators acting
on the twisted twining genera ¢g4_ p,

b
(3.35) Ty n(, > Z Z%a,ga e (‘”* z) = Tidy (7 2).

ad L b=0

This form of the Hecke operators will turn out to be very useful for some of
the calculations in sections 3.3 and 4.

3.3. Second-quantized twisted twining genera

3.3.1. Definition. For any Calabi—Yau manifold X, one can define its
second-quantized elliptic genus ¥ x as the exponentiated generating function
of the orbifold elliptic genus ¢gr x (7, 2) of the symmetric products S* X [23].
In fact, [23] gave three equivalent expressions for W x:

Zp (TrLox)(, Z)]

— H (1 pnqmyf) c(mn 8)7
n>0,m>0,
e

(3.36) Ux(o,7,2) = Zp dsrx(T,2) =exp

where we have set

(337) q= ezﬂiT Y= 627Tiz p= 627T’ip’
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and ¢(mn, ¢) are the Fourier coefficients of the elliptic genus of X:

(3.38) ox(71,2) = Z c(m, )g™y".

m>0,0€EZ

Here, Ty, are standard Hecke operators defined in (3.17).

It was shown in [50] that ® = Ax /U x, where Ax is a simple correction
factor (“Hodge anomaly”) that is determined by the Hodge numbers of
X, transforms as a Siegel modular form for some congruence subgroup of
Sp(4;Z).

Taking the formula (3.36) as a starting point, we now wish to define the
second-quantized twisted twining genera as follows:

)

(3.39) Wyn(0,7, 2) := exp [Z PH(TE Gop) (7, 2)
L=1

where 7/ is the twisted equivariant Hecke operator defined in (3.18). We
will later show that after including a correction factor A, the functions
VU, , transform as Siegel modular forms for some discrete subgroup Fg )
Sp(4;R) that contains the invariance group I'g; C SL(2,Z) of the tw1sted
twining genera ¢g j.

Note that the definition (3.39) depends on the choice of a normalized
3-cocycle a. If @ and o' differ by a 3-coboundary 93 as in(A.5), the corre-
sponding twisted twining genera are related as

(3'40) TL&I ¢;,h(77 z) = eQﬂiyg’hL,TLagbgvh (Tv Z)?
where v, 5, € R/Z is defined as

627rz'zzg‘h — 5(91 h)

(3.41) (h.g)

so that
(3.42)

MCESE fexp(ZpLTL Gyn(7:2))

o]
(3.43) :exp<Z(ezm”g”LP)L T bgn(T, Z)) =Vyn(o+vgn, T, 2).
=1

Therefore, a different choice for the cocycle representative o simply amounts
to a redefinition 0 — o + v, of the variable o.
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3.3.2. Infinite product representation. We shall now derive infinite
product representations for the second-quantized twisted twining genera
U, n in terms of the Fourier coefficients of ¢g 4.

Let us consider a generic commuting pair of elements g, h € Msy, with
the cocycle o inducing a possibly non-trivial multiplier for ¢, 5. Let N = o(g)
be the order of g and A the length of the shortest cycle of g in the 24-
dimensional permutation representation (see Table A in Appendix F). Then,
the lift g, of g to the central extension Cf; (g), as defined in Section 3.2.3,
has order NA (see Appendix D.2). For any h € Cyy,,(g) the associated
twisted twining genus ¢, 5, has a Fourier expansion of the form

(3.44) Ggn(T,2) = ZZCQ}‘(N)\ )q” yz,

n=0 (EZ

where, in particular, cg 4, (NA,E) = O unless n = —1 mod A. Let M = o(hy)
be the order of the lift hy of h to the central extension Cfy (9).2 The
logarithm of the second-quantized twisted twining genus of ¢, 5 is

(3.45)

log W, (0, 7,2) = Zp T ¢g (T, 2)

_ Z Zzze% ) cgngone (5500)
a,d= 1 b 0 ¢eZ n=0

27mibn al ad

€ NXd qN/\dy p

d—1
=% S ey () R

a,d= 1 éEZn 0 b=0

271'1t(a k)

o0
1
=2 Z ZZdZ s (3750)
a,d=1 tk: 0 LeZ n=0
27mibn al ad

€ NXd qN)\dy p
00 M—-1 27r1t(a k)

1
= — ZF,adk,g)aﬁad
a,d=1 a t,k=0 LeZ

8We assume that a is chosen in such a way that the order is finite.
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where

U
—

2mibn n an
kb
€ N2d €g.n (0 d) Cgd,g=bhk (N)\’E) qan>.

SHN

(3.46) Fyn(a,d,k,0) ==
n=0

o
Il
o

In Appendix D.1, we show that this sum can be rewritten as follows:
(3.47)

oo 1 AN-1 md
27ibm am
ngh(a,d,k‘,é) = Z Ni)\ e NX Eg,h (18 Z) nghq—bhk (M,€> qnNx.
m=0 b=0

By plugging this expression into (3.45) we obtain

(3.48)
- = iy > 1 27 a
o 0079 =32 30 3 3yl 103 2 (e )
d=1m=0 (€Z t=0 a1
oo oo M-1
=->_> q.n(dm, 1)
d=1m=0 ¢eZ t=0
2xit m_ g g
XlOg 1—ewnm qz\uyp)’
where
(3.49)

M AN
k=0 b=0
X Ty 2.0y (Boa(9) " Bga()F(~1)"F)

Equation (3.49) implies that ¢, ,(d, m, ¢,t) admit an interpretation as a Zo-
graded dimension (with the grading given by (—1)¥+) of the simultane-
ous eigenspace for py4(g) and pg q(h), restricted to Hgd(m—f\,f), relative to
the eigenvalues e and e%, respectively. In particular, ég 5 (d,m, ¢, t) is
always an integer.
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Thus, for the inverse of the second-quantized twisted twining genus we
obtain the infinite product expression

1 =
, R _ E To
(3.50) U, n(o,T,2) P ( L:1p £@gn(T Z)>

0o 0o M-1 i
=TTITIIIT (- e o)

d=1m=0/¢eZ t=0

ég,h (d,m,&t)

Note that (3.49) makes sense also for d = 0, so that the infinite product in
d and m can be symmetrized to obtain

M-—1 .
1 2mit  _m_ Cq,n(dm,Lit)
(351) ®gn(o,72):=pgvvy [[ ] (1 — e qmz/pd) 7
(dm,£)>0 t=0

where the first product runs over

LeZ, £<0, fm=0=d
(3.52) d,m € Z>o and €5 f<b dm } ’
- leZ, otherwise.

The prefactor pg¥xy in (3.51) has been chosen in such a way that @, sat-
isfies suitable automorphic properties, that will be described in Section 5.2.
One can rewrite ®, 5, in terms of the original ¥, ;, as

pq/}g,h (T7 Z)

3.53 S, p(o,1,2) = ,
(3:53) (o, 7) = g

where 1), 5, includes the d = 0 factors in (3.51) and takes the form

M-1
(354) ¢97h(T’ Z) = quxy H (H(l _ 62;1” yé)égwh(o,o,g,t)>

t=0 \¢<0

0
X <H H (1 — ewa\ﬁyé)ég,h((),mj@) )

leZ m=1

The numerator in (3.53) is the analogue of the “Hodge anomaly” in [50].
Infinite products of the form (3.51) were studied in [37], where it was
shown that they converge for (7 Z) in a suitable domain of the Siegel upper
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half-space of 2 x 2 complex symmetric matrices with positive-definite imag-
inary part

(3.55) H := {Z € Mats(C) | Z = 2, ImZ > 0}.

Furthermore, these products can be analytically continued to meromorphic
functions on the whole Hy, with zeroes and (possibly) poles along the ratio-
nal quadratic divisor [58] (see Section 4.2). As will be discussed in Sec-
tion 5.2, the @, j, are Siegel modular forms under certain discrete subgroups
of Sp(4,R).

The forms @, depend on the choice of the cocycle representative a. If
a and o differ by a 3-coboundary 0/, then the corresponding forms @, 5,
and <I>’g7h are related by a shift in o and an overall phase

(3.56) (I);,h(07 T,2) = 6_271—7;1/-‘7”1@97}1(0' +Vgh, T, 2),

2Mivy n B(g,h)
B(h.g)"

where v, j, satisfies e

3.3.3. Multiplicative versus additive lift. The construction of a Siegel
modular form ®(o,7,2) from a (weak) Jacobi form ¢(7,z) via an infinite
product representation, as exemplified by (3.51), is generally referred to
as a multiplicative (automorphic) lift. The Jacobi form ¢ is said to be the
multiplicative seed of the lift (see, for instance, [50, 51, 58, 59]), and we write

(3.57) ® = Mult[g)].

It should be stressed that the definition of ®, ;, in this paper is based on the
(a-twisted) equivariant Hecke operators 7* rather than the ordinary 77, as
in the standard multiplicative lifts. As a consequence, the infinite product
expression (3.51) involves the Fourier coefficients of many distinct Jacobi
forms ¢ga 4140, rather than a unique ¢ as, for example, in [58].

In some cases, one can also obtain the Siegel modular form using a dif-
ferent procedure, known as the additive lift.? In this case, the Siegel modular
form is constructed as a certain generating function (without exponentia-
tion) of Hecke operators acting on a different Jacobi form ), which is then
called the additive seed. For 1 (r,z) a Jacobi form of weight k we write

9This generalizes the Saito—Kurokawa—Maass lift defined in [57].
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Y(0,7,2) = pip(7, z) and define the additive lift as

(3.58) O = Add[y] := > m* ¥(T, ) (0,7, 2),

m>1

where T, is a certain Hecke operator; see, e.g., [60] for the precise definition
and properties of the right-hand side.

As an example, consider the case of the Igusa cusp form @1 (correspond-
ing to ®. ). The multiplicative seed is the K3 elliptic genus ¢. . = ¢o 1 which
is the unique weak Jacobi form of weight 0 and index 1. The multiplicative
lift yields an infinite product formula for ®19 [61]:

)

c(d,m,0)
(3.59) Oy = Mult[go1] =pgy ] (1 - qmyépd)
(d,m,0)>0

where ¢(d, m, () are the Fourier coefficients of ¢g 1. This is indeed obtained
from (3.51) by restricting to (g, h) = (e, e). As explained in [51] one can also
obtain this Siegel modular form via an additive lift from the seed ¢10,1 (the
unique weak Jacobi form of weight 10 and index 1):

(3.60) P10 = Add[¢r10,1].

We now observe that the additive seed ¢10,; can be expressed as ¥(r, z)?
n(7)'® which is precisely the symmetrization factor 1,5 in (3.54) when
restricting to (g, h) = (e, e). This is in fact a general feature that holds when-
ever a Siegel modular form can be realized both as an additive lift as well as
a multiplicative lift. It is a consequence of the fact that the additive seed v
is the first Fourier—Jacobi coefficient in the expansion of ® and it is precisely
this coefficient which appears as the prefactor in the symmetrization of the
infinite product. For purposes we thus expect that for all (g, h) for which an
additive lift exists we should have the following equalities:

(3.61) ®, 5, = Mult[p,,] = Add[th,)-

We stress that one can of course define an additive lift of a Jacobi form
via (3.58). However, it is not guaranteed that when applying this proce-
dure to 14 one will always reproduce the functions ®, ;. Moreover, not
all automorphic infinite products have associated additive lifts. In general,
we expect that whenever ®,; can be represented through an additive lift,
the seed will be 9, 5. In Section 5.3 we indeed verify this for a number of
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examples. For (g,h) = (e, h) modified versions of these additive lifts have
also been considered in [62].

4. Wall-crossing and Mason’s generalized moonshine for M,

Already in 1990, Mason proposed an M4 version of Norton’s generalized
moonshine conjecture [32, 33]. In this section, we will establish the connec-
tion between Mason’s generalized moonshine for My, and the recent Mathieu
moonshine involving the K3 elliptic genus. This involves taking the multi-
plicative lift ¢4, — ®4 1, defined in Section 3, after which the limit z — 0
reproduces the generalized eta-products 7, constructed by Mason [33].
Thus, the exponential lift ®,; links Mason’s generalized Ma4-moonshine
to the Mss/K3-moonshine considered here. This connection was first sug-
gested in [2] for the special case of the twining genera ¢; , = ¢j. A pictorial
overview of this relation is given in figure 1. We begin by reviewing Mason’s
construction of the generalized eta-products 7, and explain their interpre-
tation in terms of partition functions of twisted chiral bosons. Physically,
the Siegel modular forms ®,; have interpretations as generating functions
of twisted dyons in (CHL) orbifolds of N' =4 string theory, and the eta-
products emerge as a result of a wall-crossing formula, generalizing the one
written down in [2] for @ p,.

4.1. Mason’s generalized Ms4-moonshine

For each commuting pair (g, h) € May, Mason associates a modular func-
tion on the upper half-plane satisfying the requirements posed by Norton
in [19]. The starting point of Mason was the 24-dimensional permutation
representation of Moy in which each element can be associated to a cycle
shape, which describes the element as a product of cycles of permutations.
For instance, in this representation the identity element is represented by
the cycle shape 124, corresponding to the product of 24 identity permuta-
tions, while the elements in class 24 are represented by 1828, corresponding
to the product of 8 identity permutations followed by 8 consecutive order 2
permutations.

Mason’s functions were all given in terms of so-called eta-products,
namely products of Dedekind eta-functions. Suppose an order M element
h € Myy has cycle shape

(4.1) I14“,

oM
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on the 24-dimensional representation of May, for some integers i(¢). Then
one can associate an eta-product to h by

(4.2) () = [ n(er)™®.

oM

Mason found a generalization of such eta-products associated to “gener-
alized cycle shapes” labelled by commuting pairs (g,h) in M. We shall
denote these generalized moonshine functions by 7, ,(7).10 Let g,h € Moy
be a pair of commuting elements of order o(g) = N and o(h) = M and con-
sider their action in the standard 24-dimensional representation V of May,.

Let v1,...,v24 be a basis of simultaneous eigenvectors for g and h, rel-
2mir, 2mit, . .
ative to the eigenvalues (e”~ ,e a ), i=1,...,24, with 1 <r; <N and

1 <t; < M. Then, the eta-product 7, is defined as

24 oo

(4.3) nga(r) = a5 [T (1 —e 5 v +m),

i=1n=0

where A is the length of the shortest cycle of g. In particular, the eta-products
ny, of Equation (4.2) correspond to (g,h) = (e,h). The products 7y (or
rather their inverse) can be interpreted as h-twining partition functions for
24 g-twisted chiral free bosons.

As proven in [32], the eta products 7, j, satisfy the modular transforma-
tions

at +b
ct+d

(4.4) Vg h (‘é 3) (e + d) “ngip-c g-vpa < ) = Ng.1(T),

for some vy, (¢4) € U(1). The full list of Mason’s generalized eta-products
and the corresponding weights w can be found in Table C. Furthermore, by
definition, 7, are invariant under conjugation in Moy

(4.5) Mgk~ khk-1(T) = Ngn(T).

4.2. Connecting the two moonshines via wall-crossing

The connection between the K3/Mas-moonshine for twining genera ¢, (7, 2)
and the Mays-moonshine associated with the functions 7 (7) was pointed
out in [2]. We now want to use our results above to establish this link also
between the two different generalized moonshines for Msy.

10Tn [33] these functions were denoted by f(g, h;T).
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As already mentioned, infinite products of the form (3.51) have been
considered by Borcherds [58]. Although in general @) are not expected to
be Borcherds products in a strict sense [29], the same argument as in [58]
shows that the infinite products (3.51) converge in some region of the Siegel
upper half-space Hs and they can be analytically continued to meromor-
phic functions on the whole of Hs. Furthermore, in the domain of absolute
convergence of the infinite products (3.51), the zeroes and poles of ®,, can
only be located at rational quadratic divisors of the form:

v
(4.6) Hamew = {(25) | 57+ 0z +do+ - =0},
where d,m,¢,v € Z are coprime integers (ged(d, m,¢,v) = 1) that satisfy a
positive discriminant condition

_ 4dmd
N

This property is an immediate consequence of the infinite product repre-
sentation (3.51) of @ 5; the divisors of Borcherds products admit a similar
description [37, 58, 63]. Using the fact that every point in the Siegel upper
half-space can be brought into a domain of convergence using an Sp(4;Z)-
transformation, and that the family of functions ® j, is preserved under this
action (see Section 5), it follows that all divisor components can be brought
to the form (4.6), for suitable N\, M, by some Sp(4; Z)-transformation.!!
This formula can be viewed as a generalization of the rational quadratic divi-
sor found in [25] in the context of twisted dyon counting in CHL-models.
The multiplicity of the zero or pole of @, at the divisor Hg, e, is
given by ¢gx(d, m, £, v). In particular, ®,; is holomorphic if and only if
Cq.n(d, m,£,v) is non-negative at every rational quadratic divisor. As will be
shown in Section 5, ®, is an automorphic form for a discrete subgroup

I‘(QQ,)L C Sp(4,R). Therefore, one only needs to consider the distinct orbits of

rational quadratic divisors under the action of F(2})L to determine the full

divisor of ®, 1. The precise calculation of the divisor of each ®, 5, requires
2
g,h

(4.7) 72 > 0.

knowledge of the modular group I''"} for each commuting pair (g,h) and
will be left to future work.
A special role is played by (the modular orbit of) the divisor Hg,—1,0,

corresponding to the locus z = 0 in Hoy. Since ¢, 4 (0,—1) = 2 for all g € Moy,

1Note that Sp(4,Z) acts non-linearly on the variables o, 7, z; therefore, even
though the divisor (4.6) is defined by a linear equation in o, 7, z, this is in general
not true for its modular images.
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we have
M—-1AN-1

(4.8) ¢4.1(0,0,—1,0) MNA DD cogone(0,-1) =2.
k=0 b=0

It follows that every @, , has a double zero at this divisor. Using the relation

(4.9) > cgn(r, ) =0, forr>0,
leZ

together with the relations

(4.10) Tryq, 0,01 (g PR (=1)FF) =2,

(4.11) Try, 040 (g "hF(-1)F ) =0 for > 1,

(4.12) 3 e 0.0(g7 RE(= 1)) = Traa(g"05),
LET

we obtain

(4.13)  lim ®gnl0,7,2)

z—0 (27Ti2)2

ooy = 1 S yen G0 (0.m,000)
_il—ril) (27722 <quHH1_€MqM) cen Con i )

t=1m=1

(pH H (1-— 62;I”pd Eegcg;(dou))

t=1d=1

Next we use the relations (4.10) to (4.12) to find an expression for 1), in
(3.54) in terms of 7y 5 and known modular objects. Using the aforementioned
equations we obtain

(4.14)
wg,h(T z)
M-1
— qﬁy ((1 —e M y cg #(0,0,—1,¢) H H 1 . e2;jthNﬂ)\y )cgﬁh(O,m,e,t))
t=0 m=1/(€Z
o0 2 n,—1\2
L et A=a"y)* 1 —q"y ")
=gvy(l—y
A=y
M-—1

X H (1 —e Mﬁqwx)zeezcg h(Omft)
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To proceed we note the identity

(4.15)
e e P -
1 2mit  _m - “le e —bpk
qﬂ H H (1 —e M qﬂ) k=0 b=0 i N Traa(g~"h"*)
t=0 m=
M—-1 oo ) )
1 2mit  m 24 1 \"M—-1 _1 ~NA-1 6—27”(;;”)’“62""5(;\7;>‘”)
= g™ H H(l—quz\m) i=1 M Z4k=0 Nx £<b=0
t=0 m=1

2mir, 2mit;

where 1 <r; < Nand 1 <t; <M aresuch that (e v ,e m ),i=1,...,24,
are the (g, h)-eigenvalues of a basis of simultaneous eigenvectors for g and
h in the 24-dimensional representation of May. Using this relation in (4.14)
we obtain

T, 2 2
@16)  byn(r2) == A7) = 6aa(r (),

where ¢_s 1 is the standard weak Jacobi forms of weight —2 and index 1 for
SL(2,7Z) (see Appendix E).
To complete the analysis of the limit in (4.13) we note that

y(1—y 2/ . M oo B o5V pez Ea.n(my0,6,2)
(4.17) 00 (2miz)? 1 ggf e

z—0 (27Ti2’)2

For the pair (g,h) = (e, e), the function ®. (o, 7,2) is invariant under the
exchange o <« 7. From a physical viewpoint, this is a consequence of S-
duality of type II superstring compactified on K3 x T?2. In Section 5.2, we
will prove that ®,; satisfy analogous transformations

-
(4.18) Qyp(0,7,2) =Py py (m,NAU> Z) 5

where b/ € Cjy,,(g) is not necessarily in the same conjugacy class as h. Using
this identity, we conclude that
@ h(U) T, Z)

(4.19) lim —2

lim = oz~ Mook (Mg (NA).
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We conjecture that this equation has a physical interpretation as a wall-
crossing formula whenever 1/®, is the generating function of BPS-states
in string theory. Indeed, for some pairs (g, h) we know that @Q_}L corresponds
to the generating function for the h-twisted degeneracies of 1/4 BPS states in
a CHL model. More precisely, these degeneracies are the Fourier coefficients
of the automorphic form QJ_}L and the region where the Fourier expansion is
performed depends on the moduli. These multiplicities jump as one crosses
the pole at z = 0; the physical interpretation is that some 1/4 BPS dyon
corresponding to a bound state of 1/2 BPS configurations becomes unstable
in a certain region of the moduli space and thus disappears from the spec-
trum. The mismatch 7y 5,(7) " g (NAo) ™! between the Fourier coefficients
at the two sides of the pole represents the degeneracy of a bound state of
two 1/2 BPS states.

5. Automorphic properties

In this final section, we analyze the modular transformation properties of
®, n(0o,7,2) with respect to discrete subgroups of Sp(4,R). We show that
they are Siegel modular forms and in some cases we are able to identify
them with previously known objects. Our proof of modularity is done in two
steps. The crucial first step is to determine the transformation properties
of ®, (0,7, 2) with respect to the interchange o < 7. We refer to this as
“S-duality” since in the cases when @, has an interpretation as a partition
function in an V' = 4 string theory this corresponds precisely to the S-duality
that exchanges electric and magnetic charges (see, e.g., [24, 25, 52, 64, 65]). It
turns out that this transformation involves the subtle concept of “relabeling”
of the group elements (g, k) introduced in [17]. By a careful analysis of this
relabeling phenomenon we establish the S-duality symmetry in Section 5.1.
To complete the analysis of the automorphic properties of ®, (0,7, 2) we
must also verify the transformation properties with respect to the remaining
generators of the relevant modular subgroups of Sp(4,R). This is rather
straightforward since it essentially follows from the modularity of the seed
functions ¢4 4 (7, 2) and g 4 (7, 2). We present this analysis in Sections 5.2
and 5.3 we also investigate some examples in detail.

5.1. Relabeling and S-duality
In this section, we will show that the functions ®, (o, 7, 2) defined by the

infinite product (3.51) satisfy some “S-duality” identities that exchange o
and 7. This property, together with the modular properties of the twisted
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twining genera ¢, , proved in [17], will be sufficient to prove that all ® j are
automorphic functions under some subgroup of Sp(4,R) (see Section 5.2).

5.1.1. Orbifolds and relabeling. In the case where g belongs to some
M>3 subgroup of My, the main step in the derivation of S-duality for ®,
is the relabeling phenomenon [17]. This can be understood by considering
the example of a holomorphic CFT by a cyclic group. In this subsection, we
review some of the standard properties of these orbifolds. See, for example,
[39, 53, 54] for more details.

Let C be a holomorphic CFT with automorphism group G. Given an
element g € G of order N, let C’' be the orbifold'? of C by (g). The spec-
trum H’ of C’ is constructed by considering the direct sum of the g"-twisted
representations Hyr of C, for all 7 = 0,..., N — 1 and then restricting to the
g-invariant sector, i.e.,

(5.1) H =N (Hé@),

where Hé@ denotes the g-invariant part of the g"-twisted sector. The orb-
ifold theory is a well-defined CF'T, provided that one can define a con-
sistent (in particularly, local) OPE between the g-invariant twisted fields.
A necessary and sufficient consistency condition is that the cohomology
class [a] € H3(G,U(1)) is trivial when restricted to H3({g),U(1)) (level-
matching). In what follows, we will assume that this condition is satisfied.
Each twisted sector carries a representation of some central extension
C&(g) of the centralizer Cg(g) of g in G, that is compatible with the struc-
ture of twisted C-module. As explained in Section 3.2.3, there is an ambiguity
in the definition of this representation. If the orbifold is consistent, the action
of C&(g) can be always chosen to be compatible also with the OPE of g-
invariant twisted fields, so that it defines a group of automorphisms of the
orbifold theory. In particular, for any 7, s € Z, the representation of Cg&(g)
corresponding to the ¢"t*-twisted sector must be contained in the tensor
product of the representations corresponding to the ¢g"- and g*-twisted sec-
tors. A central extension satisfying this constraint can be chosen of the form

(5.2) 1 —(Q) = Zn — Cg(g) — Ca(g) — 1,

where the central element @) (quantum symmetry) acts by e’N" on the qg'-
twisted sector.

12Here and in the following, we use the word “orbifold” in the physicists’ sense,
i.e., as a full-fledged two dimensional CFT with modular invariant partition func-
tion.
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Since the spectrum H’ of C’ consists of g-invariant states, the group
acting faithfully on H’ is C&(g)/(g). We conclude that C&(g)/(g) must be
a subgroup of the group G’ of automorphisms of the orbifold CFT C’. For
each h € Cg(g), one can define the h-twining genera Z; , as in (2.3), such
that

(5.3) zg,h(f):% S Zygn(r).

r,s€L/NZ

Note that Z, , () only depends on the image of h in the projection Cg(g) —
Cé(9)/(9) € G

The group G’ of automorphisms of C’ contains, in particular, an element
g’ corresponding to the quantum symmetry ¢’ = Q. It is well known that by
taking the orbifold of C’ by the cyclic group (¢’) one re-obtains the original
CFT C. More precisely, the ¢'"-twisted sector H;,n can be identified with
the direct sum

(5.4) Hyn = BN My,

where Hy 5, is the g-eigenspace with eigenvalue e N in the g"-twisted sector
Hg- of the CFT C. Under the identification (5.4), the ¢’-invariant sector of
the direct sum 697]:[;017{’9,”, corresponds indeed to the spectrum H of the
original theory C and the quantum symmetry Q' corresponds to g. The
identification (5.4) can be refined as

(5.5) H,

Y
g’",'f‘ — HgT,n,

2mwim

where H’gmm is the g’-eigenspace with eigenvalue e~ in the twisted sector

H;,n. Equation (5.5) is an isomorphism between (untwisted) modules over
the common subalgebra C9 = ‘9" of C and C'.

Each eigenspace Hyr, is a representation of C&(g). Analogously, each
twisted sector H;,n (and, in fact, each eigenspace H;m’r) carries an action

of a suitable central extension
(5.6) 1—(Q") — C&l(g) — Caly) — 1,

of Cg(g') for some 3-cocycle o representing a class in H3(G’,U(1)). In fact,
there is an isomorphism ¢ : C&(g) — C%(g') such that p(Q) = ¢', ¢(g) = Q'
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and the identification (5.5) is equivariant with respect to the action of the
corresponding groups. As a consequence, Equation (5.3) can be generalized
to obtain the formulae for the twisted twining partition functions in the
theory C’

1 _ 2mins o
(5.7) Z;,n,go(h)(f)zﬁ Y eV Zygen(r), heCEg).
r,s€Z/NZ

A special case occurs when the two CFTs C’ and C are isomorphic, so
that G’ = G. If, in addition, ¢’ and g are in the same conjugacy class of G,
the isomorphism ¢ can be chosen to be an outer automorphism of the group
C&(g) that exchanges g and Q, i.e., ¢(g) = @ and ¢(Q) = g and such that

N—1 2nirb N—1 2wims
€ N e N
(5.8) § : ngm,g*bv(h)(ﬂ - E : N Zgrg-+n(T)-
b=0 s=

5.1.2. Relabeling for Mathieu moonshine. The construction
described in the previous section in the case of a holomorphic CFT can
be repeated with minor modifications for the abstract modules H, under-
lying the generalized Mathieu Moonshine. It should be stressed, however,
that since no consistent CFT with automorphism group M4 and spectrum
‘H exists, these properties do not follow directly from the general theory of
holomorphic CFTs and need to be proved independently.

Consider an element g € G = Moy of order N and let H, be the g-twisted
sector in the generalized Mathieu Moonshine conjecture. Let H’ be the g-
invariant subspace of the direct sum of all twisted sectors

(59) H = @7{\]:*01 (Héég’T(g)>>,

where H;@“(g ) denotes the pgr(g)-invariant part of the g"-twisted sector.
The level-matching condition, i.e., the requirement that the restriction of the
cohomology class [a] is trivial in H3({(g),U(1)), is satisfied if and only if g is
contained in some Msg subgroup of My, so we will consider only this case.
If H can be interpreted as the spectrum of R—R right-moving ground states
in a non-linear sigma model on K3 with a symmetry g, then H’ corresponds
to the spectrum of right-moving ground states in the g-orbifold theory. The
orbifold is a consistent ' = (4,4) SCFT with central charge 6, which turns



444 Daniel Persson and Roberto Volpato

out to be again a non-linear sigma model on K3, since its elliptic genus is

c

(5.10) T (qhfighdy (-1

N-1

1
— N Z ¢g'r’gs (T, Z) = ¢e,e(7—a Z)‘

r,s=1

Here, the twisted twining genera ¢4- 4 are relative to a cocycle « satisfying
the conditions (D.17) and (D.21), in particular with trivial restriction to
(g). As shown in Appendix D.2, in this case the associated central extension
Ciy,,(g) is finite

(5.11) 1=(Q) =Zn — Cip,,(9) = Cari(g) — 1.

In the theory of orbifold CFTs, the conditions (D.17) and (D.21) ensure
that the action of Cfy, (g) is compatible with the OPE of the twisted fields.
The identity (5.10) can be verified case by case for all g € My satisfying
the level-matching condition, and holds independently of the existence of a
physical interpretation in terms of orbifolds of K3 sigma models.

By (5.10), the space H' defined by (5.9) is isomorphic to H as a module
over the N/ = 4 superconformal algebra. As a consequence, one can define
a representation of G’ = Myy over H’ satisfying the properties of Mathieu
moonshine. Furthermore, H' also carries a representation p’ of C%; (9)/(ga)
given by the restriction of @iﬁlﬁgvr to H'. Tt can be proved that, as an
abstract group, Cf;. (9)/(ga) is isomorphic to a subgroup of May4 [17]. More
precisely, @ is identified with an element ¢’ € G’ =& My, in the same conju-
gacy class as g and the image of Cf; (g)/(g) is the centralizer Cyy,,(g) of ¢'.
Therefore, the “orbifold” construction for the Mathieu moonshine modules
is perfectly analogous to the case, described in the Section 5.1.1, where a
holomorphic CFT C and its orbifold C’ are isomorphic.

In analogy with the Section 5.1.1, we can introduce some ¢'"-twisted
sectors My, satisfying (5.4) and (5.5), now considered as isomorphisms of
N = 4 modules. Each twisted sector H’g,n carries a representation of a central
extension C]?‘/[/M (¢') defined as in Equation (5.6). It is natural to conjecture

that there is an isomorphism ¢ : Cf; (9) = C}f‘éﬂ (¢') such that the identi-
fications (5.5) are equivariant with respect to the action of the correspond-
ing groups. Since g € G and ¢’ € G’ belong to the same conjugacy class of
G = G' = My, they can be identified through a suitable choice of the iso-
morphism G = G’. With this identification, ¢ defines an outer automorphism
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of Cfy,. (g9) exchanging g and Q. Furthermore, we expect the analogue of (5.8)
to hold. More precisely, we can state the following:

Conjecture 5.1. For all g € Ms3 C Moy and all choices of cocycle a sat-
isfying (D.17) and (D.21) and the corresponding central extension Cfy (g)
as in (5.11), there is an automorphism ¢ : Cfy (g) — Cfy. (9) such that
e(9) = Q. »(Q) =g, and for all k € Cfy, (9), m,r € Z,

N—1 2=mird N—1 2mims

N

e N —~ e
(5.12) > N Ponm g0l (7 2) = > N Gan gz (T2 2)-

b=0 s=0

The existence of automorphisms that exchange g and @ is easy to check
for the elements g of order higher than 4 (thus, excluding the classes 2A and
4B of May). Indeed, in all these cases the central extension of Cyy,,(g) has
the form Cf; (g9) = (Q) x ((Qg).G). This group clearly admits an automor-
phism that fixes the factor (Qg).G and exchanges @) and g. For the classes
2A and 4B, the existence of such automorphisms can be verified with the
aid of the software GAP (see also the ancillary files in the arXiv version of
[17)).

In order to prove the conjecture, one needs to show that, for each g,
one of these automorphisms ¢ satisfies (5.12). Heuristically, by standard
CFT arguments, a conjecture of the form 5.1 and the corresponding iden-
tities (5.12) are expected to hold for any group H C Cjy,,(g) admitting an
interpretation as a group of symmetries of a K3 sigma model. According
to the analysis in [8], such an interpretation exists whenever H C May has
at least four orbits in the 24-dimensional permutation representation; this
condition is satisfied by most of the non-cyclic abelian groups (g, h) C Moy
(see Table Appendix F in Appendix F).

A more rigorous and general proof can be obtained through a direct
computation. To this aim, it is useful to rephrase Equation (5.12) in terms
of identities among the twisted twining genera ¢, j relative to the central-
izer Ch,,(g) rather than the genera ¢4, relative to its central extension
C11,,(9)- Recall that any element k € Cf; (g) can be written as k = Q%ha,
for some xz € Z/NZ, h € Cyy,,(g). Therefore, one needs to show that, for each
h € Ch,,(9), the image o(hy) = Q*'h., of the lift h, € Ci1,,(g9) satisfies

N—1 2=nird

(5.13) N e (B5) Sy (7, 2)
b=0

N

—

2wims
€é N

N

€g,h ((1) 5) bgrg—en(T, 2),

s=0
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for all m,r € Z. Given the explicit knowledge of the twisted twining genera
¢g.h, the proof of the conjecture then amounts to verifying a long series of
identities between Jacobi forms.

We have verified that, for each conjugacy class of g, there is essentially
only one choice for the conjugacy class b’ and 2’ € Z/NZ for which all these
identities can be possibly satisfied. In particular, if ¢ is not in one of the
classes 2A or 4B, then the automorphism ¢ necessarily satisfies

(5.14) h'=h, 2'=0,

for all h € Chy,,(g9)\(g). For g in one of the classes 2A or 4B, the conjugacy
class of ' in Cyy,,(g) for each Cyy,,(g)-conjugacy class of h is reported in
Tables D and E. Notice that, in general, h and A’ might belong to different
conjugacy classes of Masy; this phenomenon has been dubbed “relabeling”
in [17]. When h and b’ are in different conjugacy classes of Cy,,(g), we can
choose the cocycle « in such a way that ' = 0. When h and A’ are conjugated
in Cyy,,(g), then 2’ can be set to 0 if and only if ¢(h,) is conjugated with
hq in the central extension Cf (g9). This is always the case, except for g
in May-class 4B and h in one of the classes 2B3 or 4B of Cyy,,(g). In both
these cases, the pair g, h generates group 20 in the list of Appendix F and
©(ha) is conjugated with Q2h,, i.e., 2’ = 2.

We have proved a subset of the identities (5.13), required for the analysis
in Section 5.1.3. This leads to the following theorem:

Theorem 5.2. Conjecture 5.1 holds for all g in the classes 1A, 2A, 3A,
4B and 8A Of M24.

The identities (5.13) can be easily verified by considering the modu-
lar properties of both sides and comparing a sufficient number of Fourier
coefficients. This is a tedious but totally straightforward calculation, so we
omit the details. We leave a systematic analysis of these identities and the
complete proof of the conjecture to future work.

Note that whenever a generator g of a non-cyclic abelian subgroup
(g, h) C Moy is also an element of Mg C Moy, then it is necessarily in one
of the classes 2A4,3A,4B or 8A and Theorem 5.2 applies (see Appendix F
for a list of all such groups and their generators). As will be explained in the
Section 5.1.3, the identities (5.13) are sufficient to establish the “S-duality
invariance” of the corresponding automorphic forms ®, ;. The conjecture 5.1
is trivially true in the degenerate case where g is the identity, so the automor-
phic forms ®. ; associated with cyclic groups satisfy an analogous property
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[28, 29]. For the groups (g, h) that have no generator in Mg, the modular
properties of ®,; will be determined in a different way in Section 5.1.3.

5.1.3. S-duality invariance. In this section, we will show that the func-
tions @ 5 (o, 7, 2) defined in terms of the infinite product (3.51), satisfy iden-
tities of the form

(5.15) By p(0,7,2) ~ Dy (i + 2, No, z> :
N

for some suitable h' € Cyy,,(g) and real = that depends on the cocycle a.
Here, ~ denotes equality up to a phase, that depends on the cocycle ce. More
precisely, for each abelian subgroup (g, h) C May, we will prove identities of
the form (5.15) for at least one pair of generators (g, h). Furthermore, in
all such cases the cocycle o can be chosen in such a way that x = 0. For
the remaining pairs (g, h) € P, the identities (5.15) can be derived through
a complete analysis of the automorphic properties of ®, 4, as discussed in
Section 5.2.

When the function ®,; admits a physical interpretation as the generat-
ing functions for twisted multiplicities of 1/4 BPS states in a CHL model,
the identity (5.15) corresponds to S-duality exchanging electric and mag-
netic charges in the low energy effective action.

Case 1: g in one of the classes 1A, 2A, 3A, 4B or 8A

Let g be an element of Moz C Moy of order IV in one of the classes considered
in theorem 5.2. The restriction of [a] to H3({(g), U(1)) is trivial, so that A = 1
and we can choose a representative « satisfying (D.17) and (D.21). Consider
an element h € Ciy,, (9) and let M be the order of the lift h, € Cf; (g). Then
Equation (5.13) implies that for any d,m,k € Z>¢, there are h' € Cyy,,(9)
and 2’ € Z/NZ such that

5.16
N_16)27r d N—1 e27r m(b—ka')
N N
€g.n (§5) Ggm,g-onrv(7,2) = egh (§ ) bgtg-one (T, 2)
N N
s=0 b=0
Thus,
5.17
( ) M—-1 _ 2mitk N—1 2mibm d
~ e M e N m
Conldom (.6) = 30 = 3 e (58 e (51)
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M-—1 21r1.tk:N 1 2mids

27\'1km,.r_ e N md
(5.18) e M Ao (§0) Cgmg-ene (N, £>
k=0 s=0

M
(5.19) = Cqg,1 (m, d,l,t+ maz/N> )

If h and k' are in different conjugacy classes of Cy,,(g), we can choose the
representative cocycle a in the class [a] in such a way that 2’ = 0, so that

(520) Q)g’h(g, T, Z) — pq%y H H 1 — ezx;th y'p )Cg,h(d,m,ﬁ,t)

(d;m,£)>0 t=0
M—1
(521) = pq%y H H 1 _ 62‘]1\r41tqmy ) g,h/(m,d,&t)
(d;m,0)>0 t=0
(5.22) =0y p (%,Na, Z) :

When h and A’ are in the same conjugacy class of Cyy,,(g), then ' cannot be
eliminated in general. This corresponds to the case when ¢(h,,) is conjugated
with Q% h,, in the central extension C1i1,,(9)- In particular, since o(ha)M =
cp(hfy) = e, this implies that Q* has order M, i.e., there is an integer  such

that

(5.23) 2’M = zN.
Thus,
(5.24)
M—
1 2mit Cg,n(d;m,L,t)
on(om,2)=pevy [ ] (1 —e QNyZpd)
(dym,£)>0 t=0
M—1 .
1 2rit m ¢g,n(m,d, b t+max)
(5.25) =pevy [ ] (1 _ o qﬁygpd) ’
(dm€)>0 t=0

m,d,lt')

2mit! 2mizm  m Cq, L(
(526) — pqzvy H H (1 —e M e ™ qpyfpd> l
(d,m,0)>0 t'=0
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2mit!  _ 2miz’m  m g,n(m,d,E,t")
(5.27) =pvy ] H (1—6 MoeT N qugpd)
(d;m,¢)>0 t'=0
2ria’ T—x
5.28 — 5o, (=2 No, 2 ).
( ) e ah < N o z>

In fact, ' # 0 only when ¢ is in class 4B and h in one of the classes 2B3 or
4B; of Cyiy,,(g). In both cases, the pair g, h generates group 20 in the list of
Appendix F and 2’ = 2. For such pairs (g, h), however, since Tj' ¢4, = 0 for
L odd, the function @, satisfies the identity

1
(5.29) Oy p(0,7,2) = =Py <a + 5T z) .
Using this identity, we conclude
(5.30) Oy n(o,7,2) =Dy (%, No, z> .

If the conjecture 5.1 holds, then an S-duality property holds for all @, such
that g is an element of Mag C Moay.

Case 2: g in one of the classes 2B, 3B, 4C, 6B, 12B

The calculations in this case are rather technical and have therefore been
relegated to Appendix D.3. Below we summarize the results.
For a suitable choice of the representative 3-cocycle a;, we have

-
(5.31) Oy p(o,7,2) =g 1 <W’N207 z) ,
if h and h~! are not conjugated within Cyy,, (g), and

(5.32) By p(0,7,2) = By, N2, z) ,

-
(W’
otherwise.

5.2. Automorphic properties
Using the results of the previous sections, we can now prove that the func-

tions @, (o, 7, 2), defined by the analytic continuation of the infinite product
(3.51) to the Siegel upper half-space Hy are automorphic forms under certain
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subgroups of Sp(4,R) acting by

(5.33) @ g)-Z:(AZ+B)(CZ+D)_1, (é g)eSp(él,R)

where

(5.34) 7 = C j_) .

Recall that the function ®,; can be written as

(5.35) D, (0,7, 2) = phyn(T, 2) exp [— > (TP pgn)(r, z)] :

N=1

where the right-hand side converges on a suitable domain in Hs.
Let us consider the action of various generators of Sp(4,R) on @ p,.

e The Heisenberg subgroup H(Z) of Sp(4,7Z) is defined as

1 0 0 pu
630)  H@={lwmd= g o 5o ez,
0 0 0 1
and acts by
(5.37) (G, K] - (0,7, 2) = (0 + K+ 202+ Crymy 2 4+ o+ C7).

By (5.35), using the elliptic properties of the Jacobi forms v and
T ¢g,n, we conclude easily that every @, , is invariant under H(Z).

e For many commuting pairs g,h € Moy, the genera 7*¢,; vanish
unless L is an integer multiple of some r = ryj, € Z. Therefore, &,
is invariant up to a multiplier under o +— o + %, ie.,

2wik

(5.38) D4 h ([0,0, ﬂ (o, T, z)) =e -

(Dg,h(0-7 T, Z)a

where [0,0,%]-(0,7,2) = (0 + £,7,2). In particular, ry5 =1 when
g, h generate a cyclic group and for groups 13, 23, 24 and 27, r =3
for groups 33 and 34, r = 4 for groups 25 and 26 and r = 2 in all the
other cases. Note that r,; always divides NA.

More generally, the transformation [0, 0, 5] relates the functions g j,
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relative to two distinct choices of the cocycle «, that differ from one
each other by a NA-root of unity.

The twisted twining genera 7 ¢, j are Jacobi forms of weight 0 and
index L under a group Ly C SL(2,Z) (see the tables in Appendix F),
up to a multiplier X - As noticed above, for each group (g, h), there
is an integer r = rg , such that T*$g,1, vanishes unless r|L. Therefore,
only the power xy , needs to be a well- defined character of I'y . On
the other hand, the properties (4.4) and (4.5) imply that the eta
products 7, j, are modular forms of weight w and multiplier v, j, under
the same group I'y ;, associated with ¢, ;. Equivalently, each 1 is a
weak Jacobi form of weight w — 2, index 1 and multiplier vy, under
Ly hn

For each (v, k) € SL(2,7Z) x May, let us choose pg (7, k) € R/Z such
that

eQﬂirg,h,ug,h(%k) — (Eg,h(77 k))rg’h, AS SL(27Z)'

Then for any v = (2%) € SL(2,Z) and k € May, we have

Vg, h (V) P(4,k)-(g,h) <§(7) : Z) = det(ct +d)" 2 D, 4 (0 + pgn(v, k), T, 2),

(5.41)

(5.42)

(5.43)

where Z = (7 Z) and

O Qo o
— o O O

asS
7N
o
Qo
~—__
1l
o0 o9
oo~ O

so that
ar +b z

6(7).<T z>: ct+d 00—1-621

z z
o—
co+d co+d

In particular, by taking (v, k) € May stabilizing (g, h), we obtain

U;,h(f}/a k)(pg,h ([07 07 _/'Lg,h(’% k)] ’ (5(7) ' Z)) = det(CT + d)w72 (I)g,h(07 T, Z)’
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where v € 'y ;, and
(5.44) U;,h(’% k) = Ugvh(fy)e_%i“”’h(%k).

e Finally, for several pairs (g, h) of commuting elements of May, we have
proved that

(5'45) (I)g,h(Z) = q)g,h/(VNA ) Z)7
for a suitable h' € Cjy,,(g) and a suitable choice of the cocycle «,
where
0 ¢t 0 0
1 {1 0 0 O
0 0 ¢t O
acts by
P to =z
t

Note that in each of the 55 conjugacy classes of abelian subgroups
(g, h) C My, an identity of the form (5.45) has been proved for at
least one pair of generators.

As discussed in [51, 63], for any integers N, ¢ > 0, the elements

(5.48) Vii &(v), veTLoN); [ mk/t], ¢ p k€L,

generate the group T’} (N) = (['+(N), Vi) C Sp(4,R) which is a normal dou-
ble extension of the paramodular group

* tx * *

* * x 11k
Nx  Nitx * *
Ntx  Ntx tx *

(5.49) T,(N) = € Sp(4,Q), x€Z

From the discussion above, it follows that every @, is a modular function
under some finite index subgroup I‘;Q,)L of a paramodular group I'y = T'y(1),
for some suitable ¢. The image of ®,; under the action of a generic element

of T'y is expected to be again a function @ 5, for some (possibly different)
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commuting pair ¢’, h’ € Ms4, and defined with respect to a suitable choice
of the cocycle a.

Under the action of Sp(4,Z), the functions ®, (0, 7,2), for all com-
muting g, h € May, are mapped into one another, up to shifts and rescalings
of the arguments, i.e., schematically, @, (7 - (0, 7,2)) ~ Py (0 /t + z,tT, 2)
for suitable t € Z, x € R (we dropped the automorphy factors). In particu-
lar, ®, 4, is a Siegel modular form for some congruence subgroup of Sp(4,7Z),
as proved in the following theorem.

Theorem 5.3. For each pair of commuting elements g,h € Myy and for
a suitable choice of the cocycle a, the function ®,,(Z) is a meromorphic
Siegel modular function of weight w — 2 and level H for a suitable H, i.e.,
it is a meromorphic function on the upper half space Ho such that

(5.50) @, ((AZ + B)(CZ + D)) = det(CZ + D) 2@, ,(2),

for all (A8) € I'®(H) := ker(Sp(4,Z) — Sp(4,Z/HZ)). Here, w is the
weight of the corresponding Mason’s eta function 1.

Proof. 1t is sufficient to prove the statement for those “special pairs” (g, h)
for which we proved that ®, (0,7, 2) = @41, (7/t,to, 2) for a suitable choice
of representative cocycle a.. Here, h’ is some element in Chy,,(g) (possibly
different from h) and ¢t = N\, where, as usual, N denotes the order of g and
A the length of the shortest cycle of g as a permutation of 24 objects. Every
other commuting pair of My elements can be obtained by an SL(2,7Z)
transformation (g, h) -~ of one such “special pair” (g,h), so that D@ g,n)~
is related to @45 by an Sp(4,Z) transformation £(v). Thus, if Oy is a
modular function under I'® (H), then @ is a modular function under
£ (H)E(y) ™t = T (H).

There is some integer n such that the functions 7¢, 5, L € Z~q, and
g, are weak Jacobi forms of weight 0 and index L (respectively, w —
2 and 1) with trivial multiplier under the congruence subgroup I'(n):=
ker(SL(2,Z) — SL(2,Z/nZ)). We can choose n so that also 7/ ¢, and
g n are weak Jacobi forms with trivial multiplier under the same group.
Note that n is necessarily a multiple of ¢ = N, since this is the small-
est integer for which ¢g (7 + N, 2) = ¢¢ (7, 2). Thus, both ®,,(Z) and
Qg1 (Z) = Py p(Vi - Z) transform as modular forms of weight w — 2 under
£(T'(n)) and [¢, i, 0], for all ¢, u € Z. Equivalently, ®, j, transforms as a Siegel
modular form of weight w — 2 under the group generated by

(5.51) §I(n), Vig@m)Vi, [0l VAG w,0lVe CpeZ,

g,h)y



454 Daniel Persson and Roberto Volpato

which is a subgroup of Sp(4,Z), since t|n. We will prove that this group
contains I'® (H), with H = nt. By Theorem 12.4 and Proposition 13.2 of
[66], I'®)(nt) is generated by £(I'(nt)) together with matrices of the form
(§™B), (,ic%), with B,C arbitrary 2 x 2 integral symmetric matrices. It
is easy to check that every element of the form (§ ™P) € ' (nt) is contained
in the group generated by [, i,0] and &(} %), with ¢, pu,b € Z, and every
element of the form (1 9) € ') (nt) is contained in the group generated by
(L), Vig( L 9)Vi and V4[¢,0,0E( L 9)[—¢,0,0]V;, for all ¢, c € Z. Clearly

cn 1 cn 1

&(I(nt)) is a subgroup of &(I'(n)), and this concludes the proof. O

In Section 5.3, we will discuss the precise automorphic properties of some
of these functions ®, ;. We leave the detailed description of the groups FS})L
for all pairs g, h to a future work.

5.3. Examples

Having established that the ®,; are indeed Siegel modular forms we now
wish to analyze some specific examples in detail. We denote the pairs (g, h)
by the May-conjugacy class of g and the Cyy,, (g)-conjugacy class of h. See
Appendix F for more details.

P24 24,,, (Groups 1, 2, 3)
Groups 1, 2 and 3 are Zo X Zsy groups that contain three elements in class
2A of May. The corresponding @, are identical

(5.52) Doa24,(0,7,2) = Paaoa,(0,7,2) = Paana, (0,7, 2).

The 3-cocycle a can be chosen to have trivial restriction to these groups. The
Hecke transforms of the twisted twining genera 77,¢4 5 vanish unless L is a
multiple of r = 2; in this case, they are Jacobi forms under I'y ;, = SL(2,Z)

with trivial multiplier Xﬁ » = 1. The eta products for these elements are
given by

(5.53) g () = 1(7)"2,

and are modular forms of weight w = 6 under SL(2,7Z) with multiplier (see
Equation (5.40))

(554) Ug,h(T) =—1 ’Ug7h(S) = —1.
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Furthermore, from the results of Section 5.1.3 we deduce that, since g € Ma3
(with N =2 and A = 1), ®,, satisfies

(5.55)

Doa24,(0,7,2) = Paa2a, (;207 Z) , Poaoa,(0,7,2) = Paapa, (g, 20, Z) .
Thus, ®, is a modular form of weight w — 2 = 4 with a multiplier v,
given above under the subgroup of Sp(4,R) generated by the Heisenberg
group H(Z), by SL(2,7Z) and under V5. These elements of Sp(4,R) generate
the paramodular group F;(l). Furthermore, ®, 5, has a double zero at the
rational quadratic divisor z — 0 and at all modular images of this divisor.
This allows to identify ®, as

(5.56) Dy (Z) = Na(2)?,

where Ay is the modular form of weight 2 under T'; (1) defined by Gritsenko
and Nikulin in [51]. Notice that in this case the function 14 in (4.16) is
given by

(5.57) Yo n(T,2) = =91 (7, 2)*n(7)S,

which is the additive seed for A9(Z) [51]. Hence we conclude that in this
case

(5.58) O, = Add[1)g.],

as claimed in Section 3.3.3. The Siegel modular form (A3)? also appears
in the context of umbral moonshine, where it corresponds to the Siegel
modular form ®®)(Z) (see Section 2.6 of [30]). In this context ®©) arises as
the multiplicative lift of the umbral Jacobi form Z®)(r,z) of weight 0 and
index 2. It is therefore interesting to ask how this relates to our construction
of @, 5, as the multiplicative lift (3.51). By comparing Fourier coefficients one
can verify that we have the identity (see the table in Appendix F for the
result of the Hecke action)

(5.59) Tagn(r,2) = 2 (1, 2).

However, this does not necessarily imply that the two lifts are the same,
since a priori our multiplicative lift in (3.51) differ from that in [30] since
we are constructing it from the seed function ¢, 5, which is a weak Jacobi
form of weight 0 and index 1, using the equivariant Hecke operator 77, (the
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twist by the 3-cocycle « is trivial in this case). Even so, by virtue of (5.58),
in the case at hand it turns out that the lifts do coincide and we thus have

(5.60) Mult[g, n] = &O).

®94.24, (Group 7)
The function ®94 24, of group 7 satisfies

(5.61) Ponoa,(Va- Z) = Paa4s, (%),

where b/ in class 4By of Cyy,,(g) is such that h"? = g. Therefore, the right-
hand side is a Sp(4,Z) transformation of ®.4p, which is a Siegel modular

form under I';(4) = F(()Q) (4) 28, 29].

®4,28,, (Groups 8,9)
The functions ®,;, for groups 8 and 9 are identical

(5.62) ®2428,(Z2) = P2428,(2).

The twisted twining genera 7" ¢, j, vanish unless L is a multiple of r = 2; in
this case, they are Jacobi forms under I'y ,, = I'g(2) with trivial multiplier.
The eta products are given by

(5.63) Ngn(7) = n(r) n(27)",
and are modular forms of weight w = 4 under I'g(2) with multiplier

Therefore, ®,; transforms as a modular form of weight w — 2 = 2 under
£(7), v € T'o(2), with multiplier vy 5 (y). Furthermore, for a suitable choice
of the cocycle «, we have

(565) ®2A72B1,2(V2 : Z) = ¢2A72B1,2 (Z)

We conclude @, is a modular form of weight 2 under the paramodular
group I'y(2). Assuming that it is holomorphic, then it can be identified as

(5.66) Oy 1(2) = Q1(2)?,

where @)1 is the modular form of weight 1 defined by Gritsenko and Clery
in [63]. This conjecture is also supported by the fact that in this case 1,
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is given by

91(T, 2)?
(5.67) bgn(r.2) = —Wn@ﬂ‘ﬂ

which is the square of the additive seed for Q)1 (see Equation (16) in [63]).
®2448, (Group 12)

The function P9y 4p, of group 12 satisfies

(5.68) Poaap, (Vo Z) = Paasa, (Z),

where A’ in class 8A; of Cyy,,(g) is such that h'* = g. Therefore, the right-
hand side is a Sp(4,Z) transformation of ®.g4, which is a Siegel modular

form under I';(8) = F[()Q)(8) [29].
Po44B,,, (Groups 17,18,19)
The functions @, for groups 17, 18, 19 are identical

(5.69) P2448,(2) = P2448,(Z2) = P2a48,(2).

The Jacobi forms 7*¢, ;, for these groups have exactly the same modular
properties as the ones for groups 8 and 9; the eta products are also the same.
Therefore, ®,; is a modular function of weight 2 under the paramodular
group I'y(2).

®4p48,. (Groups 25,26)
The functions @, for groups 25 and 26 are identical

(5.70) Qy4pap,(Z) = Papan,(Z).

The 3-cocycle a can be chosen to be trivial when restricted to (g, h). The
Hecke-transformed twisted twining genera 77,¢, j, vanish unless L is a multi-
ple of 7 = 4; in this case, they are Jacobi forms under Iy, = SL(2,Z) with
trivial multiplier. The eta products are given by

(5.71) g (T) = 1(7)°,

and are modular forms of weight w = 3 under SL(2,7Z) with multiplier
(5.72) vgn(§1) = —i vgn(39) = —i.

Furthermore,

(5.73) ®4paB,(Va-Z) = ®upup.(Z).
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We conclude @, is a modular function of weight w —2 =1 under the
paramodular group I’I(l) and the multiplicity at the rational quadratic
divisor z — 0 is non-negative. It follows that

(5.74) Dy n(Z) = Dy jo(2)?,

where Aj /5 is the modular form of weight 1/2 defined in [51]. Also in this
case the additive lift matches since

(5.75) Yon(T,2) = —01(1,2)?

is the square of the additive seed for A;/5(Z), and hence Add[y, ] = (A2
(2)2

The function (A;/5(Z))? also corresponds to the umbral Siegel modular
form ®©)(Z), which is the multiplicative lift of the umbral Jacobi form
Z®)(1, 2) of weight 0 and index 4 [30]. The relation between Z®)(r,z) and
the twisted twining genus ¢, 5, is now:

(5.76) (Tatpgn)(7,2) = ZW(, 2).

Again, it is not a priori clear that the equivariant multiplicative lift of ¢, p,
defined by (3.51), will coincide with the ordinary multiplicative Borcherds
lift of ZO)(7, 2) considered in [30]. However, in the case at hand they do:

(5.77) Mult[g, ] = ©).

®34,34, (Group 33)
Consider the function ®3434, of groups 33. The twisted twining genera
T ¢gp, vanish unless L is a multiple of r = 3; in this case, they are Jacobi

forms under I'y j, = SL(2,Z) with trivial multiplier. The eta product is given
by

(5.78) Mg () = 0(7)°,

and is a modular form of weight w = 4 under SL(2,Z) with multiplier
(5.79) vgn(bh) =5 (7 =1

Furthermore,

(5.80) P3a,34,(V3 - Z) = P3a,34,(2).
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We conclude @, is a modular function of weight w —2 =2 under the
paramodular group F;(l) and the analysis of the multiplicities at its divisors
shows that it is holomorphic with a double zero at z = 0. It follows that

(5.81) ®3434,(2) = A1(Z)?,

where A; is the modular form of weight 1 defined in [51]. Also here we find
that

(5'82) Qﬁg,h(ﬂ Z) = _191 (Ta 2)277(7-)2

is the square of the additive seed for A1(Z). The function A;(Z)? coincides
with the umbral Siegel modular form ®*)(Z), which is the multiplicative
lift of the umbral Jacobi form Z*) (7, z) of weight 0 and index 3. In this case
we have that, for a suitable choice of cocycle a,

(5'83> (7E’>Q¢g,h)<7_7 Z) =7z (T7 z),
and the equivariant and multiplicative lifts coincide:
(5.84) Mult[g, ] = &@.

®34.38, (Group 34)

Consider the function ®34 3p, of group 34. The twisted twining genera
T ¢g4.p vanish unless L is a multiple of r = 3; in this case, they are Jacobi
forms under I'y ;, = I'g(3) with trivial multiplier. The eta product is given

by

(5.85) g () = n(7)’n(37)?,

and is a modular form of weight w = 2 under SL(2,Z) with multiplier

2mi 27

(5.86) vgnr(gi)=e 5 vgn(39)=e".
Furthermore,
(5.87) 3438, (V3 - Z) = P3a,38,(2).

We conclude @, is a modular function of weight w —2 =0 under the
paramodular group F;(?)). Since the weight vanishes, it must necessarily
be meromorphic.
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6. Conclusions

In this paper, we have proposed a second-quantized version of (generalized)
Mathieu moonshine, involving a class of Siegel modular forms &, j for dis-
crete subgroups Fg,)l C Sp(4,R), constructed from a multiplicative lift of the
twisted twining genera ¢, . For certain pairs of conjugacy classes of Moy
we were able to identify ®,; with known Siegel modular forms. It would be
interesting to extend these results and perform a more detailed investigation
of all the modular groups Fé?,)l and determine whether the remaining ®,
coincide with known objects, or perhaps constitute new examples of Siegel
modular forms. In [29], Raum proved modularity for most of the cases ®. j,
and found that not all of them are of a standard Borcherds product type, but
in fact correspond to certain rescaled products of Borcherds modular forms.
One would like to extend this analysis to determine whether the &, for
g # e also contain such rescaled Borcherds products, or some generalization
thereof.

As already mentioned in the introduction, an interesting by-product of
our analysis is the fact that some of the Siegel modular forms ®,; coin-
cide with multiplicative lifts of the umbral Jacobi forms analyzed in [30].
This might be a simple consequence of the constraints from modularity,
but it might also indicate some deeper relation between umbral moonshine
and generalized Mathieu moonshine which would be interesting to uncover.
Could it be that some of the other products ®, also coincide with lifts of
the more general D,, or E,, Niemeier-umbral Jacobi forms in [67]?

It is natural to wonder whether our products ®,; have interpretations
in terms of denominator formulas of some generalized Kac-Moody algebras
(GKMs). It is well known that the inverse square root of the Igusa cusp
form ®19 = ®. . constitutes one side of the denominator formula for a rank
3 GKM-algebra of hyperbolic type [61] (the other side corresponds to the
additive lift in (3.60)). In the terminology of Borcherds [37], the other func-
tions ®.; then correspond to twisted denominator formulas for the same
algebra. On the other hand, by analogy with generalized Monstrous moon-
shine [42, 44], we would expect that the functions ®,. give denominator
formulas for a class of rank 3 GKM-algebras. For some of the elements g of
small order these algebras have indeed been constructed in [68-71] in the
context of CHL-models (see also [51, 60, 61] for earlier mathematical results).
In this context the prefactor pqﬁy in (3.51) should have an interpretation as
the exponential of the Weyl vector p of the algebra. If true one would expect
that for fixed g, the associated twisted denominator formulas ®, 5, all have
the same prefactor involving the Weyl vector of the original GKM-algebra
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determined by the class [¢g]. In other words, the prefactor should be inde-
pendent of the twining element h, and this is indeed what we find. In fact,
the Weyl vectors extracted from qu%y reduces to the ones in [68, 69] when
the length of the shortest cycle A equals one.

As stressed in the introduction, we think that our results could have
immediate applications to the understanding of dyon counting in CHL-
orbifolds. In particular, most of the functions ®,; are expected to have
interpretations as partition functions of twisted dyons, and we hope to inves-
tigate this relation in more detail in a future publication.

Acknowledgments

We are especially grateful to Matthias Gaberdiel for collaboration in the
initial stages of this work, and for many helpful discussions. We are also
grateful to Geoff Mason for several useful discussions on Ms4 moonshine for
eta-products, and for sending us a printed copy of [32]; to Miranda Cheng for
a discussion that drew our attention to the connection with umbral moon-
shine; and to Martin Raum for helpful discussions on infinite product repre-
sentations of Siegel modular forms. In addition, we thank Scott Carnahan,
Thomas Creutzig, Terry Gannon, Suresh Govindarajan, Jeff Harvey, Ste-
fan Hohenegger, Gerald Hohn, Jim Lepowsky, Greg Moore, Sameer Murthy;,
Anne Taormina and Katrin Wendland for inspiring discussions during the
course of this work. We also thank the Simons Center and the organizers of
the program “Mock Modular Forms, Moonshine, and String Theory” for pro-
viding a stimulating research environment, and all the participants for many
inspiring discussions. D.P. thanks the Albert Einstein Institute in Golm, and
R.V. thanks the Department of Fundamental Physics at Chalmers for hos-
pitality while this work was carried out.

Appendix A. Some group cohomology
In this appendix, we summarize some general results about group cohomol-
ogy. See [72] for more details.

For a finite group G, a 2-cochain 5 : G x G — U(1) is closed (and hence
defines a cocycle) provided it satisfies

(A1) B(91,9293)8(92, 93) = B(9192,93)B(g1, 92)
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for g1, go, g3 € G. The second cohomology H?(G,U(1)) then consists of the
closed 2-cochains, modulo the ambiguity

. v(g91)7(g2)
(A.2) B(91, 92) 5(91792)77(9192) :

where v : G — U(1) is an arbitrary 1-cochain, i.e., an arbitrary function
v : G—U(1).
A 3-cochain «,

(A.3) a:GxGExG — U(1)

is closed provided it satisfies
(A.4)
a(g1, 92, 93) a(g1, 9293, g4) (92, 93, 94) = (9192, 93, 94) (g1, 92, 9394)-

In the cohomology group H3(G,U(1)) closed 3-cochains are then identified
modulo

B(9192, 93)6(91, g2)
B(g1,9293)8(92, 93)

(A.5) a(g1,92,93) — a(g1, 92, 93)

Note that the multiplying factor is trivial if G is closed, i.e., if it satisfies
the 2-cocycle condition (A.1). In particular, for each cocycle a and element
x € G, the 3-cocycle ay, defined by

(A.6) (g, h, k) == (" tgz, 7 ha, x 7 k),
differs from « just by a 3-coboundary [47]

n2(9192, 93)02(91, 92)

A7 a(g1,92,93) = @z(91, 92, 93 :
(A1) 3 )Ux(9179293)77x(92793)
where
—1 —1
alz,y, 2)a(z, z ez, 27 yz
(A8) me(,) o= B2l )

alx, z, 27 1yz)
Given a 3-cocycle «, we can define, for any h € G, amap ¢, : G x G —

U(1) via

a(g, h1, ha)a(ha, ha, (hihe) tg(hihs))

(A.Q) C (hl,hg) = —
I a(hy, hy'ghy, ho)
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It is shown in [45] that ¢, defines a 2-cocycle of the stabilizer subgroup
Ca(g) C G (i.e., the subgroup of all elements hq, hy which commute with g).
When hy, ha € Ci(g), we have the simplified expression

a(g, b1, ha)a(hy, ha, g)
Oé(h]_,g, h2) '

It is straightforward to check this by inserting (A.9) into (A.1), and making

repeated use of the 3-cocycle condition (A.4) (twice on each side of the

equality sign) together with the fact that g commutes with hq, ha, hs.
Under the “gauge transformation” (A.5), ¢, transforms as

(A.11) o
¢g(hn, ha) = &(ha, ha) := co(ha, h)W

(AlO) Cg(hl,hz) = hl, he € C(;(g).

h’lv h’2 S CG(g)a

where we defined the 1-cochain vy, by

(A12) 2y(h) =
This is indeed of the form (A.2), and hence, for all g € G, ¢, defines a map
(A.13) Cg - H3(G,U(1)) — H*(Cq(g),U(1)).

In fact, if ¢4 is the 2-cocycle associated to a projective representation p, of
CG(Q)? i'e'7

(A.14) pg(h1)pg(ha) = cg(h1, ha)pg(hih2),

then ¢, is the 2-cocycle associated with the projectively equivalent represen-
tation

(A.15) Pg(h) := g(h)pg(h).

In the context of holomorphic CFTs, the transformation (A.5) corresponds
to a redefinition (A.15) of the projective representations p, of the centralizer
Cc(g) over the twisted sector Hy, which induces the analogous transforma-
tion of the twisted twining partition functions

(A.16) Zgh = Zgh = 19(h) Zg -

Indeed, the new partition functions Zgﬁ satisfy the expected modular prop-
erties with respect to the new cocycle a.
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In particular, it the case (A.7) of conjugation by = € G, we have 8 = n, !,
so that

-1
_m(hg) _ cgl@, 27 he) Cy(G),

(g, h) ¢q(h, )

where the latter equality follows from [46, 47]. From this identity, one recov-
ers

(A.17) Y9(h)

_ cg(z, 27 hr)
(A.18) Za1y-(9.0)(T) = Zo-1g00-1he(T) = gcg(TZg,h(T),

from which the formula (B.8) for €, 5 (I, x) follows.
One further useful identity is [47]

(A.19) Caras (21, 22) _ Cx ($1,$2)022($1,JL‘2),

Cay (21, 22)C, (21, 22) Carz (21, 22)

that holds for pairwise commuting x1,x2, 21,22 € G.

For most applications, only the restriction of a 3-cocycle a to sub-
groups of the form (g, h) = Zy, x Zy, is needed. For such groups, we have
H3(Zn, X Zn,,U(1)) = Zn, X LN, X Lgea(n; N,) and a set of normalized rep-
resentatives for the generators are [73]

(A20) Oévi (gal h(lz 9 gbl hb2 1) 981 hC2) = 6#([61]1\,14_[01]1\,1_[bZ+CJN1)

where v; € Z/N;Z, i = 1,2, and

2mivigay

(A21) oy, (galh%,gblth,gClh@) — 6W([52]N2+[62]N2*[szrCz]Ng)

where v13 € Z/ gcd(Ny, N2)Z and [-], : Z — {0, ...,z — 1} denotes the reduc-
tion modulo z. Note that, with this choice for the generators, we have the
simplified formula

(A.22) ey, 2) =a(x,y,2), x,y,2 € LN, XZLn,.

Appendix B. Modular properties of twisted twining
partition functions

In this appendix, we include some details on the modular properties of
twisted twining partition functions. In particular, we analyze the combined
action of SL(2,7Z) and G on the set of commuting pairs (g, h) in G. Here we
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must also take into account the presence of a non-trivial 3-cocycle o which
leads to a certain twisted action. We introduce a convenient “twisted equiv-
ariant slash-operator” that simplifies many expressions since it combines
(twisted) SL(2,Z)-equivariance with G-equivariance. Finally, we discuss a
reformulated version of the cohomological obstructions found in [17].

Appendix B.1. SL(2,7Z) X G - action on Pg

It is clear from (2.8) that modular transformations act on 7 € H as well as
on the set of commuting pairs (g,h) € G x G. In addition G acts on itself
by conjugation and thereby on the set of pairs g, h. In order to determine
the subgroups I'y , C SL(2,7Z) under which Z;j, (and ¢, ) are invariant for
fixed g,h € G, we must classify the orbits of the combined SL(2,Z) x G-
action on the commuting pair (g, h). We are mainly interested in the case
G = M4 but we only make this specification at the end of the subsection.

For any finite group G, let P C G X G be the set of commuting pairs
of elements:

(B.1) Pa={(g9,h) € G x G| gh = hg}.

The group SL(2,7Z) x G has a left action as a permutation over this set by

(0 5)) mmm g (2 G)
= (kg?n°k1, kg~bhok 1),

where (g, h) € Pg, (¢54) € SL(2,Z) and k € G. This action can be extended
to an action of GL(2,7Z) x G in the obvious way.

Appendix B.2. Twisted action on Pg: generalized permutation

As explained in Section 2.2, in order to include the possibility of non-trivial
multipliers in the modular properties of the twisted twining genera one needs
to consider the “twisting” of the action (B.2) by a 3-cocycle «, representing
a cohomology class in H3(G,U(1)). This a-twisted action is a generalized
permutation

(B.3) CPg x SL(2,Z) x G — CPg,
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on the complex vector space CPg freely generated by the elements of Pg.
We define this action by the formula

(B4) ('Ya k;)a : (gv h) = Eg,h(fyv k)(kgk_la khk_l)ry_l

Here, (v,k) € SL(2,7Z) x G and €, ,(7,k) € U(1) is a phase which depends
on the choice of 3-cocycle a. More precisely, in terms of the 2-cocycle
cg(h1,ho) in (2.7) the phases €, 4 (7, k) are defined as

(B.5) €90 (11725 k1k2) 1= €, k)-(g,0) (V15 K1) €9.0(72, F2),
1
B.6 € .
( ) g,h ( ) cg(g,g_lh)
(B7) 69, ( ,6) _Cg(h_lah)v
cg(h, k=)
B. I — 9—
(B.3) onll )= i ke G

where

(B.9) S = <§) _01> T := ((1] 1)

are the generators of SL(2,Z).

Appendix B.3. Modular properties of twisted twining partition
functions

We now wish to analyze the modular properties of the twisted twining parti-
tion function Zg; in more detail. To this end we define the following equiv-
ariant slash operator

(B.lO) f(g7h;7—)|(7ak) = f((ry’ k) ’ (gah); v 7—)’ (/%k) € SL(272) X G,

acting on modular functions f : Pg x Hy — C. We can think of the twisted
twining partition functions Z, 5 (7) as functions on Pg x H that are equiv-
ariant under SL(2,Z) x G, up to a multiplier. In the simplest case when
the multiplier system is trivial, this property can be expressed as follows in
terms of the slash operator:

(B.11) Zg (T (v, k) = Zg (7).
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In particular, for each fixed (g, h) € Pg, the function Z, ,(7) is a modular
function under some subgroup I'y , € PSL(2,Z), i.e.,

(B.12) Zon(y-7)=Zgn(r), v€Tlyn < PSL(2,Z).

The group Iy p, is the image 7(I'y ;) of the stabilizer

(B.13) Lyni={(.k) € SL(2,Z) x G| (9,h) - (v, k) = (9, 1)},
under the homomorphism

(B.14) 7:SL(2,Z) x G — PSL(2,Z).

Similar properties hold for the twisted twining genera ¢, (7, 2) of an N =
(4,4) superconformal algebra: these are expected to be Jacobi forms of
weight zero and index 1 with respect to the same groups I'y ;. For this rea-
son, we need to extend the definition of the slash operator to an action on
the space of functions ¢ : Pg x Hy x C — C. Specifically, for Jacobi forms
of weight 0 and index m with respect to some I' C SL(2,7Z) we define

(B.15)

W(g, hi, 2)| (7, k) = e o @b(kgdhfckfl’ kgThET e, CTid)’

where (v,k) = ((2%),k) € SL(2,Z) x G. Note that for theories with N =
(4,4) superconformal symmetry, these genera are expected to be even func-
tions of z, so that the central element C = S% € SL(2,Z) acts trivially and
it makes sense to consider the action on such functions of the quotient
PSL(2,7Z) = SL(2,7Z)/ Zs.

We are now ready to incorporate the a-twist in the modular properties
of the twisted twining genera. To this end we define the a-twisted general-
ization of the equivariant slash operator:

(B.16)
f(gvha T)‘a(f% k) = 69,h(77k)f ((77 k) : (gah);7 : 7-) ) ('77 k) € SL(ZZ) X G7

for some 3-cocycle o representing a class [a] € H3(G,U(1)). Similarly, we
define the a-twisted slash operators on Jacobi forms of weight 0 and index
m by

2mimez?

(B17) (g, 7, 2)|a (7, k) := €gn(y,k)e er+a
V4

dyp—c 1.—1 —bpa.—1. . .
(kgh R kg TRy ),

where (v,k) = ((¢%),k) € SL(2,Z) x G.

C
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Appendix B.4. Cohomological obstructions

When « represents a non-trivial class in H3(G,U(1)), the partition func-
tions Z, 5, (7) are modular functions under I'y j, € PSL(2,Z) only up to some
multiplier x4 5, which depends on « (see Section 2.2). In fact, by (B.13) and
(B.8), the restriction of €, to T'y, is a group homomorphism 'y, — U(1).
If

(Blg) €g7h(’% k;) =1
for all (v, k) in

(B.19) Tynnkerm = {(e,k) € SL(2,Z) x G | (k" gk, k™ hk) = (g, )}
(B.20) U {(S%,k) € SL(2,Z) x G | (k" gk, k™ hk) = (¢~ 71},

then the restriction e, s, : Ty s — U(1) induces a well-defined homomorphism

Xg.h : Ugn — U(1) on the image Iy, = 7(I'y 5). Explicitly, for each v € I'y
C PSL(2,7), one can choose a lift (v,k) € Iy, € SL(2,Z) x G and set

(B.21) Xg.n(7) = €gn(7, k), fory=m(vy,k) € gy

By (B.18), the definition is independent of the lift.

On the contrary, if (B.18) is not satisfied for some (v, k) € Ty, Nker,
then Equation (2.12) implies that Z;(7) must vanish identically. In this
case, we say that the twisted twining partition function is obstructed. Fol-
lowing the discussion in [17, 18], we can distinguish between two kinds of
obstructions:

(1) We say that, for a certain (g, h) € Pg, there is an obstruction of the
first kind if there is some element of the form (e, k) € I'y ;, N ker 7 for
which (B.18) is not satisfied.

(2) We say that there is an obstruction of the second kind if (B.18) is
satisfied for all elements of the form (e, k) € f’&h N ker 7, but is vio-
lated by some element of the form (52 k) € I'y, Nker . By (B.8),
this implies that (B.18) is false for all elements of the form (52 k) €
f%h Nkerm.

Although not phrased this way in [17] these obstructions are equivalent to
the ones given there.
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Appendix C. Definition of twisted equivariant Hecke
operators

In this appendix, we shall discuss the definition and properties of the a-
twisted equivariant Hecke operators.

Appendix C.1. Twisted equivariant Hecke operator

Let us denote by Mat(Z) the ring of 2 x 2 integral matrices with positive
determinant, graded by the determinant,

(C.1) Mat(Z) = | | Mat(Z),

where Maty (Z) was defined in (3.4). For any v € Mat(Z) denote by u" €
Maty (Z) the dual

(C.2) (‘CL Z)V - <°c‘ Z) L <_dc _ab) <fj Z) € Mat(Z).

Note that Mat;(2,Z) = SL(2,Z) is the group of invertible elements of Mat(Z)
and that each Matr,(Z) is a bimodule over SL(2,Z).

In order to define the a-twisted equivariant Hecke operators 7%, we need
to extend the action (B.3) of SL(2,Z) x G on CP¢ to an action

(C.3) CPq x Mat(Z) x G — CPg,
by
(C.4) (u,k)a : (9, h) = egn(u, k) (kgk™ khk ™ )u”,

for a suitable €, p(u, k) € U(1), that reduces to the one discussed in Sec-
tion Appendix B.2. when u € Maty(Z) = SL(2,Z). Furthermore, the inter-
pretation of ¢, 5, as a section of E;‘, ;, suggests that the following composition
law should be imposed

(C.5) (urug, k1k2)a - (g, k) = (u1, k1)a - ((u2, k2)ar - (9, h)),
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where (u1, k1) € Mat(Z) x G and (usg, k2) € Mat(Z) x G. In terms of the
phases €, p,, this condition reads

(0'6) 691}1((”17 kl) uTL’ n H € +1,k +1 Un,k ) (g h) (ul’ kjl)|ulu7_l ,
i=1

where |u;| := det u;.

Observe that Mat(Z), as a multiplicative semigroup, is generated by
SL(2,7) together with the matrices of the form (g (1)) for p prime. Therefore,
it is sufficient to specify the phases e((? 9), e) for all primes p and any other

phase €, (u, k), (u,k) € Mat(Z) x G, (i)slthen determined by (C.6). The a-
twisted slash operator (2.15) can be trivially extended to an action with
respect to v € Mat,(Z), in which case it maps a Jacobi form ¢ of weight 0
and index m to another Jacobi form ¢|,(7, k) of weight 0 and index Lm.
Notice that, by (C.6), the twisted slash operators satisfy the composition

relation

(C.7) la(urug, k1ka) =|a(u1, k1)|az (u2, k2)

We can now define the a-twisted equivariant Hecke operators acting on
the space of SL(2,7Z) x G-equivariant Jacobi forms ¢g4;, by

©8)  Tomr=7 Y ounalwe)

wESL(2,Z)\ Mat . (Z)
(C.9) U dgn(T,2) = dgn(T,2)la(h £, €).

One may check that these operators satisfy the Hecke algebra (3.13)-(3.16).
Furthermore, 7/* (respectively, Uf*) maps the system of a-twisted SL(2,Z) x
G-equivariant (weak) Jacobi forms of weight 0 and index m to a system
of al-twisted (respectively, o -twisted) SL(2,7Z) x G-equivariant (weak)
Jacobi forms of weight 0 and index Lm (respectively, index L?m). The proofs
of these properties are completely analogous to the case where « is trivial;
in fact, these properties follow directly from the definition of the Hecke
operators in terms of slash operators satisfying a composition law of the
form (C.7).

Appendix C.2. Definition of slash operator for Mat(Z) x G

In this subsection, we will describe the extension of the a-twisted slash
operators to Mat(Z) x G. As stressed in Section 3.2, it is sufficient to define
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such operators for matrices of the form (5 9), since, together with SL(2,7Z)
they generate the whole Mat(Z). We will make an ansatz for the phase
egn ((59),€) and verify that it extends consistently to the whole Mat(Z).
Our ansatz for the phase €, 5, ((6 "), e) is based on the interpretation of
the corresponding slash operator within the theory of symmetric orbifolds of
conformal field theories. We recall that the twisted twining partition function
Zg 1 (7) in a holomorphic CFT is defined as a trace Try, (pg(h)gh~21), where
H, is the g-twisted sector and pg is the (possibly projective) representation
of the centralizer C(g) on H,. This partition function can be computed by
a path integral on a torus C/(Z + 7Z) where the fields are required to have
monodromies g and h along the cycles —1 and 7, respectively. The function

(C.10) Zgn(T)la ((59),e) = Tz‘é 0y 2o

is associated with the L-fold covering C/(Z + L7Z) and has a natural inter-
pretation as a trace

(C.11) Zgn(T)la ((§9),€) = Tra, ((pg(h)g™720)") .

Using the product law (2.5) for the projective representation py, we obtain
L—1 '

(C.12) Zon(M)la (59 €) = T cglhs h) Trae, (pg(h")g" 07 3)
i 1

= Hcg (hy h*)Zy o (LT).

This formula suggests the definition

(C.13) egn (59),e Hcgh h),
so that
(C14)  f(g, i)l ((59),e Hcghh (@m0 (59) 7).

Any integer matrix of determinant L can be written as a product of
elements in SL(2,Z) and matrices of the form (§ (1)) for prime p. For each
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(u, k) € Mat(Z) x G, given a representation of u as a word u = ay - - - a, in
the generators ay,...,a, of Mat(Z), one can use the composition law

(C.15) f (g, h; T)|a(urug, k1k2) = f(g, h; T)|a(u1, k1) (g (u2, k2),

where |u| := detu, to define the slash operator

(C16)  f(g,h;m)|alar - an, k)
= (g, h; T)|a(L, k) |alar, €)laiai(az, €) - |yaranri(an, €).

One needs to check that this definition is consistent, i.e., that the operator
la(u, k) does not depend on representation of (u, k) € Mat(Z) x G as a word
in the generators and that the composition law is respected. The outline of
the proof is given in the next subsection.

In particular, by (C.15), the identity

S N I L )
vields

cg(h™ W TS eni(9,9") _ 1
cgr(h™1, h) 15 enlg. g')

(C.18)  €4n (((1)2) e) =

where in the last step we use (A.19), while from the identity

e GG OEYEY

we obtain the general formula

| Cg(h hz)
egn (§5) =eon ((§5).€) = == i= .
g:h \ 0 g 0 H?Z% Cg*bh“(ghgj)nk:l Cg(g’g—kha)d

Since for any coset of SL(2,7Z)\ Mat(Z) we can choose a representative of
the form (& %), this formula is sufficient to determine the Hecke operators
7/ and U7 for all L. In particular, if the restriction of the 3-cocycle o to
the group (g,h) = Zn, X Zn, is given by a = ay, u,qy,,, in terms of the
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generators (A.20)—(A.21), then (N1, No > 1)

(C.21)
ab _ (b SO (1) —oid 3, SND (1—j)Hviad 1 8] V2 (j+1))
s (( 0 d)7 6) = e

Appendix C.3. Proof of consistency

In the rest of this section, we will show that our proposal for the twisted
equivariant Hecke operators satisfies several consistency conditions. As a
first consistency, let us consider the effect of a “gauge transformation” (A.5),
under which the normalized 3-cocycle « is multiplied by a 3-coboundary 93
(with B(e,g) = B8(g,e) =1 to keep the normalization). Formally, this trans-
formation corresponds to a different choice of trivialization of the pull-back
ﬂ*ﬁg’ p» where m: P x H x C — M is the covering map. As stressed in the
previous Appendix A, for a holomorphic CFTs C, the transformation (A.5)
corresponds to a redefinition (A.15) of the projective representations p, of
the centralizer Cg(g) over the twisted sector H, and induces the transforma-
tion (A.16) of the partition functions. For the tensor product C** and the
symmetric product S*C theories, the twisted twining partition functions Zgh
are defined as traces over the representation induced by the (symmetrized)
L-tensor product of py, so that the appropriate transformation is

L (L L
(C.22) z8) e 20 = )tz

where 74(h) = (g, h)/B(h,g). Analogous properties hold for the twisted
twining genera ¢ o.h in superconformal field theories. Using the identities
Ye(g) = v4(e) = 1 and v4(h) = yx(g) !, it is easy to check that, under (A.15)
and (A.11),

(C.23)  (v(h) f(g: b 7))la ((& )7, €) = yg(R)* (f(g7 h; )l ((85)7, e)),

where L = ad, and similar properties hold for Jacobi forms. As a conse-
quence, we obtain

(C.24) T Zgn = vo(W) " T1 Zg
and

(C~25) TLdég,h = ’Yg<h)LTLa¢g7hv Ui&&g,h = 'Vg(h)Lzz/{g?bg,hv
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which indeed reproduce (C.22) and the analogous formula for twisted twin-
ing genera. More generally, given any representation of a matrix u € Mat,(Z)
as a word in the generators of Mat(Z), it is easy to check that (C.23) holds
for the slash operator | (u, k), i.e

(C.26) o (W) eg(u, K) = 79 (1) g (u, ).

An easy corollary of this property is

(027) f(g7 h;7)|a (’LL, k)’aL (]I’ 33) = f(ga h; T)’a (H7$)|a (u’ k;) )
(u,k) € Matr(Z) x G, z € G,

which follows by considering (C.26) for the transformation (A.7). As a con-
sequence of (C.27), one only needs to prove consistency of the slash operator
for elements of the form (u,e).

A set of generators of the multiplicative semigroup Mat(Z) is given by the
generators S, T of SL(2,7Z) (see Equation (B.9)), together with all matrices
(5 (1) ) for p prime. To check the consistency of the definition of the slash oper-
ator, one needs to verify that, for each relation a;---a, = by --- b, among
the generators of Mat(Z), the following identities hold for all (g, h) € Pg

(C.28)
flg. i 7)|alar, €) [ yeran i (an, €) = f(g, hiT)]a(br, €) [ yivrm 11 (B, €).

This is equivalent to checking the following identities for the phases

n

m
(€29) [T ewmay,,ay (@i @)™l =TT ey, -y, (bis )P0,
=1 i=1

For the relations S* = 1 and (ST)? = S? within SL(2,Z), these conditions
follow from the identities in [46, 47]; therefore, we will only consider the
independent relations within Maty (Z) for L > 1.

For each prime power p, the relations within Mat,(Z) can be obtained
from the relations for SL(2,7Z), together with relations of the form

(C.30) " (g (1)> — <§ ?) 2,

for suitable 1,72 € SL(2,Z). It is easy to check that such a relation exists
if and only if 72 is an element of I'g(p), which is generated by T, S? and
STPS = (_1p ). Therefore, the only independent relations within Mat,(Z)
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are

»(P 0\ _(p O
ca (= O

afp 0\ _(p 0) 4
e (0 9)-( %)
and

p 0 (p O »
o ses (1 0= (2 s

The only remaining relations in Mat(Z) are of the form

0 "0 ' 0 0
(C.34) (g 1) o0l <% 1> =7 (% 1> V3 (g 1) V4,

for all pairs of distinct primes p,p’ and suitable v1,v2,7v3,74 € SL(2,7Z). In
fact, it is casier to consider formula (C.20) as a definition of €, ,((25),€)
and verify the identities (C.29) for the relations

o 69696
G966

since the consistency conditions for the relations (C.34) then follow. The
consistency conditions are therefore

(C.37) cqir (o 7)ean(h) = eggn(h 1) eon(01)"
(C.38)

eh‘ﬂg((l) Bl )69,hp((1) o )697h(g (1)) = €g-1,h ! (8(1))6/1‘147([1) T)l )pemh((l) 51 )
(C.39) egrn (9 p) =g rn(bp)egn(ph)”

(C.40) egnr (35)egn(B9)" = eqn(mh)
(CA41)  egugrne (B ) eqn(8h)" = eqn(Bem?)
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The proof is a tedious but straightforward computation, consisting of a
repeated use of the cocycle conditions. For example, the proof of (C.40):

a—1 i d
: h. hip
(ST J— L _—
szl Cg—thar (gvg]) szl Cg(g7g_ h@p)
_ 0 - o
X ﬁc (h hi)ade=% Cg_l’h‘”’(g7g]) szl Cg(g’g kp P)d
gy a—1 .
=1 Hf:l Cg(h7 hl)d
L g (hy hP) TIEZ} cq(hy hi)aN @
_( i=1 i=1 % ) _1q
[T eg(hy ) ’

where the last equality follows from the 2-cocycle condition on c¢,.

Appendix D. Some technical proofs
Appendix D.1. Proof of (3.47).

In this section, we will prove Equation (3.47). The sum Fy (a,d, k,¢) can
be written as

Q..
,_.

0o
1 27ribn n na
(D.l) gh a, d ]C f Z: g b NAd ng,g;bh(’i (m’ﬁ) g,

I
=)

in terms of the Fourier coefficients of the twisted twining genera ¢ g gt
introduced in Section 3.2.3. Note that the functions ¢, 5, satisfy

(D2) ¢ggvg;7‘ho¢ (T + 17 Z) = ¢g;7hu (7_7 Z),
so that
(D.3) Cot gin (1, 0) = €3 cga p (1, 0),

for all h, € Cf (g). Set

(D.4) e:=ged(d, NX), f:=-,

and note that

(D.5) ged <f, ]\i)\) =1,
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otherwise e ged( f, %) would be a common divisor of d and N\ greater than
e. The order of g? is o(ggf) =o(gs) = NA/e, so that cpu e (5, ¢) =0
unless e|n. Thus, we can set r := n/e and obtain

d—1

(0@
1 2mibre re ar
(D.ﬁ) gh a,d,k, E Zi € N Coa obpi <77£> g,
o B wfe Te ANA

Note that, by (D.3), the general term of the sum over b is periodic under
b— b+ d. We can set b:= se + b’ and replace the sum over b € Z/dZ by a
sum over b’ € Z/eZ and s € Z/ fZ

(D.7)

=1
Fyn(a,d,k,0) =" g

1 2mi(b/ +se)r re ¢ ar
— NXf _ NXf
7 e Cot gat ga*hk % qrar.

Thus, the general term of the sum over b’ is periodic under ¥ — b’ + e and
we can sum over N\/e periods and divide by NA/e

(D.8)
© 1 NA— 1 "1 2mi(b 4se)r re
Fyn(a,d, k,0) XZ:ON Z: fz:;) N Cha ! e (m,€> g7

By (D.5), there are integers x,y such that

N
(D.9) a:f—l—y?:l

so that se = sxd + sy/N A and we obtain

00 NXx-1 ., f-1
1 1 omib’ ¢ 2mis(zdtyNA)r
(D10) Fynfardbl) =3z 2§D e e
r=0 b’ =0 s=0
( re E) ]\;z;f
X _ . ——
€95 gz " hi; N)\’ q
0o NA—1 2]7\\—&;; 27'r79y7
S s ()
f Cot.9""h \ NN ’
r=0 b'=0

where in the last step we used (D.3). Since by (D.9) ged(y, f) = 1, the sum
over s just a projection

f—1 2misyr .
1 if
(D.11) e { if f|r,

— 0 otherwise,

V)
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so that, by setting » = mf, we obtain

co NA—-1 CM md
(D].2) gh a, d k' £ Z Z N gi,g;b/hfi <M7€) qmﬂ
m=0 b'=0

that is equivalent to (3.47).

Appendix D.2. Central extensions and special choices of the
cocycle

In Section 3.2.3, a central extension Cf; (g) of the centralizer Cpy,,(g) is
defined, together with the representations g, , on the g"-twisted sector Hgyr,
for all r € Z>¢. In this section, we will describe some special choices of the
cocycle a, for which these representations are particularly simple.

If two 3- cocycles a, o differ by a coboundary 943, then there is an iso-
morphism C§; (9) — C%,,(g) that relates the canonical lifts

(D13) ha’ = ha Q(Vg(h))7

where v,(h) € R/Z is defined by e?™a(h) = ﬂgh ;

Under the shift @« — o’ by a coboundary 9/, the cocycle ¢, transforms

as

B(g,h) B(g, k) B(hk, g)
(D-14) - eolho k) = 5 0) Bk, ) Alg, k)

cg(h, k), h,keCu,(9g).

Correspondingly, the phases f, (k) of Equation (3.31) transform as

B(h,g)" B(g", h)

(D15) fgﬂ‘(h) - fgm(h)ﬁ(g, h)T 5(h,g7«)7 h € CM24(9)7
and, in particular,

h, N
D16) Sy~ LW e o)

Therefore, we can choose (3(g,h)/B(h,g) for each h € Cyy,,(g9), h & (g), in
such a way that

(D.17) fon(h) =1, Vh € Chp,,(9)\(g)-
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This condition determines (3(g, h)/B(h,g) for all h € Cir,,(g)\(g) up to Nth
roots of unity. Notice that, in general,

Py~ (h) _ ﬁgr (h)

(D18) ﬁg,T‘f‘N(h) = fg,r(h)fg,N(h) - ngN(h)’ h‘ € CM24 (9)7
so that, by imposing (D.17), we have
(D.19) Pgr+N(h) = pgr(h),  h € Crp,(9)\(9)-

On the other hand, f; n(g) depends only on the cohomology class [c]. Since
the restriction of [a]V to H3((g),U(1)) = Zy is the trivial class, it follows
that fy n(g) must be a Nth root of unity. In fact, for Moy, we have

27

(D.20) faon(g) =€,

where A|N is the length of the shortest cycle of g in the 24-dimensional
permutation representation. It is also related to the spectrum of Lo — 57 in
the g-twisted sector, which takes values in —ﬁ + %Z and to the presence
of a non-trivial multiplier system for the twining genus ¢, 4. It is useful to
distinguishes the cases when A =1 and A # 1.

Appendix D.2.1. Case A = 1 (trivial multiplier). This case occurs
whenever g is an element of some Moz subgroup of May, i.e., when g belongs
to the classes

24, 3A, 4B, 5A, 6A, TA, 7B, 8A, 11A, 14A, 14B, 15A, 15B, 23A, 23B.

In this case, the restriction of [a] to H?({g),U(1)) is the trivial class and
one can choose 3(g°,¢’) in such a way that

(D.21) (g 0" = 1.
In particular,

(D'22) fg,r(gi) =1,
for all r,i. By specializing (3.32) to the case r = N, we obtain

fg,N(hk')

N_ ooy O
(D23) ey k)™ = ey (b k) 7TV

= 17 hak € 0(9)7
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so that cg(h, k) is an Nth root of unity for all h,k € Cir,,(9), i.e., there is
pg(h, k) € Z/NZ such that

2mipg (h,k)

(D.24) cg(h k) =€~

With this choice of cocycle, the central extension Cf (g) of Section 3.2.3
can be chosen to be finite

(D.25) 1 —=(Q) =Zn — Cip,,(9) = Car,i(9) — 1.

where the central element () is related to the U(1)-generator g(z) in Sec-
tion 3.2.3 by

(D.26) Q = q(1/N).

Appendix D.2.2. Case A # 1 (non-trivial multiplier). This case
occurs when g is in one of the Moy-classes

9B, 3B, 4A, 4C, 6B, 104, 124, 12B, 21A, 21B.
Since H3({g),U(1)) = Zx, we can choose the cocycle in such a way that
(D.27) Cq (gj7gk)N =1,
for all 4, j, k € Z. This condition fixes 3(g’,¢?) up to Nth roots of unity. For
h,k € Ch,,(g9), with h,k,hk & (g), we can apply again (3.32) with r = N
and obtain

(D.28) co(h, k)N =1, h,k, hk € Cap,(9)\(g).

If « satisfies (D.17) and (D.27), then by (3.32) we have

i i f, (Qi)f, (!Jj)
(D.29) fan(geals', )Y =1, SIS <1,
so that
(D.30) Fon(g™) = fon(g)" = e 57,
and

(D.31) co(g', )N = 1.
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Therefore, c4(h, k) is a N roots of unity for all h, k € Cp,,(g) and we can
define pg(h, k) € Z/NXZ such that

2mipg (h,k)

(D.32) cg(h, k) =€ ™

The discussion is similar to the case A = 1. With this choice of cocycle, the
central extension Cf (g) of Section 3.2.3 can be chosen to be finite

1
(D.33) 1= {a(573)) = Zva = Cip,(9) = Coraa(9) — 1.
It is convenient to define also a central element @) of order N by
(D.34) Q =q(1/N),

i

so that the ¢g"-twisted sector is an eigenspace of () with eigenvalue N

Appendix D.3. S-duality for g in classes 2B,3B,4C,6B,12B

Here we prove the S-duality transformation property of ®,; for g in the
classes 2B, 3B, 4C, 6B, 12B. Let g be an element of Ms4 in one of these
classes and let N be its order. In all these cases, the restriction of the class
[a] to H3({g),U(1)) is non-trivial and has order A = N. Therefore,

(D.35)

égh(d m, (1)

2mitk N2 2mibm

Z MA Z 61\1;2 Tryy (e ) (pg d(g)_bﬁg,d<h)k(—1)F+F).

In the g"-twisted sector, for r and N coprime, the spectrum of Ly — 57 takes
values in —% + %Z. More generally, if ged(r, N) = e then in the ¢g"-twisted
sector the spectrum of Lo — 57 takes values in — (C/DH / BE + 5 /eZ Notice that

Cq.n(d,m, £, t) is a sum of traces in the g%-twisted sector at level ’jggl, so that

Cg.n(d,m,€,t) =0 unless %l € — (N/e)2 + N/eZ where e = ged(N,d). It is
easy to verify that this condition is equivalent to

(D.36) m=—d mod N,

where we used the property

(D.37) ged(z, N)=1 < 2?=1 mod N,
which holds for all N that divide 24.
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As explained in Appendix D.2.2, we can choose the cocycle « in such a
way that

N-1
(D38) fg,N(h) = H Ch(gagi) = 17 h e CM24(9)\<9>7
=1

while fg, ~(g*) depends only on the cohomology class [a] and equals

2wik

(D.39) fon(g") =e "~ .

With this choice of cocycle, we have

(D.40) Ppain(h) = JfN((",j) — poalh), b€ Cani(@)\(g),
while
(D.41) Prain(g) = %8 )

For d=—-m =0 mod N, we have, for all x € N,

(D.42)

Cgn(d = Nu,m = Nv,{,t)
M—1 _ 2nitk N?Z2 2mibo

e M e N N o _
=2 5 T, ey (Bovu(9) ™ Pva()F(~1)7F)
k=0 b=1
M—-1 o 27;5;k N2 627(%5\?7”) )
= 7 Z e TrHe(uv,é) <g—bhk(_1)F+F> .
k=0 b=1

Since the (untwisted) twining genera are invariant under charge conjugation,
ie.,

(D43) ¢6,g*bh" (Ta Z) = qbe,gbh*k (7—7 Z)a



Second-quantized Mathieu moonshine

we obtain

(D.44) Cg.n(Nu, Nv, £, 1)

M—1 _ 2nitk N2 27mib(v—u)
e M [& N _

= Tra, (uv,0) (gbh_k(—l)F+F)

= e MM Ze ]\]I'VQ Ty, vy (g—bh—kz(_l)F-i-F)

Similarly, for d =2z = —m mod N, with z =1,..., N — 1, we obtain

(D.45) égh(d:Nu—i—a: m=Nv+ N —uz,/1t)

27r tk N2  27ib(Nv+N-—2—Nu)

—Z T D

b=1
X Try, () (P 9) VoW (=D)7HF).

Using the relation

1
(D.46) (ﬁg’h(T, Z) = - (g,g_1)697 (h = )¢g 1h 1(T, Z)a
and by
Pg—l(h_l) _ -1
(D47) —1(h, hfl) - pg_l(h) )
we obtain
(D.48)

Trp,e (n,0) (g (B)) _ Tom, o ny(Pg—=(R) )

Tqux n,l (/3 J:(h)) = — - — -
om0 1) enlg, ) cn(9®,97) 112 en(g, 9')

Try n . (nt) (Pg,N—2(R) ™)
enlgm gV ) T enlg g TS enlgs 9)
- Trp s ) By —a ()71

fon(h) ’
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where the last equality follows from

z—1 N
(D.49) en(g” gV ) [[enleg) = [] enlo: 9",
=1 i=N—

K3 T

that in turn is a consequence of the 2-cocycle condition for ¢4. It is easy
to verify that this identity is compatible with the product in the central
extension, i.e.,

(D.50)

~ ~ TrH N—z(n,0) (ﬁg,N—x(k‘)ilﬁ%N_x(h)*l)
Trp,. (n.0) (Pga(h)Pga(k)) = — ,

fg,N(k)fg,N(h)
Using this relation, we obtain
(D.51)
Cgn(d=Nu+xz,m=Nv+ N —x,/(,t)
M—1 e_M N2 e27rib(Nv72:chu)
- Wi Z N2
k=0 b=1
X Trgg gty (Pov—a(9) Bo—o (W) H(=1)+F)
M-—1 e_zwitk N2 eQ‘lrib(Nu+,7:—Nu)
M NZ
=2 e
k=0 b=1
X Ty g0y (Pov—e(9) oo () (=1)7F)
M-—1 eim N2 627rib(N2u+z)
=2 X
k=0 b=1
X Tngme(%g,@) (ﬁg,Nv-irN—z(9)7bﬁg,NU+N—x(h)ik(_l)FJrF)
M1 ek N2 2eipa
M N - —b~ —kj =
=3 2w Tzt (Fom (@) om()HEDE).
k=0 b=1

Finally, we notice that
(D.52) par(h) ™" = cq(h. A7) fy 0 (B,

where cg4(h,h™') is a Nth root of unity thanks to our choice of cocycle. We
recall that imposing the condition fq n(h) = 1 still leaves the possibility of
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modifying the cocycle a by a coboundary 98 with ¥ = 1. Under such a
modification, c4(h, h~1) transforms as

B(g,h) B(g,h™ ")
B(h,g) B(h=1, g)

(D.53) cg(h,h™1) — cg(hy,h7Y),

We distinguish two cases. If h~! and h are not conjugated within Cyy,,(g),
then one can choose the cocycle « in such a way that

(D.54) cg(h,h™h) =
With this choice, we obtain
(D.55) Con(d,m, 0 t) = ¢gp-1(m,d, l,t),

so that

(D.56) @4 u(0,T,2) H (1-— ezL’q%y ph)Con(dimitit)

mi ]
il T 0=ty e
m,l)>

M
M
= Pon (N?’ ) '

In most cases, however, there is some w € Cyy,, (g) such that A= = w=thw.
At the level of the central extension Cf; (g), the relation hw = wh™?! leads
to a relation among the lifts

-1

(D.57) ot — G,

h ) —1 —1
— ha o — nha )
@ o w)ey(hy o1y e et = Wa QTN

where n € Z/NZ is such that

(D.58) e N =

and we used the fact that, with our choice of cocycle, the right-hand side is
an Nth root of unity. Since Q™h,, is conjugated with h;! within i1, (9), it
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must have the same order M, so that nM =0 mod N or, equivalently,
(D.59) nM = sN,
for some s € Z/MZ. Therefore,

(D.60)

_2mitk N2 2mibd
e M e N2
TR
b=1
~ —b~ n F+F
by ,0) (o (9) By (1) By (Q)E(~1)7F)

N2

T

Co.n(d,m, L)

I
X~
=S

_ 2mwitk N2 2mibd
M € N2 2minmk

M N2 ¢
b=1

U (t.0) (Pyom(9) Py (W) (~1)FFF)

N2
_ 2mi(t—sm)k N2 2mibd
e M e N2

M N2
b=1

X T t.0) (o (9) B () (—1)7F)
= Cgn(m,d,l,t —sm).

T

I
(]

Eal
= L

=z X
I

I
(]

>
Il
<)

Using this identity, we obtain

(D.61)

2mit m

(1—en gnzy'p

d)égth (d,m,L,t)

=
(=)

%
Nad
=
—]

®,1(0,7,2) =

-~
Il
—
—
&
~
=
V
=]

mit mo g d\égn(m,d,Lit—sm)

(1 — e gnzyp?)cor

[
S

i
<
=

i
_
—
&
~
=
V
o

2 2mit!
Tism s’ cg,h(m,d,ﬂ,t’)

(1—6 M e M q1v2yp)

1

2

3
<
=
—

<
I
_
—
&
~
=
V
o

2minm  2mit!  _m ’
7L ™ m )ng}’/(m7d’/€7t)

(1—e v en gnrylp

[l
2

3
Neyd
=
—

<
Il
=
—
&
~
=
V
=

2min T n
=e N g,h (ﬁ—I_N’NQO-’Z)
:ezan)%h (NQ’N o— Nn,z),
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where we used the property that the exponent égp(m,d,¢,t") is non-zero
only for d = —m mod N?, so that

2mix

(D.62) — D45 (0 + N2,7‘ z) =e~? Oyp(0,7—2,2), x€LL

The identity (D.61) can be simplified by a suitable choice of the 3-cocycle.

Let us shift the cocycle o by a 3-coboundary 9 such that ggfgl g = e~ for

some r € Z, so that, by (3.56), the new form @’ satisfies

(D.63) Py p(0,7,2) = e_%ég’h <U + %,T, z)

= e%@],h (%, N26 +r— Nn, z)

= ew%h <J\7f-2 + %,NZJ, z>

R ;}h <]\7;2 + LTE\/_? 2r N?o, z> )
By choosing r = n(N;Nz), we finally obtain
(D.64) @, (0,7,2) = @), (N2 —n, N2, z> — @ (NQ,N o, 2 ) .

Appendix E. Modular forms and Jacobi forms

The Dedekind 7 function and Jacobi theta functions are defined as

| ®
ﬂH 1—q

o0

Ii(r,2) = —igry: [J(1— M1 —yg)(A -y ")
n=1
(E.1) Va(7,2) = 2¢5 cos(mz) [[(1—¢") (1 +yg™) (A +y'q")
n=1
93(r,2) = [[(1 = ¢") @ +yg" )1 +y ")
n=1

Oa(r,2) =[]0 = ") (A —yg" V(A =y~ g 1/2).

n=1
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The standard weak Jacobi forms ¢ 1 and ¢_2 1 of index 1 and weight 0 and
2 can be defined as [57]

191(7-> Z)2

€2 a3 MO oo
. 0,1\7, %) = v 19@-(7',0)2° —2,1\T, %) = 77(7-)6

Every weak Jacobi forms of weight 0 and index 1 under a congruence sub-
group I' C SL(2,7Z) is given by

(E.3) Ago(1,2) + F(1)d-2,1(7, 2),

where A is a constant and F(7) is a modular form of weight 2 for I'.
The Eisenstein series

n(NT)

™ _ .9,
(5.4 o) = g h10g T

=15,

= EQ(’T) — NEQ(N’T),

where

(E.5) Ba(r) = —i v i(z d)q”,
n=1 djn

are modular forms of weight 2 under T'o(N) C SL(2,Z). We will also need
the newforms

(E6)  fosa(m)=¢— ¢ —q* -2 +2¢" —® +2¢° +2¢"° + -,
(B.7)  fasp(1) = =" +2¢° +q" —2¢° — ¢° —2¢" +2¢° +2¢'° + - --

that are modular (cusp) forms of weight 2 for I'y(23).

Appendix F. Tables

In the following tables, we collect information about the 55 abelian sub-
groups (g, h) of My and the corresponding twisted twining genera.

Table A describes the 21 cyclic subgroups (g), g € M4 and the corre-
sponding twining genera. For each group we report the conjugacy class of
the generators, the orbits in the 24-dim representation, the twisted twining
genera for some pairs of elements in the group. The twining genus ¢, 4 is a
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weak Jacobi form of weight 0 and index 1 for the group

(F.1) Lo(N):={(2%) € SL(2,Z) | c=0 mod N},

where N is the order of the g. Thus, ¢., is given by ﬂ%z(g)géo’l(f, z) +
Feg(T)p—21(T,2), where ¢o1(7,2), ¢_21(T, 2) are the standard generators
of the ring of weak Jacobi forms of index 1 and Tra4(g) and Fe4(7) are
reported in the last two columns. The table is divided into two parts, the
first containing the groups whose generators are in some Mbs3 subgroup of
Msy (equivalently, the groups have some fixed points in the 24-dimensional
permutation representation).

Table Appendix F contains information about the 34 conjugacy classes
of non-cyclic abelian groups of May (see [17]). For each such (g, h) C May
we have described the structure as an abelian group, i.e., as Z,, X Z,, the
Moy classes of all its elements (excluding the identity), the order of the cen-
tralizer C(g, h) and its index |N(g, h)|/|C(g, )| in the normalizer of (g, h)
in Msy4, and the lengths of the orbits of (g, h) C Ms4 when acting as a group
of permutations of 24 objects. Furthermore, we give a classification of all
modular groups I'y , C PSL(2,7Z) and twisted twining genera ¢, j for com-
muting pairs g,h € May. The latter functions are denoted as ¢ (), Where
the first subscript is the Myy-class of g and the second is Ciy,, (g)-class of
h; the names of the classes follow the conventions of [17]. Finally, for each
of the 34 groups we provide the explicit expressions of the twisted twining
genera ¢gp, and T ¢y n, L = 2,3,4, for a pair (g, h) of generators and for a
choice of cocycle a satisfying (D.17) and (D.21) (when ¢ is in Ma3 C May)
or (D.27) (otherwise).

Group 27 is the only case where the pairs (g,h) and (g~ !, h~!) are not
conjugated within Ms,. Thus, in this case, charge conjugation gives the
identities ¢2B,8A, = 2B 8A,; P8A,2B, = P8A 2B,, and so on, and the respective
functions are denoted in the following tables by @B ga, ,, #8a 2B, ., etcetera.

Most of the modular groups I'y 5, are of the form I'(1) = SL(2,Z), T'o(N)
or conjugates of I'o(N) in SL(2,7Z). The exceptions are the group in case
32, where

(F.2) F2B710A = U ( _15 _14 )z ( Ig _31 )j F2,107
1€L/32,5EL /AL

is a subgroup of index 12 in SL(2,7Z) and
(F.3)
Toq0:={(2%) € SL(2,Z) |a=1,b=0 mod2, ¢c=0, d=1 mod 10},
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is the group of elements v € SL(2,7Z) such that (g,h) - v = (g, h); the group
in case 12, with

(F.4) Toaua ={(2%) € SL(2,Z) [b=0 mod 2,c=0 mod 4},
which is a conjugate of I'y(8) in SL(2,R); and the group in case 22, with

(F.5) Panac = ((Z51)(

o
=N
~—
—
W =
=Oo
S~—
—~
|
}bw
|
cAJ[\?
S—
~
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Table D: Relabeling for g in class 2A. Each line corresponds to a conjugacy
class in the central extension Cf; (g). For each such class, we report the
corresponding class in C)y,, (g) with representative h, the group (g, h) gen-
erated by ¢ and h, the “relabeled” class in Cyy,, (g) with representative h’/
and the group (g, ') generated by g and h'.

(g:h) — h | g0y N (g:h) — h | (g.h) N
ZoA 1A ZoA 1A Z14AB 14A; | Z14AB 145,
ZQA Q ZQA g Z14AB 14Bl Zl4AB 14A1
ZQA g ZQA Q 1 2142 2 2A3
ZoA Qg | ZeA Qg 2 243 1 245
ZyA 44, ZyA 44, 3 245 3 245
ZyA 44, ZyA 44, 7 2A4 Z4B 4B,
Z4B 4B 7 244 7 2B3 | Z4By 4B
74B 4B 7 283 8 2B, 8 2B
ZeA 3A; ZeA 3A; 9 2By 9 2By
Z¢A 34, | ZgA 64 10 4A, 11 4A;
TeA  6A; | ZeA 34, 11 444 10 44,
ZeA 644 ZeA  6A; 12 4A, | ZgA 84
ZsA  8A; 12 4B, 12 4By | ZgA 84
ZgA 84 12 4A, 15 4Cy 15 4Cy
Z12A 124, | Z12A 1244 16 4Cs 16 4C,
ZlgA 12A1 Z12A 12A1 17 4Bs 18 4B3
Z14AB  TAy | Z14AB 7B 18 4Bs3 17 4By
Z14AB  TA, | Z14,AB 144, 19 4Bs 19 4Bs
Z14AB 7B | Z14AB TA; 28 6A2 29 6As3
Z14AB 7By | Z14sAB 14B; 28 6A2 29 6A3
Z14AB  14A, | Z14AB  TA; 29 6A3 28 6A2
Z14AB 14B, | Z14AB 7By 29 6A3 28 6As
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