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We analyze aspects of extant examples of 2d extremal chiral (su-
per)conformal field theories with ¢ < 24. These are theories whose
only operators with dimension smaller or equal to ¢/24 are the vac-
uum and its (super)Virasoro descendants. The most prototypical
example is the monster CFT, whose famous genus zero property
is intimately tied to the Rademacher summability of its twined
partition functions, a property which also distinguishes the func-
tions of Mathieu and umbral moonshine. However, there are now
several additional known examples of extremal CFTs, all of which
have at least ' = 1 supersymmetry and global symmetry groups
connected to sporadic simple groups. We investigate the extent
to which such a property, which distinguishes the monster moon-
shine module from other ¢ = 24 chiral CFTs, holds for the other
known extremal theories. We find that in most cases, the special
Rademacher summability property present for monstrous and um-
bral moonshine does not hold for the other extremal CFTs, with
the exception of the Conway module and two ¢ = 12, N/ = 4 su-
perconformal theories with M7; and Msys symmetry. This suggests
that the connection between extremal CFT, sporadic groups, and
mock modular forms transcends strict Rademacher summability
criteria.
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1. Introduction

An extremal 2d (super)conformal field theory ((S)CFT) is a (S)CFT which
has the minimal spectrum of primary operators consistent with both the (su-
per)Virasoro algebra and modular invariance [1, 2]. For the case of bosonic
and NV = 1 CFTs, Witten [2] derived partition functions for putative ex-
tremal (S)CFTs assuming holomorphic factorization. Modular invariance
and holomorphicity constrains the allowed values of the central charge to be
c = 24k or ¢ = 12k*, k,k* € N, for bosonic and N' = 1 CFTs, respectively.
These CFTs, if they exist, were furthermore proposed to be holographically
dual to pure (super)gravity in AdS3.! The authors of [15] similarly derived
elliptic genera for putative extremal SCFTs with N’ = 2 and N = 4 super-
conformal symmetry and conjectured theories with such elliptic genera, if
they exist, would be dual to pure (N = 2 and N = 4) supergravity in AdSs.
Furthermore, they found that such theories can only exist for a finite set of
small central charges due to constraints coming from the modular and ellip-
tic properties of the elliptic genus. In particular, parameterizing the central
charge for these theories as ¢ = 6m, m € N,? such Jacobi forms exist only
for m < 13, m # 6,9,10,12 and m < 5, in the N/ = 2 and N = 4 cases,
respectively.?

Therefore one motivation for studying properties of extremal CFTs
(ECFT) is to better understand three-dimensional quantum gravity. Given
the minimal mathematical input arising from physical reasoning via
AdS/CFT, one surprise is that there are a number of known (chiral) CFTs
with small central charge and extremal spectrum. Furthermore, they each
have global symmetry groups related to sporadic finite simple groups. We

!There have been numerous works investigating this conjecture further (see, e.g.,
[3, 4, 5, 6, 7,9, 10, 11, 12, 13, 14]); however as of now it has neither been proven
nor disproven.

It would be interesting to consider a generalization to half-integer m in the
N =2 case.

30One interesting question is whether one can define a notion of “near-extremal”
CFT which extends to arbitrarily high central charge. See [15, 13] for attempts in
this direction.
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summarize the existing extremal CF'Ts here and introduce notation we will
use throughout the text. In the bosonic case, there is one known ECFT
at k = 1 [2], usually denoted as V% this is the famous CFT with global
symmetry group the monster group (M), which was constructed by Frenkel,
Lepowsky, and Meurman (FLM) in [16]. In the case of N' =1 chiral CFTs,
it was pointed out in [2] that there are ECFTs with £* = 1,2 and symmetry
related to the sporadic group Cog (“Conway zero”) first built in [16, 17] and
[18], respectively. We refer to these as EN¥=1 := V*1 and EN=1.

Moreover, a number of additional extremal SCFTs with extended su-
persymmetry were constructed recently: NV = 2 and N/ = 4 SCFTs with
m = 2 [19] (ENZ}(G) and EN=H(@Q)), SCFTs with ¢ = 12 and SW(3/2,2)
superconformal symmetry [20] (£5P(T)(@)), an m = 4, N' = 2 SCFT with
Mys symmetry [21] (EN=2), and an m = 4, N' = 4 SCFT with M;; symme-
try [22] (EN=1). Because there exist multiple extremal SCFTs with central
charge 12 and extended superconformal symmetry, we distinguish them by
specifying their global symmetry group G. We will describe these theories
in much greater detail in §4 and §5.

Finally, we would like to point out that the K3 non-linear sigma model
is also an extremal N’ = 4 CFT with m = 1 (£%3(G)) according to the
definition of [15]. However, unlike the other known examples of ECFTs, it
is not chiral. Interestingly, this theory also has a connection with sporadic
groups, beginning with the connection between the character decomposition
of its elliptic genus and the Mathieu group My first observed in [23]. Sym-
metry groups of K3 non-linear sigma models have since been classified [24]
and are in one-to-one correspondence with subgroups G C Cog such that G
preserves a 4-plane in the non-trivial 24-dimensional irreducible representa-
tion of Cog, denoted as 24. In Table 1 we present the list of known extremal
CFTs, including their central charges, chiral algebras, and global symmetry
groups.

Besides the potential connection to quantum gravity in AdSs, another
motivation for studying ECFTs stems from the appearance of sporadic
groups as symmetry groups. One of the most impressive mathematical re-
sults of the 20th century was the classification of finite simple groups. The
result is that there are 18 infinite families of simple groups as well as the 26
so-called sporadic simple groups, which do not arise as part of any infinite
family. Though they are known to exist, there is not yet a deep under-
standing of the role of sporadic groups in physics. Other places where these
particular finite groups and their representation theory naturally arise are
in connection to automorphism groups of error-correcting codes, unimodu-
lar lattices [25] and as coefficients of automorphic forms (“moonshine”; e.g.
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Table 1: Known extremal CFTs with central charge ¢, chiral algebra A,
and global symmetry group G. An n-plane corresponds to an n-dimensional
subspace in the representation 24 of Cog

ECFT c A Symmetry Group (G)
% Virasoro M
EN=L 04 N=1 Coo
ENZE N=2 My
5%521 N =4 My
Ve N=1 Cog
£spin(7) 19 SW(3/2,2) | {G C Cog|G fixes a 1-plane}
EN=2 N =2 {G C Coy|G fixes a 2-plane}
EN=S N =4 {G C Coy|G fixes a 3-plane}
EK3 6 N =4 {G C Coy|G fixes a 4-plane}

[17, 23, 26, 27, 28], and [29] for a recent review). Furthermore, all known ex-
amples of extremal CFTs have some large finite automorphism group which
is either a sporadic simple group or very closely related to one. So studying
such theories may give us hints as to the underlying role of sporadic groups
within physics.

For a 2d chiral conformal field theory with Hilbert space H and discrete
symmetry group G, it is interesting to consider the so-called twined partition
function, defined as

(1.1) (1) 1= Try gglo=e/?, VgeG

where? ¢ = e(7) = €?™7. This is a class function, as it only depends on
the conjugacy class [g] of the element g, and reduces to the usual partition
function of the theory when g is the identity element of the group. Fur-
thermore, the functions ¢, are highly constrained as they must transform
under the subgroup of the modular group I' which preserves the correspond-
ing g-twisted boundary condition on the torus, as we review in §2.2. Thus
they naturally provide a link between the representation theory of G and a
distinguished set of modular forms.

The best-studied ECFT is the FLM monster module, V. As we will
review in §3, it enjoys a number of striking properties, including the fact that
its twining functions as defined in (1.1) (and known as “McKay-Thompson
series”) furnish Hauptmoduln for genus zero groups. This is the famous

4This short-hand notation will be valid throughout the text.
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“genus zero” property of monstrous moonshine [26], which was shown in
[30] to be equivalent to a particular feature of their Rademacher sums: each
of these functions can be expressed as a Rademacher sum with only a simple
pole at the infinite cusp. That is to say, one can represent these functions
as a sum over representatives of I'so\I" about the pole (q_l), where I' is
the subgroup of I' that fixes the ico-cusp. A similar property is crucial in
the formulation of umbral moonshine [31, 27, 28|, where again the polar
structure at the infinite cusp is sufficient to recover almost all the functions.
Thus a natural question is: can the twining functions of the other examples
of ECFTs be expressed as Rademacher sums at the infinite cusp?

This question is particularly compelling given the proposed connection
between the Rademacher sum and the path integral of quantum gravity in
AdSs, beginning with [32]. Via the AdS3/CFTy correspondence, one asso-
ciates the partition function of the 2d CFT on a torus with the Euclidean
quantum gravity path integral in three dimensions with asymptotically AdS
boundary conditions. The bulk path integral is evaluated on a solid torus
whose boundary is the torus of the 2d CFT; its semi-classical saddle points
correspond to representatives of equivalence classes of contractible cycles
of the solid torus and are thus labeled by elements of the coset I'o,\I' for
I' = SLy(Z) and I's the subgroup which stabilizes the contractible cycle.
The sum over saddle points precisely appears in the Rademacher expansion
of the CFT partition function, as noted above in the case of the monster
CFT, suggesting a physical interpretation of this expression via holography.
An explicit connection between the monster CFT and a family of 3d chiral
gravities [10] was proposed in [33, 30]. One caveat to a holographic interpre-
tation of Rademacher sums appearing in monstrous moonshine, however,
is that the AdS radius in three dimensions is proportional to the central
charge of the CF'T. Thus only for very large ¢ does one have reason to trust
the semi-classical bulk path integral, which is decidedly not the case for the
monster CFT, which has ¢ = 24. Nevertheless, it is striking that such an
interpretation seems to remain valid in this context.

In this work we propose to investigate the extent to which the other
known cases of extremal CFTs have similar Rademacher summability prop-
erties. We study the A/ = 1 ECFT with Conway symmetry, and a number of
ECFTs with extended superconformal algebras. In the former case, as proven
in [34], all of the McKay-Thompson series of the theory can be formulated
as Rademacher sums at the infinite cusp. In the latter case, we consider
graded representations of G-modules arising from these theories which are
encapsulated in vector-valued mock modular forms whose pole structures
have not been studied in detail as of yet. This generalization of the usual
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twined partition functions defined in (1.1) is motivated by the decomposi-
tion of the partition function into characters of the relevant superconformal
algebra. In particular, we answer the question: is it possible to reconstruct
the twining functions of these ECFTs implementing a Rademacher sum at
the infinite cusp?

Our results, summarized in Table 5 in section §7, are as follows. We find
that the ' = 1 ECFT with Conway symmetry satisfies very similar prop-
erties to that of the monster module: all of its twined partition functions
can be written as Rademacher sums at the infinite cusp for a subgroup I',
of SLy(R). This arises from the fact observed in [34] that these functions
are all normalized Hauptmoduln for genus zero groups. On the other hand,
when we consider the known extremal theories with extended supersym-
metry at central charge 12 and 24, we find that very few of them satisfy
such a Rademacher summability property. With the exception of certain
¢ = 12, N = 4 ECFTs with symmetry groups Mss and My, all other
ECFTs we investigate have at least one conjugacy class whose correspond-
ing graded character cannot be written as a Rademacher sum at the infinite
cusp. These results suggest that the connection between sporadic symmetry
groups, mock modular forms, and 2d CFTs does not hinge on the strict
Rademacher summability properties at the infinite cusp present in most
cases of moonshine.

The outline of the rest of the paper is as follows. In §2, we discuss aspects
of Rademacher sums and holomorphic orbifold CFTs relevant for our subse-
quent discussion of ECFTs. In §3, we review the construction of the monster
CFT, the genus zero property, and its connection with the Rademacher sum.
In §4 and 5 we review the other known ECFTs, in central charge 12 and
24 respectively. We present our results in §6 on the Rademacher summa-
bility of the twined partition functions of these other ECFTs. Finally, we
conclude with a summary and discussion of open questions in §7. A number
of appendices contain additional details which complement the main text.

2. Mathematical background

In this section we briefly describe some mathematical background relevant
to the properties of extremal CFTs we will discuss. We start with an in-
troduction to the Rademacher sum, and continue with a short review of
(holomorphic) orbifolds. As described in the next section, the Rademacher
sum is a powerful tool which allows to completely reconstruct a mock modu-
lar form once its modular transformations and g-polar terms at the different
cusps of the modular group are known.
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2.1. Rademacher sum

Consider T to be a subgroup of SLs(R) commensurable® with SLy(Z) and
containing —I. The action of a generic element v € I' on the upper half-plane
is given by v = g:is, where v = (‘Z Z), 7 € H. We denote by h € Z~¢ the
width of I' at infinity, that is to say the minimal positive integer such that
Th = (é }f) € I'. Furthermore, a cusp of I is defined as a point in Q U {ico}
fixed by an element of the modular group I'.® The subgroup of I fixing the
infinite cusp is then generated by I'so = (T, —T).

Given a modular group I', a modular function is a complex-valued func-
tion defined on the quotient space I'\H. A generalization of this concept is

provided by modular forms.

Definition 2.1. A vector-valued” modular form of weight w and multiplier
system p with respect to the modular group I' is a map ¢ : H — C¢ which
obeys the functional equation

(2.1) o(v7) = ju(v, T)p(Y). o(1),  VYy=(2%)el, teH.

Here j, (7, 7) denotes the automorphic factor (¢r + d)", which, together
with the multiplier system p : I' — SU(d), satisfies the consistency condition

Jw(aB, T)p(af) = ju(e, B7)jw(B; T)p(a)p(B)-

We write the entries of the unitary diagonal matrix p(T") as e(u;), where
1=1,...,d, 0 < p; < 1. The Fourier expansion around the infinite cusp of
a vector-valued modular form takes the form

q(ul_nl)/h(al + blq +.. )

(p2—n2)/h
(2'2) £(7_) — q " (a2 + b2q + .. )

qHam )M (ag 4+ bag +...)

5The group I'; is said to be commensurable with I'y; when the index of I'y N Ty
in I'; and I'y is finite.

SThroughout the paper, when we refer to a cusp at 7 = ¢ we mean all cusps
equivalent to ¢ under the action of I'.

"Here a vector is represented by an underlined greek letter and the dot stands
for matrix multiplication. In the rest of the text we do not use an explicit vector
notation, to avoid cluttered notation, but the nature of the object will be clear from
the context.
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where n; € Z>¢. The modular form is bounded at infinity and it is called a
cusp form when the Fourier expansion of each component has solely positive
g-powers.

Lastly, we introduce one of the central objects in our subsequent discus-
sion: vector-valued mock modular forms. Although mock modular forms were
first considered by Ramanujan at the beginning of 19th century [35], it was
not until the work of Zwegers [36] that a complete mathematical framework
was established.

Definition 2.2. A vector-valued mock modular form of weight w and mul-
tiplier system p with respect to I' is a holomorphic vector-valued function
©(7) with at most exponential growth at the infinite cusp and such that
there exists a non-holomorphic function

(2.3) o(r) = (1) +g7(7),
called the completion of ¢, which transforms as a modular form of weight
w and multiplier system p with respect to I'.

The completion $(7) is related to the mock modular form by the addition
of the (non-holomorphic) Eichler integral of the so-called shadow, g(7),

(2.4) g*(r) = (%)w_l /_ioo (+7) " g(—2)dz,

7

where ¢(7) is a cusp form of weight 2 — w and multiplier system conjugate
to the one of ¢(7). Even though more general definitions are allowed, see
for instance [37], we restrict to the case where g(7) is a cusp form, and in
particular a unary theta series as defined in (A.?;S). Clearly, a modular form
is simply a special case of a mock modular form with vanishing shadow.

Once the polar ¢g-terms at the different cusps and the modular prop-
erties (i.e. the data appearing in equations (2.1) and/or (2.3)) are known,
a modular object can be completely reconstructed through the so-called
Rademacher sum. The origin of the Rademacher sum can be traced back to
the Poincaré sum

(2.5) PU L) = Y Gulrn ) o) te(nyT).
YeTl L\

This expression encodes the simple idea that the function e(n7) can be made
invariant under I' by averaging over the images of the I'-action. The sum is
well-defined as a sum over elements of the right-coset I'no\I' so long as the
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summands are invariant under the action of I'o,. This holds for (nh—pu) € Z,
where h and p are defined as above. Due to the absolute convergence of
the sum in (2.5), for particular weights and multiplier systems, the above
expression can easily be shown to transform under the action of I' as a
modular form of weight w and multiplier system p.

The analysis of Poincaré [38] was restricted to modular forms of even
weight greater than two and trivial multiplier system with respect to the full
modular group, SLy(Z).2 However, the absolute convergence of the series,
which holds for w > 2, is lost for smaller weights. Already at w = 2 the sum
requires a regularization procedure to be conditionally convergent. It was not
until the studies of Rademacher [41, 42, 43] and Rademacher, Zuckermann in
[44] that a compact formula, later defined as Rademacher sum, appeared for
smaller weights. In particular, for w = 0 Rademacher obtained a regularized
expression which encodes the Fourier coefficients of the J-function

(2.6) J(1)+12=-e(—7) + limg o0 Z (e(—’w) — e(—’yoo)) .
YET o\

K,K2

Here J(7) is the unique modular function with respect to SLy(Z) with ex-
pansion

¢4 0(q) as T — 100,
that is

(2.7) J(T) =q ' +196884q + ...

The sum in (2.6) is taken over representatives of the right coset of Ik ke =
{(2%) eT|0 < c< K,—K? <d < K?} by I'o. Due to the conditional
convergence of the series, the sum has to be taken in a particular order:
specifically the summands are chosen with increasing c. This form was later
generalized by Niebur in [45] for w < 0

28)  RI (M =A+ S R(7) july,7) p(y) te(nr).
'YEFOO\FK,K2

In contrast to (2.6), here the sum over coset representatives includes a term
with vanishing ¢ and a constant A, which vanishes for p # 0 and it is

8Later Petersson [39, 40] generalized this discussion to different groups and mul-
tipliers.
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otherwise defined in (2.12). Lastly, the regularization factor is

(1 —w, 2win(yT — y0))
'l —w) ’

Ry (v, 7) =

where 4 denotes the lower incomplete gamma function. Specializing this
compact formula to the case with w = 0, n = —1, and trivial multiplier
system we recover the Rademacher expression for the J-function up to the
constant A. The addition of a constant in this case does not modify the
modular properties of the function at hand; however for general weights it is
a necessary ingredient to simplify the modular transformation of the object.’

Niebur proved that the Rademacher construction defined by the above
regularization gives rise to a conditionally convergent series, that he referred
to as automorphic integral. The latter is defined as a holomorphic map ¢ :
H — C satisfying

(2.9) e (1) = (er + )" p(7) ((7) = plw, 7, 9))

where

-7

p(w,y 1 g) = ﬁ /m(z +7)Yg(=2)dz,

and ¢ is a cusp form of weight (2 —w) and conjugate multiplier system,
p(7). The regularization procedure was thus proven to lead to what is now
known as a mock modular form. Consequently, if the space of cusp forms of
dual weight is empty the automorphic integral reduces to a modular form.
This happens, for instance, in the case of the J-function and more generally
for all the McKay-Thompson series arising in monstrous moonshine.

In addition, Niebur showed that the Rademacher sum gives a basis for
the vector space of automorphic integrals of negative weight w and multiplier
system p for a generic modular group I'. The technique was further developed
in [46, 47, 48] to quote just a few, and generalized to weight 1/2 mock
modular forms in [49, 31, 50, 51, 52].

Although until now we focused on scalar-valued Rademacher sums, the
main objects of the next sections are vector-valued Rademacher sums, re-
cently constructed in [53, 54, 27, 55, 56]. Following these results, the defini-
tion (2.8) can readily be generalized to the vector-valued case

(210) RE (Mi=8+ > R (11w, ) o) e(nir).
/YEFOO\FK,KZ

9A detailed analysis on the role of the constant term is presented in [30].
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This corresponds to the contribution of the n;-th pole at the infinite cusp'®
to the j-th component of the Rademacher sum. If multiple polar terms
are present in the Fourier expansion of the mock modular form then all
polar contributions must be taken into account. This sum was proved to be
convergent for negative weights in [54] and for w = 1/2 and a particular
multiplier system with respect to the modular groups I'g(N) in [55, 56]. The
latter results are the ones that we will mostly use in the following.

Through the Lipschitz summation formula, the Fourier expansion of
ﬁl(ﬂnw)p(T) can be recovered from (2.10),

(2.11)

R(nl) (T)j = 6ijq”7" + QAj

Faw,p
) —271 ki\ 2 471
+ Z qkyzsm,kj(c,p)ﬁ oh <——j> Jlfw(T —k‘jnz‘)

k]‘ >0 c>0
hk; €Z+p;

where Js(x) is the J-Bessel function and

(278)2~w (=)t " B
(2.12) A, = {_wKni,o(l — By =0,
0 pj 7 0.

The Kloosterman Selberg Zeta function and the Kloosterman sum are de-
fined respectively by

(2.13) K o(1—w/2)j; = Z Sns.0(¢; p)ji 7

2(1-w/2)
c>0
(2.14) Sk (Cp)ji = > e(nyoo — kv loo)p(y)5;
YET o \I'/T oo

Equation (2.11) expresses once again the contribution of the i-th component,
which has a pole of order n; at the infinite cusp, to the j-th component.
Apart from furnishing an efficient method to reconstruct (mock) modular
forms, the Rademacher sum prescription underlies the (re)formulation of
monstrous moonshine in [30] as well as umbral moonshine [27, 28].

10The definition of the Rademacher sum at different cusps of I' can be found in
(30, 54].



Properties of extremal CFTs with small central charge 621

2.2. Holomorphic orbifolds

In this section we briefly review aspects of holomorphic orbifold CFTs which
are relevant to chiral CFTs with a discrete symmetry group. Denote by ¢(7)
the partition function of a chiral CFT with Hilbert space H and central
charge c,

(2.15) ¢(1) = Try(qho—/*h),

where Lg represents the Virasoro generator. The above partition function
corresponds to a path integral on a torus with complex structure parameter
7 and periodic boundary conditions along the two cycles. Given an auto-
morphism group G of the theory, it is possible to define twining functions

(2.16) ¢g(1) = Try(ggo~</*),  Vged

where the g-insertion stands for the representation of the element g acting
on the Hilbert space of the theory. Moreover, one can build the invariant
subspace with respect to the action of g by defining a projection operator,
P, whose action for an element of order n is

n—1
—c, 1 ) —c
(2.17) Tep(P g™ ™2) = =% Teu(g' g™ ™),
=0

This is the first step in the construction of an orbifold partition function.
Additionally, one must include states arising from the g-twisted sectors,
ie.

(2.18) (e.g(T) = Tryy, (qho=/?h), VgeGQG.

The latter are defined as traces over twisted Hilbert spaces, H4, which consist
of states defined modulo a g-transformation. Throughout we denote by e the
identity element of the group under consideration. Analogously, on the torus
twisting and twining correspond to changing the boundary conditions along
one of the cycles of the torus. Thus, we are led to define a twisted-twined
function, whose boundary conditions along the two cycles are dictated by
elements of the group G. From a Hamiltonian approach, the twisted-twined
function is defined as

(2.19) Ggn (T, 2) = Try, (g ¢~ ~/*h), geCq(h), heq.
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Since the action on the spectrum is well defined so long as g and h commute,
the twining element g belongs to the centralizer of h in G, Cg(h) = {g €
G|gh = hg}. In the case of chiral CFTs these functions are class functions
up to a phase. In order to obtain a consistent orbifold one has to impose
certain constraints which prevent anomalous phases from appearing under
modular transformations which fix the boundary conditions.

Different twisted-twined functions can be related to each other by mod-
ular transformations. In fact, ¢, ;, satisfies the following functional equation

(2.20) Gg.n(YT) = pg. (% Z) Prrge hage (T), v = (‘Z 2) €lgn,

defining a modular function with multiplier system p with respect to the
modular group I'y ;, which fixes the pair (g, h).
The complete (h)-orbifold partition function therefore takes the form

(221) ¢orb( Z Z ¢g,

[h] geCc(h)

where the first sum is over representatives of the conjugacy classes of h, and
the second sum is over elements commuting with h.

Examples of holomorphic orbifolds are the ones obtained from the mon-
ster CFT, coined by Norton as Generalized moonshine. Before considering
their properties in the next section, we generalize the above concepts to
superconformal field theories.

A similar reasoning can be applied to SCFTs with a non-trivial current
algebra. Instead of focusing on its partition function, we consider the elliptic
genus (EG). The latter is defined for an A/ = 2 SCFT by

(2.22) (7, 2) = Ty ((=1)Fghome/2gheme/2y )

where z is the U(1)-chemical potential and y = e(z). Once again the modular
properties of ¢(7, z) and its twisted-twined companion ), (7, z) can be used
to define the EG of the orbifolded theory, which this time depends on the
two variables 7 and z. Under a modular transformation v € I'y p, 14 1(7, 2)
transforms as a weight 0 index m Jacobi form

mcz2

ct+d

(223) ¢g7h(77,72’) = 6( ) whbgdﬁagc(’]', Z)
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3. Properties of the monster CFT

In this section we review the construction of the monster CFT and dis-
cuss some of its defining properties, which include the genus zero property,
the Rademacher summability of its twining functions and the connection
between these properties and holomorphic orbifolds of the theory.

Given a positive-definite even unimodular lattice A of rank 24k one can
construct a bosonic chiral conformal field theory with modular invariant
partition function by compactifying the theory of 24k chiral bosons on the
torus R?# /A. In the case of k = 1, there are 24 such lattices, the so-called
Niemeier lattices: these are a union of simply-laced root systems with the
same Coxeter number and of total rank 24. Among the 24 lattices we differ-
entiate between the Leech lattice, Ay, which has no roots, and the other 23
Niemeier lattices, Ay, which can be uniquely specified by their root systems.
We will call the 23 chiral bosonic CFTs on R?* /A the Niemeier CFTs, and
the theory on R?* /A the Leech CFT. We label their associated modules as
YN and VI, respectively.

The partition function of each of these theories is simply given by

(31)  ZM(7) := Tryw ghoe/2 = ?735((:)) = J(1) + 24(h + 1),

where O, is the lattice theta function and h is the Coxeter number associ-
ated to An. The constant comprises the contribution of the length-squared
two vectors (roots) and the level-one bosonic states. In the case of the Leech
lattice, we define h = 0 for Ay, so that the partition function of the Leech
CFT is simply

(3.2) ZA8 (1) = Trye P/ = Or(0) _ J(7) +24.

7*4(7)

The monster CFT [16] is constructed from a Zs orbifold of the Leech CFT.
The Zs acts on the 24 coordinates as

h:x;— —xz;, Yi=1,...,24,

and the Hilbert space H of the Leech CFT splits into two Hilbert spaces
H consisting of states which are either invariant or anti-invariant under
the orbifold action:

(3.3) My = {9 € H|hp = £}
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Furthermore, there is a twisted sector Hilbert space H!" arising from the
fixed points of the orbifold action; this is once again the direct sum of two
Hilbert spaces comprised of twisted sector states which are invariant or anti-
invariant under the orbifold action:

(3.4) M o= (1 € H bt = ™),
The resulting Hilbert space of V¥ is

(3.5) Hys := Hy & HP.

The partition function of the theory is given by

(3.6) Zye (1) = Trys g2~/ = J (7).

Following [2], this is the partition function of a bosonic ECFT with smallest
possible central charge.

The action of the monster group on V! allows one to define, for each
conjugacy class g € M, the so-called “McKay-Thompson” series T,(7), by

(3.7) Ty(1) = Trys gg=o—/

which is a modular function for I';, an Atkin-Lehner type subgroup of
SLy(R). See Appendix A.1 for the precise definition of I'y. Therefore, it
follows that one can interpret V' as an infinite-dimensional Z-graded M-

module,
Vi= P Vi

n=—1

whose graded trace reproduces the McKay-Thompson series via

[e.e]

Ty(r) = ) (Tryz9)¢"

n=-—1

and where one gets J(7) by taking g = e, the identity element of M. More-
over, each Ty(7) is a Hauptmodul for I'g; i.e. it defines an isomorphism
between the compactified fundamental domain'! and the Riemann sphere
as

(3.8) T, : F — CU {icc},

U The compactified fundamental domain is constructed from the fundamental
domain F = H/T', adding the cusps of T',.
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such that any meromorphic I'g-invariant function can be expressed as a
rational function of Ty (7). Due to the isomorphism in (3.8), I'y is called a
genus zero group. This distinguishing feature of the McKay-Thompson series
(genus zero property) was first conjectured by Conway and Norton in [26],
later confirmed via an explicit construction of the module [16] and finally
proved in [57].

The genus zero property reflects the pole structure of Ty(7) in the fol-
lowing way. For any element g € M, T,(7) has a unique simple pole at
the infinite cusp and is bounded at all the other cusps of I'y, or in other
words has exponential growth in H := H U Q U ioco only at the images of
ico under I'y. These extends the defining property of the J-function (2.7) to
non-trivial conjugacy classes of the monster group.

There are many more beautiful properties which distinguish the mon-
ster CFT from, say, the Leech and Niemeier CFTs or other bosonic chi-
ral CFTs with central charge 24. We focus specifically on the following re-
sults, which elucidate the connection between the genus zero property of the
McKay-Thompson series, their Rademacher summability, and the nature of
g-orbifolds of V.

Firstly, in [30], Duncan and Frenkel showed that the Hauptmodul prop-
erty could be rephrased in terms of the Rademacher summability of Ty
around the infinite cusp as long as the modular group has width one at the
infinite cusp.

Theorem 3.1 (Duncan-Frenkel). For all g € G, there is a (Atkin-Lehner
type) 'y < SLo(R) and a multiplier system €4 : I'g — C* such that

(3.9) Ty(r) = RE 0, (1) = 2A(g),

is the normalized Hauptmodul for I'.

In the above, the constant A(g) depends on the conjugacy class of g and
is given by the formula in equation (2.12). In addition, they proved that T’
has genus zero if and only if the Rademacher sum R(leo), .,(7) is a function
invariant under I'y. Therefore, for each T'y the associated Rademacher sum
reduces to a modular function, specifically the Hauptmodul.'? As discussed
in §2.1, this must be due to the absence of a cusp form for dual weight
(weight two) and conjugate multiplier system. In fact, the space of cusp
forms of weight two is isomorphic to the space of holomorphic differentials
on F, which is empty when F is a Riemann sphere.

12 A Hauptmodul is said to be normalized when no constant term appears in its
Fourier expansion.
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Secondly, besides constraining the Fourier expansion of T, (7), the genus
zero property was shown to correspond to a condition on the vacuum struc-
ture of sectors twisted by elements of the monster group, [58]. This is a
consequence of the modular properties of a twisted-twined function, which
connect the expansion of a twining function at a particular cusp to the
ground state energy of a twisted sector. That is to say, depending on the
group I'y, the g-twisted sector is related to the g-twined function by either
an element of I'y or an element belonging to the normalizer group of I'g(NV)
in SL2(R), defined in Appendix A.1. In [58] it was proved that the former
case corresponds to a twisted sector with one negative energy state, while
in the latter case no negative energy state appears.

Therefore, for all g € M the g-twisted sector of the (g)-orbifold theory
is either completely determined by the untwisted sector and the cusp corre-
sponding to the g-twisted sector is equivalent to the infinite cusp (under the
action of I'y) or the g-twisted sector spectrum has no negative energy states
and the cusp corresponding to the g-twisted sector is inequivalent to the cusp
at oo. This condition together with a closure condition (cf. Appendix A.1)
which relates the different cusps is sufficient to ensure that T}, is a Haupt-
modul for I'j. Again this property is directly encoded in the Rademacher
expression for Tj.

Finally, another result by Tuite [59] relates the orbifold partition function
for several conjugacy classes in M to the (conjectured) uniqueness of the
module.

Theorem 3.2 (Tuite). Assuming the uniqueness of Vi, then the genus zero
property holds if and only if orbifolding VP with respect to a monster element
reproduces the monster module itself or the Leech theory.

We would like to understand the extent to which (suitable generaliza-
tions of) the above mentioned properties hold in other cases of extremal
CFTs. Specifically, one can ask if there is an analogue of Theorem 3.1 for
the twining functions of other extremal CFTs. We investigate this question
in §6 and comment on a possible extension of Theorem 3.2 in §7.

4. Central charge 12

In this section we discuss a family of extremal superconformal field theories
with central charge 12. Each of the theories discussed in this section arises
from the same underlying chiral SCFT whose Neveu-Schwarz (NS) and Ra-
mond (R) sectors are vertex operator algebras which, following [34], we will

refer to as V¢ and Vf,i, respectively. As we will see, V* is in many senses
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the supersymmetric analogue of the monster CFT, V2. In §4.1 we review the
construction of V¢, In §4.2 we describe a number of extremal SCFTs which
arise upon viewing V*! as a module for a ¢ = 12 superconformal algebra
(SCA) with extended supersymmetry. We discuss the symmetry groups of
each of these theories in §4.3, as well as the mock modular forms whose
coefficients encode the graded character of the corresponding G-module for
each of these extremal CF'Ts. The material reviewed in this section primarily
arises from the papers [17, 34, 19, 60, 20].

4.1. The Conway ECFT

Before defining V*?, we begin by describing a closely related theory, Vs,
which we call the super-Eg CFT. The latter is the N = 1 SCFT ob-
tained by compactifying eight chiral bosons on the eight-dimensional torus
R®/Ap, with their eight chiral fermionic superpartners, where Ap, is the
FEg root lattice. The theory has two sectors corresponding to whether the
fermions have 1/2-integer (NS) or integer (R) grading along the spatial di-
rection. From this description the partition functions are easily determined
to be

(4.1)

Ey7)0s(1,00* 1
romefrs - BalD03(ROF L gy or601/2 4 g0ugg 4 ..
n'%(r) Va

Zﬁ{gg (1) = Trns g

in the NS sector, and

Ey(7)02(7,0)*

= = 16+4096¢+98304¢%+. . .
n'*(r)

(4.2) 255 (7) = Trp g™~/ =

in the R sector. The functions (4.1) and (4.2) are invariant under the mod-
ular groups I'y and I'y(2), respectively, and they are part of a vector-valued
representation of SLy(Z).'3

The super—Fg CFT is not extremal because of the eight fermions of
dimension 1/2 in the NS sector. However, by taking a Zsy orbifold of the
theory, one can remove these states and construct an extremal NV = 1 theory,
Vs4. This is analogous to the Zy orbifold which removes the 24 dimension
one currents of the Leech CFT in the construction of V2. In fact, V* has
two distinct but equivalent constructions:

13See Appendix A.1 for the definitions of the relevant modular groups.
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(A) A Zy orbifold of the theory on the eight-torus R®/Apg, which acts as
X; — —X,; on the eight chiral bosons and as ¥; — —; on their eight
fermionic superpartners.

(B) A Zj orbifold of 24 free chiral fermions, A,, which acts as A\, — — 4.

Construction (A) was first discussed in [16]. Construction (B) was first dis-
cussed in [17], where the two constructions were shown to be equivalent as
vertex operator superalgebras, and further in [34], where it was shown that
certain graded traces in this theory furnish normalized Hauptmoduln analo-
gous to the McKay-Thompson series in monstrous moonshine. It is apparent
that (A) is an A = 1 supersymmetric extension of the Eg current algebra.
Furthermore, (B) enjoys a hidden N = 1 superconformal symmetry as well.
In particular, there are 2'2 = 4096 dimensionf% twist fields arising from zero
modes of the \; acting on the twisted sector ground state. In [17] it is shown
that there exists a linear combination of these twist fields that satisfies the
OPEs for a supercurrent of an N' = 1 SCA with central charge 12. Moreover,
the subgroup of Spin(24) which preserves this choice of supercurrent is the
discrete subgroup Cog [34].

The partition function of V! can be computed using either construction.
In the NS sector, the result is

Z¥(7) = Trns g0~/ =

(4.3) = —— +276¢"/? + 2048¢ + 11202¢%/% + . ..

Sl-

where the formula in the first line arises from construction (A) and that
in the second from construction (B). In the last line we have introduced
an expression in terms of K (7), a Hauptmodul for the modular subgroup
Iy (cf. Appendix A.1). The lack of constant term in this partition function
indicates that V*? furnishes an example of an extremal A" = 1 SCFT with
k* =1, according to [2]; i.e., there are no primary fields of dimension smaller
than or equal to ¢/24 = 1/2. For more details on the moonshine properties
of V*!, see the papers [17, 34].
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4.2. More extremal theories

Focusing on construction (B) of V*%, it is straightforward to construct a num-
ber of additional extremal SCFTs where the chiral algebra is an extension of
the N/ = 1 superconformal algebra. In [20] theories with an SW(3/2,2) SCA
are discussed, whereas in [19], theories with N' = 2 and N' = 4 SCAs are dis-
cussed. In each case the approach is the same: given a choice of supercurrent
W which generates an N'= 1 SCA with ¢ = 12, one can pick an additional
one, two, or three fermions to generate a chiral algebra which enhances the
N =1 SCA to an extended version. That each of these theories furnishes
an example of an ECFT is straightforward to see from the character de-
composition of their (flavored) partition functions. At ¢ = 12, the extremal
constraint forces the states of conformal dimension smaller than 1 in the NS
sector to be superconformal descendants of the identity. We review this for
each of these cases in turn.

1. If one chooses one of the 24 fermions, say Ay, one can generate a
chiral ¢ = 1/2 Ising model. This enhances the N' =1 SCA to a ¢ =
12 SW(3/2,2), i.e. the SCA which arises on the worldsheet theory
of a non-linear sigma model with target space a manifold of Spin(7)
holonomy [61]. See Appendix B.1 for a summary of the representation
theory and characters of this algebra. It follows from the discussion
in [20] and the appendix that the partition function of V*% has the
following decomposition into Spin(7) characters,

(4.4)

[ee] o0
24 =00 (D) +2BE5) + 3 badS ) + D eSS, (7).
n=1 n=1

where the constraint of extremality is satisfied by the fact that the
coefficient in front of yN%(7) is zero. We will denote this theory by
16

E Spm(7)(G), where the group G is the symmetry group of the theory,
and depends on the choice of fermion A;. -

2. If one chooses two of the 24 fermions, one can generate a u(1), current
algebra which, together with the N' = 1 supercurrent, satisfies the
OPEs of a ¢ = 12 N/ = 2 SCA [19]. The partition function of V*
graded by this additional U(1) is a weak Jacobi form for SLs(Z) of

weight zero and index two, which takes the form

(4.5) ZFS{u (1,2) = TrR(—l)FqLO_C/24yJO
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o~

1

— H—l 11
= 277 0;(t,22)0;"(7,0),

z:2

and admits the following decomposition into ¢ = 12, N' = 2 characters

sh
(46) Z (T Z)—23Ch3 10+ Ch3 12

2727 2727

+ (770( h3 37 +Ch3,g2_1)

272 2727

+13915 (chd33 + 52 )+...)

2727

2727 PAPH

+ (231 ebAE + 5796 EE + ).

From the discussion of the representation theory of the NV = 2 su-
perconformal algebra in Appendix B.2, one sees from this character
decomposition that the theory is an extremal N = 2 theory. We will
denote this theory by 8%::22(6’) where G is the global symmetry group
of the theory and depends on the choice of N' = 2 superconformal
algebra.

—

Finally, by choosing three fermions one can generate an su(2), current
algebra which becomes part of a ¢ = 12 N = 4 SCA when combined
with the N' = 1 supercurrent [19]. The partition function of the theory
with an additional grading by the Cartan of the SU(2) coincides with
the expression in (4.5). Furthermore, it admits the following decom-
position into ¢ = 12, N/ = 4 superconformal characters

(4.7) ZSH(T z) =21 (:th_0 + ch2 o
(560ch i1 +8470ch2 T4 470576 ch) T4 4.

2’2 72 2

+ (210 by i1 1+ 4444 e 5 1442560 chy ] i)

The representation theory of the N' = 4 SCA is reviewed in Ap-
pendix B.3; with this information one can check that the above theory
furnishes an extremal N’ = 4 superconformal theory. We will denote
this theory by Sfr\[::f(G), where again G is the global symmetry group
of the theory and depends on the choice of N' = 4 superconformal
algebra.

See Table 2 for a summary of the relation between V! and these different
superconformal algebras.
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Table 2: Superconformal algebras (with central charge 12) generated by a
subset of fermions using construction (B) of V*f

ESCFT | Fermions | Chiral algebra A
gSpin(7) 1 Ising SW(3/2,2)
ENZS 2 u(1)2 N=2
EN= 3 su(2)2 N =4

4.3. Symmetry groups and twining functions

In this section we consider the above mentioned ECFTs in more detail,
beginning with an analysis of their global discrete symmetry groups. In order
to do this, we restrict to construction (B), where the discrete symmetries
are most transparent.

The 24 dimension—% twist fields in the Ramond sector form a represen-
tation of the 24-dimensional Clifford algebra, which is acted on by the group
Spin(24). Thus, viewed as a theory with no supersymmetry, the theory of
24 fermions has a symmetry group Spin(24). In [17] it was shown that the
choice of A = 1 supercurrent in V*# breaks the Spin(24) symmetry of the 24
fermions to the discrete group Cog, the group of automorphisms of the Leech
lattice. Likewise, for each choice of superconformal algebra A introduced in
the previous section, there is a distinct ECF'T whose global symmetry group
G is the subgroup of C'og which preserves the choice of fermions used to con-
struct A. There is moreover a geometrical interpretation of these symmetry
groups: the distinct choices of superconformal algebra constructed from n
fermions are in one-to-one correspondence with subgroups G < C'og which
preserve an n-dimensional subspace in the unique non-trivial irreducible 24-
dimensional representation of Coy (24) [20, 19]. We refer to such a group as
n-plane preserving if it preserves an n-dimensional subspace in the represen-
tation 24. In the following table we have listed examples of G which arise
as subgroups of Coy preserving a choice of relevant superconformal algebra.

ESCFT A Symmetry group (G)
% N=1 Coy
(M (@) | SW(3/2,2) My, Coy, Cos
ENZ2 (@) N =2 Mas, Myo, McL, HS
EN=H@) N =4 Moy, My1,Us(3)

For each of these theories one can construct character-valued twined parti-
tion functions for each conjugacy class [g] € G. The twined functions are
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completely characterized by the action of g on the 24 fermions, and thus by
the eigenvalues of ¢ in the irreducible representation 24.

Firstly, for every [g] € G, where G is either Coy or a subgroup of Coy
preserving a vector in the 24, the corresponding g-twined partition function
in the NS sector is

4 12

S —cC 1 02(T7p ,k)
(18) 2, (r) = Tons g™ = 53 alo) [T =00
=1 k=1

where the definition of the €;(g) can be found in [34]. Also, we have defined
e(pg i) = Mgk, Where k =1,...,24, pg 1, € [0,1/2] and Ay, is an eigenvalue
of g. The latter corresponds to one of the 24 roots of the rational polynomial

(4.9) | J G

£n

where n = o(g) is the order of g, £’s are the positive divisors of n, and k;’s
are integers defined by the 24-dimensional irreducible representation of g.
The data encoded in (4.9) can be succinctly written in terms of a formal
product: the Frame shape of [g],

(4.10) Tg = kaz .

£n

In [34] it was proved that, similar to the case of Vi, Vs furnishes a %Z—graded
Cog-module, whose graded characters are encoded in the coefficients of the
twined functions ZIfFS ,(7). Furthermore, for all g € Coy, the functions (4.8)

together with Zﬁ ,(7) and Zﬁ%;(ﬂ,u form a vector-valued representation
of a modular group I'y < SLs(R) with To(o(g)) C I'y.15
For every [g] € G where G is a subgroup of Coy preserving (at least)

a 2-plane in 24, the corresponding U(1)-graded g-twined function in the R
Hilbert space reads

(A11)  Z¥(7,2) = Ten(—1)F b2y
12

(1) e, 0i(r,22) T [ 0s(7, o) -
i=1 k=2

—

11
-~ 2q(r)i?

NE

“_»

4The upper index stands for the insertion of (—1)% in the trace over the
NS Hilbert space.
5For g € Cog but g ¢ Coy, a slightly different set of functions forms a vector-

valued representation of I'.
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Moreover, it was shown in [20, 19] that V*, equipped with a choice of ex-
tended superconformal algebra A (either SW(3/2,2), N = 2, or N = 4)
furnishes a G-module for the discrete group G which preserves A and whose
graded characters are encoded in the coefficients of a set of vector-valued
mock modular forms whose corresponding shadows are (vector-valued)
unary theta series. We summarize these results here and report the nec-
essary definitions in Appendix A and B.

1. &5 (@): Let A be the choice of Spin(7) algebra, and G the symme-
try group preserving A. G is a subgroup of Coy which fixes a one-plane.
From the discussion in Appendix B.1 on the representation theory of
the Spin(7) algebra, it is apparent that one can rewrite the graded
partition function of equation (4.4) as

(4.12)

Z5(7) = P(r) (245 (7) + 1P ()05 () + 3P0 (1)0f 8 (7)),
where hSP™(7) is a weight 1/2 vector-valued mock modular form for
SLy(Z) with shadow given by 245, multiplier system given by the
inverse of S. The definition of S is given in (B.14). Moreover, the
g-twined functions for all conjugacy classes g € G have a similar ex-
pansion given by

(4.13)
2 o(7) = P() (xon™5(7) + hgh" D ()OS (7) + BgEM ()0} 5 (7)),
n(7)

where x, = Trasg, and h?pl is a weight 1/2 vector-valued mock
modular form for To(n), n = o(g) with shadow x,S and, whenever
Xg 7 0, multiplier system given by the inverse multiplier system of S
restricted to T'g(n).'6

2. EN=3(G): Now we let A be a choice of N = 2 superconformal algebra,
and G the two-plane preserving subgroup of Cog which preserves A.
In [19] it was shown that one can rewrite equation (4.6) as

(4.14)
3

25302 = o(3) 0 o) (st

6When x, = 0, the multiplier system is more complicated. This case is described
in [20].
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b ).
J—3€L/3%
where WN=2 is a weight 1 /2 vector-valued mock modular form. Fur-
thermore, V=2 has shadow given by 2453/, and inverse multiplier
system to that of S35, where S5/, is defined in (A.35). For all conju-
gacy classes g € GG, one can also write

(4.15)
22, me) = e(3) Wy (r2) ! <Xgﬂg;o(ﬂ )

+ Z h (7’ z))
-2€7/3Z

where hfq\/ =2 is a weight 1/2 vector-valued mock modular form for I'g(n)
with shadow x,S53/ and multiplier given by the inverse multiplier of
S3/o testricted to I'g(n) whenever x, # 0. When x, = 0, hjgv:2 is
modular and has a more complicated multiplier system (cf. [19]).
8%/::24(G): Finally, let A be a choice of N/ = 4 superconformal algebra,
and G the three-plane preserving subgroup of C'og which preserves A.

It follows from [19] that equation (4.7) can be rewritten as

(4.16)

ZN=h i, 2) = (W1 a(7,2)) " (24%072« > mYE ()0 4(r, z))
JEZ/6Z

where hN=* is a weight 1 /2 vector-valued mock modular form and
with shadow given by 2453 and inverse multiplier system to that of
Ss3, (A.35). For all conjugacy classes g € G, one can also write

(4.17)

N=4
Zm:2

,g(Tv Z) = (\111,1(7—7 Z)) <Xg /1*30 T, Z Z h 93](7' Z)>

JEZ/6Z

where h/gv =415 a weight 1/2 vector-valued mock modular form for I'y(n)
with shadow x,53 and multiplier given by the inverse multiplier of S3
restricted to I'g(n) whenever x4 # 0. When x, = 0, h/gv =4 is modular
and again has a more complicated multiplier system (cf. [19]).
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5. Central charge 24

In this section we discuss three extremal superconformal field theories with
central charge 24. Each of these SCFTs can be constructed as a nonlocal
Zs orbifold of bosons on a 24-dimensional torus given by R?*/A where A is
either the Leech lattice or one of two other Niemeier lattices (cf. §3).

5.1. Extremal theories

In [18] it was discussed how to construct an N’ =1 SCFT from a Zs orbifold
of the Leech (or a Niemeier) CFT, where the Zs acts on the 24 coordinates
x; as h : x; = —x;, Vi. As discussed in §3, the original Hilbert space H and
the twisted Hilbert space H! split respectively into subspaces H, Hi® of
invariant and anti-invariant states under the h action (cf. equations (3.3),
(3.4)).

The key observation in [18] is that in the twisted sector Hilbert space
H™ there are 22 ground states of dimension 3/2; this is precisely the di-
mension of an N' = 1 supercurrent. In fact, the authors show that one can
construct a consistent chiral /=1 SCFT by choosing a linear combination
of dimension-3/2 twist fields as a supercurrent. Furthermore, this theory has
NS sector Hilbert space given by

Hys = Hy & HY,

and Ramond sector Hilbert space given by
Hr=H_oHY.

The partition function in the NS sector is then given by

Zl/\\T/S:1 (A, 7_) = Trys qLo—c/24
C10a(r) | o (0P (0) n'*(r) | n"(1)
~ it (9;%) TP 0?(7))
= K(7)? — 48K (1) + 12(h + 2)

1 1 3
(5.1) =o+ 12h + 4096 + 98580q + 1228800q7 + .. .

where O, (7) is the lattice theta function, h is the Coxeter number of the
root system and the function K (7) defined in equation (A.8). Again, together
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with the characters Trg ¢ ~¢/?* and Tryg(—1)F¢P~¢/?4, the partition func-
tion of equation (5.1) transforms in a three-dimensional representation of
S Ly(Z). Furthermore, the function Trg (—1)F¢lo=¢/24 = 12(h+2) computes
the Witten index of the corresponding N’ =1 SCFT.

In the case where A = Ay, the Leech lattice, this is precisely the par-
tition function of an extremal N = 1 SCFT with k* = 2 (which we call
EN=2) as defined in [2]. The orbifold removes all dimension 1 currents in
the NS sector; this fact both ensures extremality and precludes the possibil-
ity of constructing a superconformal algebra with extended supersymmetry.
However, in the case where A is any of the other Niemeier lattices, a nontriv-
ial current algebra survives the orbifold. The authors of [21] show that for

—

N = A?* one can construct a u(1); current algebra, which, together with
the supercurrent, satisfies the OPEs of an N/ = 2 superconformal algebra
with central charge 24. Furthermore, they show that the graded partition
function in the Ramond sector is precisely the weak Jacobi form which cap-
tures the spectrum of an extremal N’ =2 SCFT with m = 4 (which we call
EN=2) according to [15]:

_ 1
(5.2)  ZNZH(Age;7,2) = Teg(—1) yogho—e/% = /i +46 +yt 4+ ...

= 4Tchz, (7, 2) + ch,y 4(7,2)

+ (32890 + 2969208¢ + .. )(chz g (7, 2) + chz (T, 2))
+ (14168 + 1659174q + .. ) (chz.p5(7, 2) + chzy _5(7,2))
+ (2024 + 485001 + ... )(chz 5 5(7, 2) + chzp _5(7, 2))

+ (23461984 + .. .)chz 4(7, 2),

where chy,;, o denotes the N' = 4 character of central charge ¢ = 3(2¢ + 1),

dimension h, and charge @ in the Ramond sector (cf. Appendix B.2), and

we use the fact that the chy.j,11. 9 = gchyp g for the non-BPS characters.
Similarly, when N = A2 in [22] it is shown that one can construct

o —

an su(2)4 current algebra which, along with the supercurrent, generates an
N = 4 superconformal algebra with ¢ = 24. A straightforward computation
of the graded partition function illustrates that this theory furnishes an
example of an extremal N’ =4 SCFT with ¢ = 24 (which we call 57/7\[:221:

(5.3)
1

— 1
Z%;E(AAéz; T, Z) = TrR(—l)FyJ3qL0_0/24 = E + ? + 56 + y2 + y4 + ...
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= 55chy;1,0(7, 2) + chy,1 2(7, 2)

+ (18876 4 1315512¢ + ... .)(ch4;27% (1,2) + ch4;27_%(7, 2))
+ (12045 + 1152943q + . . .)(cha2 1 (7, 2) + chao —1(T, 2))
+ (1980 + 391974q + .. .)(ch4;27% (1,2) + chyy s (1,2))
+ (33 + 45990 + .. .)chaz o (T, 2),

where the details of the characters can be found in Appendix B.3.
5.2. Symmetry groups and twining functions

Like the extremal theories with central charge 12 discussed in §4, the theories
in the previous subsection furnish modules for a number of sporadic groups.
We first consider 5,?*/2%. The symmetry group of this theory arises from
the automorphism group of the Leech lattice and a quantum symmetry
coming from the Zy orbifold. As discussed in [18], this is an extension of the
group Cog by a finite abelian group. We do not discuss this theory in more
detail here, though it would be interesting to investigate the properties of
its twining functions.

Similarly, the discrete symmetry groups of the other two extremal the-
ories we consider in this section arise from the automorphism group of the
underlying Niemeier lattice Ay. The Niemeier lattices contain vectors gen-
erated by the root systems and additional so-called glue vectors. For the
lattices with root systems A2* and Ai% the glue vectors are specified by
elements of the extended binary Golay code and extended ternary Golay
code, respectively. See, e.g., [25], for a detailed description.

The automorphism group of the A%‘l Niemeier lattice is the Mathieu
group Moy. It acts naturally on the 24 copies of the A; root system in
its 24-dimensional (reducible) permutation representation. Furthermore, its
action on the glue vectors is inherited from its natural action on the binary
Golay code as automorphisms. Note gla\t we must choose a particular A;
root system to construct the affine u(1)y current algebra which becomes
part of the NV =2 SCA with ¢ = 24. The choice of this root system breaks
the Ms4 symmetry of the theory to an Mss subgroup, where the Mas fixes
the distinguished coordinate direction, say x1, associated with this Ay, and
acts as a subgroup of Sz on the remaining coordinates. In Appendix C, we
discuss the derivation of the twining functions

(5.4) Zﬁ\nfzﬁg(@ 2) = Trp g (—1)Fyfoglo=c/24
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for conjugacy classes g € Mas. These functions are weak Jacobi forms of
weight zero and index 4 for the group I'g(n) where n = o(g), and they have
the expansion

_ 1
(5.5) 2N (r2) = i+ 2Tragg + y*+0(q),

where 23 = 1+ 22 is the 23-dimensional permutation representation of Mos.

On the other hand, the automorphism group of the A1? Niemeier lattice
is 2.M72, an extension of the Mathieu group Mis, where the Mo acts as
a subgroup of Si3 on the 12 root systems, and the extension includes the
order two automorphism of the As Dynkin diagram. The action of 2.M75 on
the glue vectors of the lattice follows from its action on the ternary %/
code, which specifies the glue vectors. In order to construct an affine su(2)4
current algebra which becomes part of an N' = 4 SCA with ¢ = 24, one
chooses a distinguished As root system corresponding to two directions, say
x1,x2. The subgroup of 2.Mjs which preserves the N' = 4 SCA is then a
copy of Mi; which fixes x1,z2 and permutes the other 11 root systems. We
discuss the twining functions

(5.6) Zﬁ;ﬁg(n 2) = Trpg(—1)Fylogho—e/4

for certain conjugacy classes g € M11, in Appendix C. These functions are
weak Jacobi forms of weight zero and index 4 for I'g(n), n = o(g), and they
have the expansion

_ 1 1
(5.7) ZN=4 (1,2) = i 1 7 + (5Tr11g 4+ 1) + y> + y* + O(q),

where 11 = 1+10 is the 11-dimensional permutation representation of M.

Just as discussed in the previous section for central charge 12, the two
ECFTs S,ﬁ\[::f, Enf\{::f with central charge 24 furnish G-modules whose graded
characters are encoded in the coefficients of certain vector-valued modular
forms, where G is the global symmetry group of the theory. We discuss the

properties of these mock modular forms for each case below.

1. Sﬁ{jf: From the discussion in Appendix B.2, it is clear that we can
rewrite the graded partition function of equation (5.2) as

(5.8

2502 = e (3) Wy (ra) ™ (8 700m2)
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+ ) B]N:?(T)e;j(f, z)>,

J—L1€L/TL

where ”N=2is a Welght vector-valued mock modular form for SLy(Z)
with shadow 4857, deﬁned in (A.35), and multiplier system inverse to
that of Sz. Similarly, the g-twined functions of equation (5.4) have an
expansiorzl

(5.9)
Zm::42,g(7'7 z) = e(%) (\IJL_% (1,2))7! <2Xg /2%;0(7‘, z)

+ Z WA=2(r j(m)>,

~Iez/72

where x4, = Tra4g and ﬂ{}v =2 is a weight % vector-valued mock modular
form for I'g(n), n = o(g), shadow 2x,Sz, and multiplier system inverse
2
to that of Sz. In Appendix D.2, we present tables of the first several
2

coefficients of the ﬁé\/ =2 for all g € Mos, as well as their decompositions
into irreducible Ms3 representations.

. S,J,\Z/::f : Similarly, the discussion in Appendix B.3 indicates that we can
write the graded partition function in (5.3) as

(5.10)
ZN=H(r,2) = (W14(7,2))~ <6Ou507-z > R0 (0 z)>,

jez/10Z

where hNV=%is a welght vector-valued mock modular form for S Ly (Z)
with shadow 6055 and multiplier system the inverse to that of Ss.
The g-twined functions (5.6) for conjugacy classes g € Mj; similarly
give rise to vector-valued mock modular forms through the expan-
sion

(5.11) 2N (rz) = (T (r, )" <5<ng> sl 2)

+ Y BT 4(r z)>

JEZ/10Z
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where ﬁg\f =4 is a weight 3 vector-valued mock modular form for I'g(n),
n = o(g), with shadow 5(Tr12¢9)Ss where 12 =1 + 11 and multiplier
system the inverse of that of Ss.

6. Rademacher summability

Inspired by the relation between the genus zero property of monstrous moon-
shine and the Rademacher sum construction of the McKay-Thompson series
underlined in [30, 31], we examine the Rademacher expansion at the infi-
nite cusp for the twined functions of the ECFTs introduced in §4 and §5.
We begin in section 6.1 by discussing the Ciop-module V*!, and analyze the
other ¢ = 12 and ¢ = 24 theories in §6.2 and §6.3, respectively. The results
presented in §6.2 and §6.3 are obtained by numerically computing the coef-
ficients in equation (2.11) to high accuracy and comparing with the known
twining functions described in §4 and §5, respectively.

Finally, in §6.4 we discuss the following curious property of the the twin-
ing functions for the theory EN=2(Mas). The functions which cannot be
expressed as Rademacher sums at the infinite cusp precisely correspond to
conjugacy classes g € Ma3 such that 3|o(g). In this case, however, the expan-
sion of these functions about cusps inequivalent to ico either has no pole,
or the coefficients in such an expansion can be directly related to the coef-
ficients which appear in the expansion of the function at ico. This property
might be interpreted as a generalization of the results of Tuite [58] reviewed
in §3 for McKay-Thompson series for genus zero groups with Atkin-Lehner
involutions.

6.1. The Conway module

The Conway theory V! [34] furnishes a 1+Z-graded Cog-module, i.e.,

(61) Vi = @V

n=-—1

In [17] it was shown that the action of Coy is entirely dictated by the eigen-
values of ¢ in its 24-dimensional irreducible representation (24) and there-
fore only depends on the conjugacy class [g]. In the following, we refer to
the latter via the Frame shape 7, defined in (4.10). For each conjugacy class
[g] € Cop, one can define a set of character-valued twined partition func-
tions by taking traces in the NS Hilbert space with and without insertion of
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(—1)¥'. These correspond to the previously defined Z;hé;(T), Zlﬁlhs ,(7) and

take the form

o0

(62) Z3,(1) = 3 (Try (<1)"9)a?
o
(6.3) zZE,0=> (TrV%F 9)q* .

As it was previously mentioned, the Conway module V*! and the monster
module V¥ have many common features. First of all, in both of these theo-
ries the graded traces associated to the particular module are simply related
to the Hauptmoduln of the corresponding modular group. However, the
fermionic nature of the Conway module is reflected in its half-integer grad-
ing, in contrast to the Z-graded monster module. As a result, normalized
Hauptmoduln arise only after rescaling the twining functions Zlflhs’:q(%') and
Z;h& ,(27). This genus zero property of V% was shown to hold in [34]; from
this the analogue of Theorem 3.1 for V¥ directly follows (cf. Theorem 4.9 in
34]).

Specifically, all twining functions can be expressed as Rademacher sums
at the infinite cusp both (i) as scalar-valued Rademacher sums with re-
spect to appropriate subgroups of genus zero groups appearing in monstrous
moonshine, and (ii) as vector-valued Rademacher sums where the vector in-
cludes (6.2), (6.3) and ZI‘?’ ,(7) and transforms under a modular group con-
taining I'o(/V) and contained in N (N). The explicit modular properties of
the twining functions can be found in [34].

6.2. Modules with ¢ = 12

Following §4.3 and [19], it is clear that the extremal SCFTs £S5 (@),
EN=(@), EN=H@G) with central charge 12 furnish G-modules for the global
symmetry group G of the theory. We will denote these G-modules by VAC,

where A4 denotes the extended superconformal algebra and

64) V9= P Pvic, A e {Spin(7), N =2, N = 4}.

re{a}a n=1
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The corresponding graded characters are the coefficients of certain vector-
valued mock modular forms h;f, defined by

2 o0 -2
(6.5) W (1) = arg P4 + Y (Trpacg)q" ba.

n=1

The constants a,, b4, {a} 4 appearing in the expansion are displayed below
together with the symmetry groups G on which we focus in this section.
In particular, in the case of the A/ = 4 theories, we consider two different
embeddings of M7y into C'og, which we refer to as Ml(%) and Ml(f) 1(1) can
be described as the subgroup of Mo which fixes a point in its 12-dimensional
permutation representation; on the other hand, M 8) is the subgroup of Mis
which fixes a certain length-12 vector in its 12-dimensional permutation
representation.

A {a}.A b.A {ar} G
Spin(7) | {L,7} | 120 | {—1,1} Mo,
N=2|{£33 6 {-1,1} Moz, Mo
N=4| {1,2} | 12 | {-2,-1} | Mo, M M

The functions hﬁr comprise a vector-valued mock modular form of weight
1/2 and multiplier system p, with respect to I'y a congruence subgroup
of SLy(Z). Denoting by n the order of g, I'y equals I'g(n). Moreover, we
denote by ¢ the smallest cycle in (4.10). Note that we choose to focus on
the Mathieu groups, which are distinguished as all of their twined Jacobi
forms have particularly nice behavior at other cusps according to [19]. How-
ever, as reviewed in §4.3, there exists an extremal Spin(7), NV = 2, and
N = 4 CFTs for each subgroup of Coy which preserves a one-, two-, or
three-plane, respectively. We leave a general analysis of such cases to future
work.

In the following we report the necessary data for the construction of the
functions hz;‘ via a Rademacher sum

(6.6) ) =RE), (7).

and the conjugacy classes of G whose twining function cannot be reproduced
by a Rademacher expansion at the infinite cusp.

1. £5%((@): The weight 1/2 vector-valued mock modular form ASP(7)
for SLo(Z) is derived from equation (4.12). We report here the first
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few Fourier coefficients

6.7) BP0 (7)) =g~

= q 70 (—1 4 1771q + 35650¢° + 374141¢% + ...,
() =g

1

12
49

2

o (1 + 253q + 7359¢> + 95128¢° +...).

These expressions fix the coefficients of the negative g-power terms
for all the twined versions hgpinm; these polar terms arise from the
G-invariant NS ground state. The multiplier system of these mock
modular forms is the inverse multiplier of the vector-valued unary
theta series S, defined in (B.14), as long as Xg 7 0. The latter is

completely specified by its representation on the generators of SLa(Z)
(6.8)
2 2
e(yi5) O _\/ 5+V5 \/5—\/5
p(T) = 49 ) s p (S ) = 5 5
\/ 5—V5 \/5+\/5
When the element g has no fixed points the multiplier system is not

constrained by that of the shadow; it is given by the inverse of (6.8)
times a Frame shape-dependent phase

(6.9) vy = e<—;—(§> .

The Rademacher series defined in (2.11) reproduces hspm(?) for all
conjugacy classes in My, except for the conjugacy classes reported in
Table 3 and the one with Frame shape 122 for which it has not been
found the correct multipler system.

. ENZ2(@): From equation (4.14) hN=2 is a weight 1/2 vector-valued
mock modular form whose first few coefficients are given by

(6.10)
WY=2(1) = BNT2(r) = —¢ V2 4+ 7704721 4 13915¢1 7/ +
W= (1) = ¢ 4 231"/ 4 5796¢°7/* 4.

The multiplier system is given by the inverse of the half-index theta
function multiplier, defined in equation (A.21).

In the case G = May3, the Rademacher expression (2.11) coincides
with the vector-valued mock modular form h/g\/ =2 for all the conjugacy
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classes except those for which 3|o(g). However, see §6.4 for an analysis
of the structure of these functions at the other poles of I'y.

Similarly, in the case G = Mjo the functions hjgv =2 corresponding
to the conjugacy classes for which 3|g cannot be reproduced by the
Rademacher series at the infinite cusp, except for the Frame shape 38.
Additionally, the Rademacher expansion at the infinite cusp also fails
in the case where g has Frame shape 4282. The multiplier system for the
conjugacy classes in m, with no fixed points and that can be reproduce
using the Rademacher expansion is given by the inverse of (A.21) times
the phase

(6.11) w=e(-25).

EN=HQG): Equation (4.16) defines V=4, a vector-valued mock modu-
lar form whose first few coefficients are given by

(6.12)
W= r) = =R () = —2¢717 4 560"/1% + 84704%9/1%
Y= ) = —hNSA(r) = —¢ Y12 = 210512 — 44444192

The multiplier system of these weight 1/2 mock modular forms with
respect to I'g(n) is the conjugate of the shadow x453, (cf. [19]). Due
to the symmetry of the theta function and the modular properties of
the Jacobi form, it follows that hjr\nfj‘l = —hﬁlf’:_‘i. Thus, among the 6
components of the mock modular form only three of them are linearly
independent.

In this case we find that the Rademacher sum (2.11) coincides with

h)’=* for all conjugacy classes g € G where G = My, My}, For

G= Ml(f) , the conjugacy class labelled by the Frame shape 2% 4% has
multiplier system given by the inverse of the theta multiplier (A.20)
times (6.11) whereas for 4282 there is no match between the
Rademacher sum and the twining function.

To summarize, we report below the conjugacy classes corresponding to the
mock modular forms that cannot be reconstructed using solely the informa-
tion at the infinite cusp for these ¢ = 12 theories.

6.3. Modules with ¢ = 24

In analogy to the theories with central charge 12, the two extremal CFTs

EN=

m=4"

EN=! with central charge 24 furnish G-modules whose graded charac-
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Table 3: Pole structure of h;‘(T) for certain extremal theories with central
charge 12

ECFT Frame shapes with additional poles
ESPn() (M) | 1636 — 1151 — 12223262 — 2210% — 2.4.6.12 — 1.3.5.15
ENZ=2 (My3) 1636 — 12223262 — 1.3.5.15
EN=Z (Myy) 1636 — 12223262 — 61 — 4282
EN=L (M) None
ENZH (M) None
ENZS (M) 4287

ters are encoded in the coefficients of certain vector-valued modular forms.
We will denote these modules by VAE,

(6.13) VAC= P PVin©. Ae{N =2 N =4},
je{ata n=1

where G = Mos3 and Mjq, respectively. From these considerations and the
description given in §4.3, we see that the mock modular forms can be written

as
~ 2 o 2
(6.14) h(r) = ajq 4+ Z(Trmc 9)q"
n=1 :

where the data appearing above can be summarized succinctly in the fol-
lowing table:

A {ata ba {ar} G
N=2]{£3,+3,+3,7 14 {-1,1,-1,1} Mos
N =4 {1,2,3,4} 20 | {—4,-3,-2,—-1} | My4

Furthermore, for all g € G, there is a modular group I'y < SLo(Z) with
I'y = I'g(n), where n = o(g), such that ﬁ;“(T) is a vector-valued mock
modular form of weight 1/2 and multiplier system p, : I'y — C* with
respect to I'y. In Appendix C we explicitly compute the functions ﬁé\/ =2,
Furthermore, we discuss the computation of B/gv =4 for three conjugacy classes
in M11.17

17For the other conjugacy classes in My, we compare Bg\[ =4 with the Rademacher
formula by computing the first couple coefficients of the twined function and seeing
already that they do not match.
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1. EN : The first few Fourier coefficients of the mock-modular form

hN—2 are

(6.15)

Bé\f:2(7) = Eﬁf?(ﬂ — g1/ | 39800475/ 4 2069208¢'11/56 4+

=2 (r) = WNTR(r) = ¢ + 14168¢"7/%° + 1659174410/ +

WY =2 (1) = B2 (7) = —q /% 4 2024¢°V/%° + 485001¢°7/%° +
WY =2 (r) = ¢4 1 237 4 61804¢™/%0 +

As before, the coefficients multiplying the polar g-terms are singlets
under the action of g. The multiplier system is constrained by the
multiplier system of the unary theta series S z and corresponds to the
inverse of the half-integral index theta function (A.21). We find that
the functions can be reproduced by a Rademacher sum at the infinite
cusp only for m, € {124, 12112, 1.23}.

5 : The vector-valued mock modular form AV=% has the first few
coefﬁments
(6.16)
R =4 (r) = —hNTA(r) = —4g7 %0 4188764770 413155124320 +
W= (r) = —hNTH(r) = =3¢V — 12045¢'%/%° — 1152943¢°/%° +
WV=4(r) = —BFA(r) = —2¢7%/20 1 1980¢1/20 4 3919744320 4
RY=4(r) = —hN7Y (1) = —¢16/20 — 33¢4/20 — 4599042420 + ...,

where 1/ =%(7) = hlY=%(7) = 0. The multiplier system is given by the
conjugate multiplier system of 5(Tr12¢)S5 and therefore equals the
inverse of the theta function multiplier system (A.20). We find that
the Rademacher sum (2.11) correctly reproduces the twining function
iL’;\[:4 only for 7, € {124, 12112}

To summarize, we report in Table 4 the conjugacy classes which can be

reconstructed from solely the information of the infinite cusp and thus do

not

have poles at any additional cusps.

6.4. Cusp behavior of hg/ZZ

In this section we discuss an intriguing property of the vector-valued mock
modular forms hN 2 of ENZ2(Ma3) for 7, € {1636, 12223262, 1.3.5.15}, i.e.
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Table 4: Pole structure of iL;;‘(T) for the two extremal theories with central
charge 24. In contrast to Table 3, we report the conjugacy classes where the
only pole is at the infinite cusp

ECFT | Frame shapes with no additional poles
EN=2 124 212112 — 1.23
EN=} 124 — 12112

g € {34, 6A, 15AB} using the standard ATLAS notation [62] for these con-

jugacy classes. These are precisely the functions which are not Rademacher
) %a
respectively. However, the coefficients in the expansion of these functions

sums at the infinite cusp. They have poles at the cusp at zero and %,
around these cusps can be related to the coefficients in the expansion at the
infinite cusp, via a relation with functions appearing in the My, (¢ = 2) case
of umbral moonshine. First, let

1 .
(6.17)  Hya(r) = §H{§3(T) = ¢ V/3(=1+4 45q + 231¢% + T70¢° . .),

be the function such that ﬁ&) (1) is the single independent component of
a weight % vector-valued mock modular form for SLy(Z) whose coefficients
encode the graded dimensions of an My module [23, 27, 28]. Furthermore,
let

Lo
(6.18) Hy(r) = §H;,>(T)
be the corresponding (weight %, vector-valued) mock modular forms for I'y
encoding the graded traces of ¢’ in this module for all conjugacy classes

g’ € Moy, where T'y is just equal to I'g(o(g’)). We also use below the fact
that

1. _
(6.19) Hau(r) i= §H§f§(¢) =q V/3(=140q+ -3¢ +5¢..))

for the conjugacy class ¢’ = 3A in Msy. Note the following interesting rela-
tion between the functions hg\/ =2 for all g € Ma3 and the functions Hy (7).
We introduce the notation hg5. to denote the rth component of hf]\/ =2
expanded about the cusp of I'y at 7 = i00. Similarly, we will use the notation
hg,r to denote the rth component of hg\/ =2 expanded about the cusp of Iy
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at 7 = (. Our first observation is that

(6.20) RO % i ¢ <%) Hia <r J?: a)

a=0
= ¢ V2 (=1 + 770 + 13915¢° + 132825¢° . . .)

2
o 1 15a T+
hlA,%(T):g E 6(——24>H1A( 3 )—HlA(?)T)

a=0

= q%/24(1 + 231q + 579642 + 65505¢° . . .)

and

o 0 =52 () e ()

o=
= ¢ V(14 5¢+10¢% +21¢° . .)
2

. 2 15c +a
hmﬁﬂ:_52k<”ﬁ>H“(Ts>_HM@ﬂ

a=0

=q¢ 914 6+ 18¢> — 15¢°...).

This encodes the relation of the 1A and 3A twining functions of EM=3(Ma3)
to those of My, umbral moonshine.8

Now let’s look at the expansion of hé\fo at ( = 0. In Appendix A.3 we
report the method we implemented to compute these g-series. We find that
the components hg Avl(T), hg A2 (1) can be expressed as linear combinations
of the functions hgixé(T), hg‘;‘,g(T) and Hq4(7). Explicitly, the relation is

(6.22)
T oo
B 1(r) = Hua (3) = 3h35 2 (7)
=2 1/% 4 45¢7/* 4 23197 4 T55¢7/2 4 22777/ 4
(6.23)

M3, (1) = =h35 3 (1) = h35 5 (1) — Hia(37)

L LT Y T Y T

18The above equations in (6.20) and (6.21) look very much like the action of a
Hecke operator on H,. It would be interesting to explore this connection further.
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Similarly, consider the following pairs of conjugacy classes: (¢', g) = (24,6A)
and (¢',9) = (5A,15AB) for ¢’ € My and g € Mas. Then we have a similar
relation for the two other functions with additional poles given by

B, () = Hy () = 30 (7)

(6.24) K7y (1) = —h (1) — h% (1) — Hy (37),
9.3 93 9.5
where (; = % for g =6A and (4, = % for g = 15AB.

It would be very interesting to understand the origin of these proper-
ties, and in particular why they behave similarly to the Hauptmoduln of
monstrous moonshine for groups with Atkin-Lehner involutions. For exam-
ple, consider the McKay-Thompson series for conjugacy class g = 34 in the
monster group, expanded at the infinite cusp

1
(6.25) T3A(T) = = + 783q + 8672¢* + 65367¢> + . . ..
q

This is a Hauptmodul for the group I'g(3) + 3, which is defined in Ap-
pendix A.1 and in particular contains the Fricke involution which takes
T —3%. Such an involution relates the cusp at infinity to the cusp at
7 = 0, and thus these cusps are equivalent with respect to I'g(3) + 3. As
a result, the expansion of the Hauptmodul at 7 = 0, which we will denote
19,(7), is given by

(6.26)

1 1 1 2
T9,(7) = Tz (—§> — g3 + 783¢5 + 8672¢5 + 65367q + ... = Tsa (%) .

The properties we observe for certain hé\/ =2 in equation (6.24) in this section
are strikingly similar to this behavior.

7. Discussion

In this work we have investigated the Rademacher summability properties of
the twining functions of known extremal CFTs. Inspired by the genus zero
property of monstrous moonshine, and its connection to the Rademacher
summability of the monstrous McKay-Thompson series at the infinite cusp,
we consider a similar expansion for the twined graded characters associated
with the other extremal CFTs. Similarly to V* and V*4, we find that EN=H(G)
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for G = My and MS) have the property that all associated twining func-
tions can be written as Rademacher sums at the infinite cusp. However, all
of the other cases we consider have at least one conjugacy class whose graded
character has pole at additional cusps of the corresponding modular group
which are inequivalent to infinity.

In studying the Rademacher properties of h;‘ and }Nz;l, in §6 we exam-
ined the Rademacher sum of the corresponding polar term for the group
Iy = To(n). However, in the case of V¥ and V*¢ it is the case that many
of the McKay-Thompson series are Hauptmoduln for subgroups of SLa(R)
with additional Atkin-Lehner involutions (cf. Appendix A.1). One obvious
question is whether those functions which, according to the results of §6.2
and §6.3, have poles at cusps inequivalent to ico under I'y are nevertheless
Rademacher sums at infinity for a different modular group with more gen-
eral Atkin-Lehner involutions. However, in the case of half-integral index
theta functions it does not seem possible to extend the multiplier system to
these groups.

More generally, in the case of V¥ and V!, the Rademacher summability
property applies directly to the twined partition functions. In the cases of
the other ECFTs we consider, we study the mock modular forms which arise
only after decomposing the partition function into superconformal charac-
ters. Though these objects are natural to consider both from a physical and
algebraic point of view, one could also consider the Rademacher properties
of the twined (flavored) partition function itself. In the Spin(7) case, the
(twined) partition function is simply the (twined) partition function of V*:;
from this point of view the functions of the Spin(7) theory are naturally
related to Rademacher summable functions (though for different modular
groups and with different polar structure).

On the other hand, in the case of the theories with N' = 2 and N = 4
supersymmetry, the flavored partition function is a Jacobi form of index m
and has a natural theta expansion into length 2m vector-valued modular
forms of weight w = —1/2. However, these functions in general have at least
as many poles as the mock modular forms we studied.

In Table 5 we summarize the Rademacher summability of the different
ECFTs. In particular, in the third column we report the number of conju-
gacy classes in the global symmetry group of the theory whose corresponding
twining function is a Rademacher sum at the infinite cusp. We have indi-
cated in bold those theories for which all twining functions are Rademacher
summable in this sense.

Our work suggests that the surprising connection between ECFTs and
sporadic groups is in fact more general than the connection between ECFTs



Properties of extremal CFTs with small central charge 651

Table 5: Extremal CFTs whose Rademacher summability properties have
been proven already (Vu and Vsh) or are considered in §6. In the second
column we list the twining functions and in the third column we report our
main results

ESCFT Twining function | Rademacher summable [g]
% T,(7) All [g] € M [30]
Vst 23 (1) All [g] € Coy [34]
£Spn(M) (My,) haP () All but 6 [g] € Moy
EN=2(My3) h=2(7) All but 3 [g] € My
EN=3(M1,) h=2(7) All but 4 [g] € My
ENZH (May) y=4(7) All [g] € Mz
ENZH (M) h)=4(7) All [g] € M{}
ENZAMY) ) =4(r) All but 1 [g] € MY
EN=2 BQ/ZQ(T) 3 classes [g] € Ma3
EN=L ?L';v:4(T) 2 classes [g] € M1y

and Rademacher summability. We end with the following comments and
open questions inspired by our work:

e It would be interesting to understand more deeply the origin of the
curious connection described in §6.4, which relates the mock modular
forms arising from ST/X::QQ(M%) and the twining functions of Mathieu
moonshine. More specifically, we have observed a precise relation be-
tween the coeflicients in the expansion of hgv =2 at two inequivalent
cusps of I'g(n) where it has poles in the case of g € {34,6A4,15AB}.
Is this indicative of a larger symmetry of these functions?

e Furthermore, in the case of ¢ = 12, as explained in §4.2 there exist
ECFTs corresponding to all 1-, 2-, and 3-plane preserving subgroups
of Cog. We did not analyze all such ECFTs which arise in this way; it
would be interesting to study the Rademacher summability properties
of the mock modular forms which arise for all corresponding conjugacy
classes of Cog which preserve a 1-, 2-, or 3-plane in the 24. We leave
such an analysis to future work.

e The form of the partition functions for holomorphic orbifolds of the
monster CFT turn out to be highly constrained by the Hauptmodul
property and the uniqueness conjecture of the vacuum. In fact, given
a generic element g € M, (g)-orbifold is either V¥ or V¥, as proved in
[59]. We expect a similar reasoning to hold for the Conway module,
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whose uniqueness was proved in [63], and its relation to the two other
¢ =12, N =1 SCFTs, the super-Eg theory and the theory of 24 free
fermions.

Most of the other examples of ¢ = 12 ECFTs analyzed here are dif-
ferent from V! and V*¢ in that not all the mock modular forms ap-
pearing in the decomposition of the twining functions are Rademacher
summable. However, after a preliminary analysis in the case of
EN=2(Ms3) we found that the holomorphic (g)-orbifolds for which
g € Mss and 7, € {1828, 1636 145 1373} reproduce the original
partition function (4.5). It would be interesting to explore this further
for the other theories considered in this paper.

In this work we did not analyze the case of the 5/\[25, the ECFT
with Cop symmetry first constructed in [18]. One question for the fu-
ture is to derive the corresponding twining functions of this
theory and consider whether they have any special Rademacher sum-
mability properties at the infinite cusp of the appropriate modular
groups.

Another example one could consider is K3 non-linear sigma models
(NLSM). These theories are extremal according to the definition of
[15]; however, they are not chiral CFTs. Their symmetry groups and
possible twined elliptic genera have been classified; they are related to
four-plane-preserving subgroups of the group Cog [24, 64]. It would be
interesting to consider in general the Rademacher summability prop-
erties of all possible twining functions which can arise for K3 NLSMs.
In the case where the symmetry element belongs to the Mathieu group
Moy, it follows from [31] that these twining functions'? are Rademacher
sums about the infinite cusp. However, a general analysis has yet to
be performed.

One interesting point to note is that in [64] it was conjectured?® that
all possible twining functions of K3 CFTs arise from either umbral
moonshine or Conway moonshine in a precise way proposed in [66]
and [67], respectively. So in this (roundabout) sense they arise from
functions which are Rademacher summable at the infinite cusp due to
this property of umbral and Conway moonshine.

9By twining functions here we mean mock modular forms which arise from a

decomposition of the form (B.28).
20In [65] this conjecture was proved in a physical sense via a derivation from
string theory.
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It is also the case that the elliptic genus of a (g)-orbifold of a K3 CFT
either reproduces the K3 elliptic genus or the elliptic genus of 74.2!
One could investigate in this case whether there is a connection be-
tween the Rademacher summability of the g-twined functions and
whether the (g)-orbifold yields a K3 or a torus theory.

e The connection between the Rademacher expansion of a CEF'T partition
function and the path integral of 3d quantum gravity in AdS first
suggested in [32] primarily served as a source of motivation for our
analysis. However, in the case of a g-twined partition function of a
CFT with discrete symmetry group GG, a physical interpretation of its
Rademacher summability at the infinite cusp is lacking. It would be
interesting to find a physical interpretation in instances where such a
property holds.

e The authors of [68] considered a certain compactification of heterotic
string theory to two dimensions to provide a physical derivation of
the genus zero property of monstrous moonshine. The Hauptmodul
property of the monstrous McKay-Thompson series was shown to arise
from T-duality symmetries which arise upon considering CHL orbifolds
of this string compactification. An interesting question is whether the
additional ECFTs we consider in this work have any connection with
2d string compactifications, and if this point of view can shed any light
on the properties considered in this paper.

e We can certainly construct infinite families of 2d CFTs with arbitrar-
ily high central charge and sporadic symmetry groups by considering
symmetric products of the theories studied in this paper; however,
they will no longer be extremal [15]. Do these symmetric product
theories have any special properties? Are there other theories (ex-
tremal or not) with large sporadic group symmetry and ¢ > 24 which
don’t arise from this symmetric product construction? Assuming a
connection between Rademacher sums and sporadic groups, can one
use Rademacher summability techniques to search for such CFTs at
higher central charge?

e Finally, given the previous point, we raise the following question: how
ubiquitous are 2d CFTs with sporadic group symmetries? Do such
theories play a special role in physics, i.e. in 3d gravity and/or string
theory?

21 This is just zero due to fermionic zero modes.
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Appendix A. Modular definitions
A.1. Modular groups

In this section we introduce different modular groups encountered in the
main text. We denote by I'g(N) the Hecke congruence subgroup of level N,

(A1) To(N) = {7 - (C?V Z) € SLQ(Z)’ det(y) =1, ce Z}.

The Atkin-Lehner involution for I'g(V) is

(A2) W, = {7 - (C“]f] ;€> c GLQ(Z)‘ det(y) = e, eHN} ,

where || denotes that e is an exact divisor of N, i.e. e divides N, e|N, and
(e, %) = 1. Moreover the set of matrices W, satisfies

(A.3) W2 = 1mod(Ty(N)),

(A4) W, W,, = Wo,W,, = We, mod(To(N)), 3= 122

(ere2)

5"

An important example of Atkin-Lehner involution is the so-called Fricke
involution Wy, which generates the transformation 7 — —1/N7.
Next we introduce the modular group I'g(n|h), defined by

(A.5) To(n|h) = {’y - (“ %> ‘det('y) - 1}

cn d

where a,b,c,d € Z, h € Z, h*|N and N = nh. For h the largest divisor of
24, To(nlh) is a subgroup of the normalizer group N(N) (defined below).
The corresponding Atkin-Lehner involution is

(A.6) w={r= (4 j) det(s) = e, el |

this satisfies a closure condition similar to equation (A.4) for W, with respect
to to I'g(n|h) instead of I'g(IN). The normalizer group of I'o(N) in SL2(R)
is

(A7) N(N) = {p € SLa(R)|pTo(N)p~" = To(N)}
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N(N) is generated by I'g(n|h) and its Atkin-Lehner involutions. For an
explicit description of the normalizer group the reader is referred to [26].

The groups I'y with g € M are subgroups of N'(N) of the form I'g(n|h)+
e1,ea,.. where n = o(g) is the order of g, h|24,hjn and N = nh. Here
Lo(n|h) + €1, e2,.. stands for the union of a particular set of Atkin-Lehner
involutions (we, , We,, . ..) and I'g(n|h). From this description it is apparent
that I'y is a subgroup of N () and contains I'g(N).

Lastly, we define the group I'y, whose Hauptmodul is

*(7)

24
SRR (SN (PR RV /
(A.8) K(7) (n(%) (2T)> ¢ V242442762 4.

n
(A.9) ng{(i Z)ESLQ(Z)‘C—dEa—bEl (mon)}.
A.2. Modular and Jacobi forms

We start by defining the Dedekind eta function,

(A.10) n(r) = q"/* ﬁ(l
n=1

and the Jacobi theta functions 60;(7, z) as follows,

(A1l)  6i(r,2) = —ig"/%y'/? ﬁl(l —¢")(1—yg") (1 -y 'g" ),
(A12)  Oa(r2) —611/83/1/21_[1 (L +yd") (L +y T,
(A.13) 03(7, 2) = 10_011(1 — ) +yd" )y ),
A1) o) = [0 =y =y )

A fundamental object in our discussion is the weight 1/2 index m theta
series, whose components are defined by

(A.15) O r(T,2) = Z gy

keZ
k=r (mod 2m)
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when m € Z~o and are otherwise given by

(A.16) Onr(T,2) = D e(5)d" /My,

k=r (mod 2m)

for half integer-index m, and with 2m € Z~g and r — m € Z. The modular
properties of the theta series are dictated by its transformation under the
generators of the modular group SL(2,7Z)

(A.17) T— <(1) D 5= ((1) —01> |

and are thus represented by

— —

(A.18) Om(T+1,2) = p(T). 0 (7, 2) ,
(A.19) ein(—%, ;) - e(mTZQ) V=i p(S). (7, 2) |

where the 2m-dimensional matrices p(S) and p(7") define its multiplier sys-
tem.
For m € Z, these take the form

2

T 1 rr!
A2 T)pyr = N ! ro! = ——€| —5— | >
(420 oD =e( L) 5w oS = (50 )

whereas for m € %Z,

72 1 rr’ r—r
(A21) p(T)rJa/ = 6(@) (57771/7 p(S)r,«J,/ = m6<—%>6< 9 ) .

A.3. Expansions at cusps

In the section we introduce the generalized Eichler-Zagier operator?? used
in the computation of the expansion of certain Jacobi modular forms at the
different cusps.

The Eichler-Zagier operator W, (n) with n||m (n is an exact divisor of
m) is defined by its action on Jacobi forms of index m as

(A.22)

n—1 2
=3 S (ot Mol s 29

A,B=0

22We thank Daniel Whalen for sharing his unpublished note.
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This operator is an involution on the space of Jacobi modular forms of index
m, see [69] for more details. Consider the different summands separately; for
a point A = A7 + B with A, B € Q we define

(A.23) ¢|Wm(>\) (1,2) := e(mA()\ + 22))¢(7’, z4+A)

An important property of the so-called generalized Eichler-Zagier operator
Wi () is that it commutes with the slash operator defined as

(A24) gi)]%hm(T, Z) = (CT + d)_ke_%ri ortd (;S(’y'y'? 'yz) .

Indeed, we have

(A.25) Al (N Iy km (T3 2) = DLy kmlw,, (0 (T3 2)

where we have used the fact that yA = aA + ¢B and vB = bA + dB.
Thanks to this identity, we can recast the expansion around different cusps
of Z‘ffg(T, z) as g-series.

The weight 0, index 2 Jacobi form Zﬁhg(r, z), given in (4.11), can be
written as

(A.26) ZE (r2) = Y kgr(T)0a,(r.2),
reZ/AZ

where kg, (7) is the modular form of weight —1/2 defined by the theta
decomposition of Zf{h p To expand this twining function at a different cusp
we define

(A2 F) = R )

(A.28) — T Z kg (y7)02,r (YT, 72)
TGZ/4Z

(A.29) = g (77) 02,0 (7, 2)

where the explicit form of 94, can be derived from equation (4.11), and it
turns out to be a combination of index m theta functions 6,, (7, pg,i). From
equation (A.23), for A =2z =0 and B = py we have

(A.30) Om (7, Pg.6) = Omlw, (p,.) (T 0)
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Then, using (A.25) we obtain

(A'31) é'm‘Wm(pg,k)‘W(Tv 0) = 6_’m|7’Wm(’ypg,k)(T7 0) - p<7)'§m‘wvrl(7pg,k)(T7 0) )

where p(7) is the multiplier system of the theta function of integer index
given in (A.20). The expression on the the right hand side of (A.31) allows
us to derive the g-series expansion of 1, ,(y7), and thus of Zﬁu’;u‘gp (1,2).

A.4. Mock and meromorphic Jacobi forms

The first instance of mock Jacobi form we consider is the so-called Appell-
Lerch sum, defined as

mk? 2mk

q"
A.32
( ) kezz _yq e—27rzu
Its completion, following [36], is
2 1
(A.33) Fi) (7, 2) = £ (7, 2) — 3 D Ry (7, u)0m (7, 2)
reZ/Z

with

Ry, T‘(T U) = Z (sgn(k + %)—l—

k=r (mod 2m)

_ E(1 [ImT (k i Qmml_u)>)qfie27riku’
m Im7
E(z) = sgn(z) <1 —/ dtt=1/? e“t) .

Moreover, ﬁ(tm) (1,7, 2) transforms as a (non-holomorphic) Jacobi form of
weight 1 and index m.

We denote by pim:o(T, 2) = fém)(r, —z) — fém)(r, z). This specialization
of the Appell-Lerch sum has the following relation to the modular group
SLy(Z): let the (non-holomorphic) completion of fim.o(7,2) be

(A.34) fim:0 (T, 75 2) = pimeo(T, 2) — \/_ > (7, 2)x

r€Z/2m
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ioo. ’ 12 G 7 =N 1./
X (Z(T + 7')) S (—=7")d7".
-7
Then fi,,.o transforms like a Jacobi form of weight 1 and index m for SLy(Z)x
7Z? and it has a simple pole at z = 0. Here S,, = (Sm,r) is the vector-valued
cusp form for SLs(7Z) whose components are given by the unary theta series

1 0
(A35) Sm,r(T) = Tmaem,r(Tv Z)|Z:0-

Note that the explicit form of the theta series Sy, ,(7) changes depending
on whether m is integer or half-integer because of equations (A.15), (A.16).

For later use, we define two weight one meromorphic Jacobi forms, ¥y ;
of index one, defined as

61(7,22) n(1)? _y+t 1
(01(7, 2))? y—1

(A36) \I/Ll(’]" z) = _Z — (y2 — y_z)q + .- ,

and W, _1 of index —%, defined as

n(r)* 1
01(1,2)  yt/2—y1/2

Uy _a(1,2) = —i +q W' =y )+ 0(?).

Appendix B. Superconformal characters and modules

In this appendix we review the representation theory and character formulas
of the N =4, N =2, and Spin(7) SCAs.

B.1. Characters of the Spin(7) algebra

Here we briefly review the representation theory of the SW(3/2,2) super-
conformal algebra with central charge 12—this is the algebra which arises on
the worldsheet of type II string theory compactified on a manifold of Spin(7)
holonomy [61].2% This algebra is an extension of the ¢ = 12 N = 1 SCA by
two additional generators: the stress-energy tensor of a ¢ = 1/2 Ising model
(of dimension 2) and its superpartner (of dimension 5/2).

In [70] the unitary representations of the SW(3/2,2) SCA were classi-
fied. There are two algebras—NS and R—which correspond to whether the
fermions are 1/2-integer (NS) or integer (R) graded. For our purposes it suf-
fices to work in the NS sector; here the representations are uniquely specified

ZThroughout this section, we follow the notation used in [20].
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by two quantum numbers and will be labelled |a, k), where a is the dimen-
sion of the internal Ising factor, a € {0,1/16,1/2}, and the total dimension
is h. The result is that there are three massless (BPS) representations with
quantum numbers |0, 0), |1/16,1/2), and |1/2,1), and two continuous fami-
lies of massive (non-BPS) representations with quantum numbers |0, n), and
|1/16,1/2 + n), where n > 1/2.

Conjectural characters for each of these representations were computed
in [60], to which we refer for more details and derivations, including a dis-
cussion of the characters in the Ramond sector. We define the following
combination of functions from (A.15),

(B.1) Omr(T) = O (T) + Oy (T)

which satisfies 0~m7,~ = ém,_,, = 0~m7r+m, émJ(T) = Hm/27T(T/2), and

(B.2) FiM (7, 2) = £ (7, 2) = £ (7, =2).

We denote the character of the a non-BPS representation |a, h) by xY7(7),

and the characters of the BPS representations by xN9(7), as they are
uniquely specified by their a eigenvalue. The result is that the non-BPS
characters are given by

B3) i) =" Pr)eY () =¢" (V2 + 142 +3q+...)

and

61

B.4) XN (1) =" P(r)ONS(r) = ¢" (¢7V* +2+3¢" > +5¢+...)

where
A7)
PO = e
and we have defined
(B.5) 035 (r) = (Baoa(r) — Bao (7))
(B.6) OS(r) = (Baoa(r) — Baoa(r))

Furthermore, the BPS character of total dimension h = % is given by

(B.7) X5 (1) =P(r) "5 (r)

Sl
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where,

(67,7)+ 4 17,

(B.8) iV (r) = (g3 FP) i

1
213 2

(67, —27’))

and the other two BPS characters can be found using the BPS relations
which relate massless and massive characters:

B.9) X" +XT=a"x(n G L B G

16 1672

Spin(7) modules The partition function for a module of the Spin(7)
superconformal algebra, i.e.

Spin(7 _
(B.10) Z3 (1) = Tryg gho—e/,
transforms as a weight zero modular function for the congruence subgroup

['y. Furthermore, it follows from the explicit description of the Spin(7) char-
acters above that such a function admits an expansion of the form

(B11) 28"V (1) = P(r) (Aop™S(7) + P ()OS (r) + Fo(r)0 (7))

where we can expand the function (F}) as

(B.12) F. (1) = Z bj(n)qn—l/lzo
n>0

(B.13) Fo(r) = Z ¢j(n)qn=49/120,
n>0

From the properties of the Appell-Lerch sums detailed in Appendix A.4, it
follows that F':= (Fj) is a weight 1/2 vector-valued mock modular form for
SLy(Z) with shadow given by A0S (1), where we have defined

(B.14) S = @i)

and So(7) = Y 4cs kel (k)g" /120 for o = 1,7 and

1 k=1,29 (mod 60)
(B.15) Al(k)=<{ -1 k=—-11,-19 (mod 60)

0 otherwise
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1 k=-7,-23 (mod 60)
(B.16) f(k)=4¢ -1 k=17,13 (mod 60)

0 otherwise
See [20] for more details.
B.2. N = 2 superconformal characters

The N = 2 SCA with central charge ¢ = 3(20+ 1) = 3¢, £ € %Z, contains

an affine VXI\) current algebra of level £ + 3. In this notation m = ¢ + %
The unitary irreducible highest weight representations are labeled by the
eigenvalues of Ly and Jo, which we call h and @Q, respectively [71, 72], and
which we denote by VZ b Q There are 2/ + 1 massless (BPS) reprebentatlons

with eigenvalues h = 57 = ¢ ¢and Q € {-5 5—1—2, cos—1, 5}, whereas
there are 2¢ + 1 cont{nuous families of magswe (non-BPS) representations
with eigenvalues h > ¢ and Q € {—5+1,-5+2,...,5-2,5 1,5}, Q #0.

We focus on the graded characters in the Ramond sector, which are
defined as
(B.17) B (m,2) = tryyg ((-1)PyPgh ).
In terms of functions in Appendix A, the massive characters are
(B.18) hid(r,2) = e(§)(¥y s (r.2) " Lg T H 00, 7).
for j =sgn(Q) (|Q| — 1/2), and the massless ones (with @ # %) are

= +Q+1/2 - 1

(B19)  chp3, o7 2) = (L) (W) i (7,2)) 1y f0(r 2 4 ).

for u = % + %. Furthermore, the character chﬁ{:72247@(7, z) for Q@ = §
can be determined by the relation

(B.20)
£-1
N=2 _ - N=2 N=2
chy /o e " (Che /24,6 T Z )* (ch, te/24, -k T oy 2 ntc/24,k— £ ))

+(-1): Chec/240v

due to the fact that at the unitary bound, several BPS multiplets can com-
bine into a non-BPS multiplet.
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N = 2 modules The graded partition function of a module for the ¢ =
6m N = 2 superconformal algebra in the Ramond sector, i.e.

(B.21) ZN=2(7 2) = Trg ((_1)JoyJoqLo—c/24) ’

transforms as a weak Jacobi form of weight zero and index m for SLy(Z) as
in the N' = 4 case. Furthermore, from the representation theory discussed
above we expect such a partition function to have an expansion

(B.22)

202 = e ) | Cofiwo(r )+ D0 FO(1)0n(r,2)
J—LEL)2T.

when the N/ = 2 SCA has even central charge, ¢ = 3(2¢ 4 1). (See [19] for
more details.) In the last equation, we have defined

1 7
0 — e(L) /2 £ — -4
He;0 6(4)y fu (T7u+z)7 u 2+4€7
and the function F j(z) (1) satisfies
(0 = (¢ (0
(B.23) FO(r) = FO(r) = ED,, (7).

Through its relation to the Appell-Lerch sum, fis.o admits a completion
which transforms as a weight one, half-integral index Jacobi form under the
Jacobi group. Defining fig.o by replacing fi,,.0 with fig0 and the integer m
with the half-integral ¢ in (A.34), we see that @ transforms like a Jacobi
form of weight 1 and index £ under the group SLs(Z)x Z?. Following the same
computation as in the previous section, we hence conclude that F() = (ﬁ’j(g)),
where j—1/2 € Z/20Z, is a vector-valued mock modular form with a vector-

valued shadow Cy Sy = Co(S¢,;(7)).
B.3. N = 4 superconformal characters

Let m = m — 1.The N' = 4 SCA with central charge ¢ = 6(m — 1), m > 1,

contains a level m — 1 SZ\(Q) current algebra (cf. [73]). We will label the uni-
tary irreducible highest weight representations by the eigenvalues of Ly and
%Jg’, which we denote by h and j, respectively. We discuss representations
in the Ramond sector, where a representation with quantum numbers (h, j)
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will be denoted VN % There are two types of representations: a discrete
set of m massless (BPS) representations, and m — 1 continuous families of
massive (non-BPS) representations (cf. [74]).

The BPS representations have h = 57 = T_ and j € {0 ---,ﬁ

DR
m

and the non-BPS represenations have h > T and j € {2, 1,...,
Their graded characters, defined as

(B.24) Chmhj( 2) = Tryw—s <(_1)JSngngfc/24>7

mih,j

were computed in [75] and can be written in terms of functions defined in
Appendix A as

(B'25) hmh](Tv z) = (\I/Ll(Tv z))_lumJ(T? Z)
and
(B:26) chp (T, 2) = (Pra(r,2)) ' g ’72‘ (01,25 (7, 2) = O, —24(T, 2))

in the massless and massive cases, respectively.

N = 4 modules The graded partition function of a module for the ¢ =
6(m — 1) N =4 SCA in the Ramond sector, i.e.

(B.27) ZN=H(r,2) = Tg ((—1)J5’y°’3qL°‘c/24> ,

transforms as a weak Jacobi form of weight zero and index m for SLy(Z).
Moreover, the representation theory of the N'= 4 SCA discussed above and
the explicit description of the i and 6 functions in Appendix A allows one
to rewrite the graded partition function as

(B.28)
2N 2) = (P, Z))_I(CO pao(r,2) + Y F(0) (7, Z)>’
rE€L/2MZ
where the F(™) = (Fr(m)), r € Z/2mZ obey
(B.29) F™(r) = —F(r) = B, (7).

See, for example, [19].
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The way in which the functions ZN=%(7, 2) and fi.0 transform under
the Jacobi group shows that the non-holomorphic function

> E(T) (7, 2)

rEL/2MZ

transforms as a Jacobi form of weight 1 and index m under SLy(Z) x Z?2,
where
1 100
EM(7) = FU) (1) + ¢ge(—L) — 4+ 1) V28, (=) AT
r ( ) r ( ) 0 ( 8) \/% . ( ) ) ( )

In other words, F(™) = (Fr(m)), r € Z/2mZ is a vector-valued mock modular
form with a vector-valued shadow cq Sy, whose r-th component is given by
Sy,r(T), with the multiplier for SLy(Z) given by the inverse of the multiplier
system of Sy, (cf. (A.20)).

Appendix C. Twining functions

In this section we derive the twined partition functions of EN=2 for all con-
jugacy classes [g] € Mas, and we discuss a few such cases for SﬂA{::f and
[g] € Mj;. The approach is similar, so we discuss the two cases in parallel,
pointing out distinctions when they occur.

The starting point for each is the Niemeier CFT with target R**/Ay,
for N = A?* and Ai? in the N' = 2 and N = 4 cases, respectively. The
partition function of the CFT consists primary states coming from lattice
vectors, primary states coming from the 24 currents iJx;, and the Virasoro
descendants; i.e. it is just given by equation (3.1). For A = A%?* it will be
useful to think of this CFT in the following way. The ith copy of the Ay root

—

system furnishes an affine su(2); current algebra, generated by the vertex
operators

(C.1) eIV

) 28.’,12'1',

and therefore the partition function Z~(7) of the theory has a natural
— \24
decomposition into characters of (su(2)1)

There are two irreducible modules of su(2),—one arising from the vac-
uum representation, which has a ground state of conformal weight zero, and
a second from a highest weight state of conformal weight %. We will denote
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these representations as [0] and [1], respectively. The characters of these
irreducible modules are given by

_ 03(27)
C.2 cho(7) = Trggho¢/? = 2 )
( ) 0( ) [O]q ,’7(7_)
_ 02(27)
— LO 6/24 — 2
(C.3) chy (1) = Trpq —77(7') ,

where ¢ = 1 is the Sugawara central charge of the current algebra. The full
lattice theta function for Ay with N = A2* consists of all lattice vectors
which are linear combinations of root vectors and glue vectors. The glue
vectors can be specified in terms of elements of the extended binary Golay
code. This is a length-24 binary code with weight enumerator

(C.4) 2 4+ 75921998 + 257621 2y1% + 7592516 4y,

where the coefficient of the term z"y™ gives the number of vectors in the
code with n zeros and m ones. Thus we can rewrite the partition function

' ety
in terms of su(2), characters as

(C.5) ZAv (1) = ch2t(7) + 759(chi®(7)chf(7) + chd(7)chib(7))
+ 2576¢h{? (7)chi? (1) + ch?*(7)

for N = A%4,
Similarly, in the case of N = A2, the partition function can naturally
— 12
be written in terms of characters of <su(3)1> , as each of the 12 Ay root

systems furnishes a copy of su(3),;. There are three irreducible su(3); mod-
ules we will call [i] and with characters we refer to as x;(7), ¢ = 0,1, 2. The
vacuum module [0] has conformal dimension A = 0 and the two nontrivial
primaries both have conformal dimension h = % Furthermore, the glue vec-
tors are now specified in terms of elements of the extended ternary Golay

code, which is a length-12 ternary code with weight enumerator

(C.6) 2124y 242121 22(28y8 448284 2628) 4220 (284323 448 2323 +2523¢%).
Therefore, for N = A}? we can write the partition function in terms of su(3),
characters by replacing z,y, z in the weight enumerator with xo, x1, X2, re-

spectively. Furthermore, the formulas for these characters are given by

Lo—c/24 _ 93(27’)93(67‘) + 492(27’)92(67’)
7*(7)

(C.7) xo(7) = Trpgq
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for the vacuum character, and

T 2r T 27 -
(C.8) xi(1) = TrquO*C/Q“ _ 05(27)03 ( 32)77;—(5)2(2 )62 ( > ) B X02( )

for the nontrivial primaries with ¢ = 1,2, where in this case ¢ = 2. Thus the
partition function of the theory can be written as

(C.9) 28 (1) = xg* (1) + 260G (m)xF () + 440x§ (T)x] () + 24x3°(7)

for N = A%Q.

Now we consider a Zy orbifold of the above theories. We will call the
Zso symmetry h, which acts with a minus sign on the 24 coordinates of the
torus:

(ClO) h: Ty — —T;.

—_

24
In the case of N = A?* the orbifold preserves a (u(l) 4> current algebra
— N2
out of the <3u(2)1> and, similarly, for N = A2 the orbifold preserves an

(:@(\2)4) ” within the (3;\(3)1>12- We choose one copy of u/(T)4 and 32\@)4
to generate the R-symmetry of the N = 2 and N = 4 algebras, respectively.
In the NS sector the corresponding level-4 current is given by the h-invariant
linear combination

(C.11) Jo =2 (ei\/ixl + e—z\/iml)

for the N' = 2 case and by
(C.12) Js = /2 <ei\/§x1 n efi\/ﬁx1>

for the N’ = 4 case [21, 22].

We consider the Ramond sector partition function graded by these cur-
rents and by (—1)¥. The Hilbert space is composed of the anti-invariant
states in the untwisted sector and the invariant states in the twisted sector.
Thus we will compute the trace
(C.13) ZN=2)

m=4

(r,2) = Trp, (1) Fgho~ Sy )
o (151 o

1+h .
+ Trygtw (T) (_1)FqLo 24yJo(J3)
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where the first term in the second line implements a projection onto the anti-
invariant states in the untwisted sector Hilbert space, H, and the second
term a projection onto the invariant states in the twisted sector Hilbert
space, H!. Furthermore, we will also consider the twining functions

N: _ < g
(C.14) Zm:igl) (1,2) = TrHRg(_l)FqLo 24yJO(JJ)

defined for g € Moss, My, respectively. These functions are weak Jacobi
forms of weight zero and index four for I'g(n) where n = o(g). Let

un 1-h — < :
(©15)  F () o (S ) a(-)F gy

1—h _e ‘
= Try <—2 ) quO 24 yJO(Jd)

be the g-twined trace which is the contribution of the untwisted sector to

the partition function Zﬁ{:j (4)(7', z), and
w 1+h _e
(C.16) F; (A;7,2) i= Trype <—2 )g(—l)FqLO 21gyf0(J3)

be the corresponding g-twined contribution of the twisted sector. Note that
all states in the Hilbert space H“™ are bosonic so we can drop the (—1)F
in (C.15). We will discuss the explicit computation of each of these terms in
the next two subsections.

The untwisted sector

We start with A = A2%. To implement the trace in the untwisted sector,

we need to know the action of h on the SZ-\(Q)l modules, as well as their
characters with the U(1) charge included, which we will denote by cho(7, 2)
and chj (7, z). It is straightforward to see that these are given by

03(27,4z
(C.17) cho(r,2) = Tr[o]qLO*c/My‘]O = 43(77(7) ) = (z),, and
_ 02(27,4%) -
L() c/24, Jo __ 2 ) O
(C.18) chy (7, 2) = Tryygho =2y’ = e (2),

where Jy is the zero mode of the U(1) current in equation (C.11). Fur-
thermore, using the explicit description of h, it is easy to check that the
characters with an h-insertion are given by

04(27,42)

) = (z)_, and

(Clg) Cha (7-7 Z) — Tr[o]thofc/Qélng _
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(C.20) chy (7,2) = Trpy, hglo=e/?4ylo — .
In order to write the (twined) partition function in terms of these characters,

we introduce the following notation,

= chy (n7,0)™

(n)™ := chy(n7,0)™.

(C.21) (n)" := cho(nr,0)™
()™ :

Given this we can evaluate the trace in equation (C.15) with ¢ = 1 to
compute the contribution of the untwisted states to the Ramond sector
partition, which is

1

FU (A 2) = 5 ((2) (DF = (2)- (1))

+ 2 (@, 010 + @)

(
+253 ((2) (U2 + @) (1

+644 ((2), (WY D)2 + @ D)D) + 5 (@) (D)%,

where we note that all of the untwisted states are bosonic and thus invariant
under (—1)%.

Furthermore, we can compute the g-twined trace of equation (C.15)
using an explicit description of the action of Ms3 on the binary Golay code,
which we obtain from GAP.24 From this we compute the invariant vectors of
the Golay code under the 24-dimensional permutation representation of g.
The results for all conjugacy classes g in Mas are given in Table 6.

Similarly, we now consider the functions F;™ (A; 7, 2) for A = AL2. First

we need the su(3) characters including a chemical potential for the Cartan

J3 of the invariant su(2),. These are given by

(C.22)
Lo—c/24y s _ 03(27,42)05(67) + 02(27,42)02(67)

2n%(T)

xo(7,2) = Trp)q = [z]

for the vacuum character and

(C23) Xi(T; z) — Tr[i]qLo—C/24yJ3

24This open source program lives at https://www.gap-system.org/.
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under for all conjugacy classes [g] € Mas. We label them by their

2
4
Frame shapes corresponding to their embedding into the 24 of Cog

Table 6: The twining functions F;"'(AM;T, z) of the untwisted sector of
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2n%(7)
for the nontrivial primaries with ¢ = 1, 2. Finally, we also need the trace of

h in these modules, which we compute to be

and

Trjyhg™ =y =0, i=1,2.

X; (7, 2)

(C.25)
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Frame shape

under for all conjugacy classes [g] € Mas. We label them by their

Frame shapes corresponding to their embedding into the 24 of Cog
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Ma3 [g]
6A
TA

Table 7: The twining functions F;”'(AM;T, z) of the untwisted sector of
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Table 8: The twining functions F@™ (A% 7,2) of the untwisted sector of

57/7\[::;1 for certain conjugacy classes [g] € M71. We label them by their Frame
shapes corresponding to their embedding into the 24 of Cog

Lo(11) [g] | Frame shape Eym (A5, 2)
3 ([ 1383 — [2]_[1]2[3]2)
3A 193 +3(2)[1)°[3]° + 3[=] . [1]3[3]..[3]* + 3([2][1]*(3][3]3
+3[2)[1)°[3]°[3],. + [2]. [1]3[3]°
5A 1454 % ([Z]+m+[5]i _~[Z]~— 1]—[5]2—) +~2[%] [1][5])?
+[z] . [5][1][5] + [1][5] . [2][5]
11AB 12112 1 ([2](11], — [2]_[11]_) + [2][11]

Putting all of these components together, we compute the partition func-
tion of the orbifold theory in the untwisted sector with a projection onto
anti-invariant states under h to be

P (A7, 2) = 5 () 03— (2] (11") + 66 ([2], (113 (1° + [ (1P [1]9)
+ 5[], (L2 [11° + 165(2) (L% [11° + 1202] )"

As an example, we consider elements in conjugacy classes [g] €
{3A,5A,11AB} of Mj;. Again we use GAP to obtain an action of Mj; in
its 11-dimensional permutation representation on the ternary Golay code,
which we then use to compute the invariant vectors of the theory under this
action. The results are reported in Table 8.

The twisted sector

Finally, we need a description of the twisted sector Hilbert space, and the
action of h on the twisted states. After we include the U(1) grading, the
contribution of the twisted sector in (C.16) to the full partition function is

(C.26)
e na(r.22) (05(r.22) P a(r.22) e (r)2)
FE T 2) =205, 0) <03<T,o> P2 Oam0) a8 >

for both A = A3* and A = AL2.

The twisted sector Hilbert spaces of all Zs orbifolds of a Niemeier CF'T
are isomorphic and have an action of the group C'og. Once we grade by the
additional U(1) charge as in equation (C.26), the C'oy symmetry is broken to
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subgroups which preserve a two-plane in the 24-dimensional representation.
In particular, since both Mss and Lo(11) satisfy this constraint, we can
define a consistent action of elements of these groups on the twisted sector
Hilbert spaces. The action for a given conjugacy class g of these groups
follows from the 24-dimensional permutation representation of g as follows.
Define

12
(C.27) ng(r) == q [T T = A7) (1 = Aig™)

n>0i=1
and
12
(C.28) nog(r) = q [ T+ A7) @+ Aig™)
n>0i=1

where {)\;} are the 24 eigenvalues of g in its 24-dimensional permutation
representation, specified by the Frame shape 7, as in equation (4.10). Then
the trace of g in the twisted sector is given by

(C.29)
oy Bal122) (05(r,22) ny(r)  0a(r.22) ny(r)
Fo"(Aim2) = e 775 (egmm (/2 Ba(r.0) nng))

where the constant ¢, is defined by

1 of cycles of m,)—
(C.30) cg i= 22(# of eycles of my)—=1

From this and the results in the previous section we can reconstruct
all the twining functions of EX=7 under elements of Maz. We present the
first several coefficients of these functions and their decompositions into
irreducible Mas3 representations in the tables in the next section.

Appendix D. Tables

In this section we present certain useful tables. In §D.1 we present character
tables of certain groups mentioned in the text. In §D.2 we present the first
several coefficients and decompositions of the vector-valued mock modular
forms arising from EN=2 for conjugacy classes [g] € Moas.

D.1. Irreducible characters

Below, we make use of the following standard notation: b, = (—1+1/n)/2,
by, = (=1 —iyn)/2, B = (-1 4+ n)/2, B = (-1 — /n)/2 and a,, =
i/n, a, = —iy/n.
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Table 9: Character table of Mss

[q] 1A 2A 3A 4A 5A 6A 6B TAB 8A 11A 11B 14A 14B 15A 15B 23A 23B
[¢°] | 1A 1A 3A2A5A3A7A 7B 4A 11B 11A 7A 7B 15A 15B 23A 23B
[¢*]| 1A 2A 1A 4A 5A 2A 7B 7A 8A 11A 11B 14B 14A 5A 5A 23A 23B
[¢°]| 1A 2A 3A4A A 6A 7B TA 8A 11A 11B 14B 14A 3A 3A 23B 23A
[¢7]| 1A 2A 3A 4A 5A 6A 1A 1A 8A 11B 11A 2A 2A 15B 15A 23B 23A
[g'']| 1A 2A 3A 4A 5A 6A 7TA 7B S8A 1A 1A 14A 14B 15B 15A 23B 23A
[6°]| 1A 2A 3A 4A 5A 6A 7TA 7B 8A 11A 11B 14A 14B 15A 15B 1A 1A
X1 1 111 1 11 11 1 1 1 1 1 1 1 1
X2 2 6 4 2 2 01 10 0 0-1-1-1 -1 -1 -1
X3 45 -3 0 1 0 0b; by—1 1 1-b;—-b; 0 0 —1 —1
X4 45 -3 0 1 0 0b; byr—1 1 1—-by—=b;y 0 0 —1 —1
xs | 230 22 5 2 0 1-1 -1 0 -1 -1 1 1 0 0 0O O
x6e | 231 7 6-1 1-2 0 0-1 0 O O O 1 1 1 1
xr | 231 7-3-1 1 1 0 0-1 0 0 O O bz b5 1 1
xs | 231 7-3-1 1 1 0 0-1 0 0 O 0 bz bis 1 1
xo | 253 13 1 1-2 1 1 1-1 0 O -1 -1 1 1 0 0
Xto| 770-14 5-2 0 1 0 0 0 0 0 0 0 O 0 baz bz
xii| 770-14 5-2 0 1 0 0 0 0 0 0 0 0 0 boz bos
xi2| 86 0-4 0 1 0 0 0 0 by by 0 0 1 1 —1 —1
x3| 86 0-4 0 1 0 0 0 O by by 0 0 1 1 -1 -1
x4 | 990-18 0 2 0 0b; b, 0O 0O O by b 0 0 1 1
xi5| 990-18 0 2 0 0b; b, 0 0O O b b 0 0 1 1
x16]1035 27 0-1 0 0-1 -1 1 1 1 -1 -1 0 0 0 O
x17 2024 8-1 0-1-1 1 1 0 0 0 1 1 -1 -1 0 0
Table 10: Character table of My

[g] 1A 2A 3A 4A 5A 6A 8A 8B 11A 11B

[¢°] | 1A 1A 3A 2A 5A 3A 4A 4A 11B 11A

[¢*] | 1A 2A 1A 4A 5A 2A 8A 8B 11A 11B

[¢°] | 1A 2A 3A 4A 1A 6A 8B 8A 11A 11IB

X1 1 1 1 1 1 1 1 1 1 1

x2 | 10 1 2 0 -1 0 0 -1 -1

xs | 10 —2 1 0 0 1 a @ -1 -1

X4 10 -2 1 O 0 1 a_2 a2 —1 —1

xs | 11 3 2 -1 1 0 -1 -1 0 0

xe | 16 0 -2 0 1 0 0 0 PBu P

xt |16 0 -2 0 1 0 0 0 PBu PBu

xs | 4 4 -1 0 -1 1 0 0 0 0

xo | 45 -3 1 0 0 -1 -1 1 1

X0 | 55 —1 1 -1 0 -1 1 1 0 0

D.2. Coefficients and decompositions



Table 11: The twined series for Ms3. The table displays the Fourier coefficients multiplying ¢

expansion of the function EQ(;Q(T)

—D/56

in the ¢-

l9] 1A 2A 3A 4A 5A 6AB 7AB 8A 11AB 14AB 15AB 23AB
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
79 32890 490 76 22 10 4 4 0 0 0 1 0
159 2969208 10136 585 80 18 17 4 0 0 0 0 0
239 101822334 88670 3192 374 54 —16 5 2 -2 1 -3 0
319 2065775107 636803 12550 947 132 74 1 -1 0 -1 0 0
399 29747513059 3408531 42757 2399 269 —15 12 5 0 0 2 0
479 334821538370 16448690 136784 5582 530 80 11 —4 0 -1 -1 0
559 3122115821404 68126268 386305 12996 824 33 20 —4 -3 0 5 0
639 25061866943436 262901388 1026324 26780 1586 360 29 4 4 1 -1 1
719 177895424302751 922681999 2615528 53771 2666 —320 29 =7 1 1 -7 0
799 1138785187015234 3070987058 6274135 104846 4574 1079 @ 31 4 0 -1 5 -1
879 6672991048411185 9574047505 14472639 201593 7415 —401 o7 9 3 1 -1 0
959 36211921311763437 28624358621 32442711 369065 11122 1079 58 —5 -2 -2 1 0
1039 | 183681040795024267 81543759179 70065910 662651 17967 —-70 61 19 0 1 0 -1
1119 | 877475502920966100 224506987348 147298461 1169604 27740 3409 88 —16 -3 0 —4 0
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Table 12: The twined series for Mss. The table displays the Fourier coefficients multiplying ¢

expansion of the function EQ{;Q(T)

—D/56

in the ¢-

[g] 1A 2A 3A 4A 5A 6AB 7AB 8A 11AB 14AB 15AB 23AB
-9 1 1 1 1 1 1 1 1 1 1 1 1
71 14168 392 74 20 8 2 0 2 0 0 -1 0
151 1659174 6278 465 94 24 5 -1 2 0 -1 0 0
231 63544239 70287 2367 279 59 217 -4 -1 0 0 2 0
311 1373777350 471990 10699 786 125 =21 1 0 0 1 -1 0
391 20649050170 2768410 36727 2114 200 115 =7 2 1 1 2 0
471 239838441957 13053893 113958 5229 457 =34 -5 =3 4 -1 -2 -1
951 2291638384937 56517657 337376 11397 842 120 -8 -1 0 0 —4 0
631 18760451739204 216334868 899886 23784 1479 50 -7 —6 -1 1 6 0
711 135352127137850 778525770 - 2278664 48830 2600 528 -7 12 —4 1 -1 0
791 878471971333176 2585630360 5566971 97056 3901 —469 —18 8 0 -2 1 1
871 5209082274923427 8188169219 12900135 183083 6807 1475 -9 =5 -1 -1 0 0
951 28562269988425239 24491271063 28872441 336679 10799 —567 —32 3 0 0 —4 1
1031 | 146211017617763307 70510224443 62961633 610623 17107 1481 -15 —3 0 1 -2 0
1111 | 704198296122633807 194427334975 132796005 1086555 26522 —191 —-37 —15 0 -1 5 0




Table 13: The twined series for Msys. The table displays the Fourier coefficients multiplying ¢

expansion of the function Eﬁgﬂ(q—)

—D/56

in the ¢-

l9] 1A 2A 3A 4A 5A 6AB 7AB 8A 11AB 14AB 15AB 23AB
—25 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
55 2024 120 26 12 4 6 1 2 0 1 1 0
135 485001 2953 234 41 11 -2 -1 1 0 -1 -1 0
215 23912778 37850 1704 206 38 8 1 —4 -1 1 -1 0
295 594404250 276954 7008 634 105 12 -1 =2 0 -1 3 1
375 9795220335 1719215 25389 1679 215 T 5 3 -1 1 -1 0
455 121610515928 8440360 85280 3852 333 —56 6 2 0 -2 0 0
535 1223045193953 37766625 248780 9089 693 264 9 1 0 1 0 -1
615 10431487439956 148238340 677512 19744 1221 -96 2 2 0 -2 -3 0
695 77848480769761 545254705 1771723 40485 2236 259 2 7 -2 2 -2 0
775 519869748402405 1843176725 4327128 78673 3720 56 2 3 5 -2 3 0
855 3159048430391220 5930043604 10148229 152428 5665 1033 10 —20 4 2 4 0
935 17694698437501954 17975169890 23094682 285770 9394 -910 15 -14 0 -1 -8 0
1015 | 92296742373818321 52381498417 50515790 519049 14871 2710 31 13 -2 3 0 0
1095 | 452022567897804867 145967611235 107402373 917355 23372 —1123 26 —1 —4 -2 8 -1

98RO [RIUD [[RWS YIM ST, ) [BUIOIIXD Jo sorprador ]

229



Francesca Ferrari and Sarah M. Harrison

678

Table 14: The twined series for Mss. The table displays the Fourier coefficients multiplying ¢

expansion of the function Eg\/ (1)

—D/56

in the ¢-

[g] 1A 2A 3A 4A 5A 6AB T7AB 8A 11AB 14AB 15AB 23AB
—49 1 1 1 1 1 1 1 1 1 1 1 1
31 23 7 ) 3 3 1 2 1 1 0 0 0
111 61984 1008 109 36 14 9 6 -2 -1 0 -1 -1
191 4994473 12841 814 105 23 -2 8 1 0 —4 -1 0
271 159121844 126116 3851 384 79 47 14 6 2 4 1 1
351 3066459912 791976 14742 1104 107 —18 12 4 -1 -4 2 0
431 42526230351 4396655 52188 2871 301 44 24 -5 0 4 -2 0
ol1 465019661864 19995832 157790 6236 549 34 -19 =2 -1 3 0 0
591 4237704983457 83898753 443403 14105 1002 267 36 -3 0 8 3 0
671 33383739990645 313694485 1187433 29821 1780 —215 44 1 0 -8 -2 0
751 233270628632745 1105509481 2962041 60217 2700 769 60 —7 0 -8 6 -1
831 1473401102910159 3610317407 7067235 114659 4804 —289 66 —3 —6 4 -5 0
911 8534324476198088 11260342856 16341254 218344 7803 758 92 24 7 0 —6 0
991 45845203718962384 33250870352 36222793 402864 12389 —31 100 16 0 0 8 0
1071 | 230465514424059585 94612982465 77950314 723905 19565 2570 —99 —15 0 1 -1 1




Table 15: The table shows the decomposition of the Fourier coefficients multiplying ¢~2/5¢ in the function Eé\/ 2(7)
into irreducible representations x, of Masg for 1 < n <6

9] X1 X2 X3 X4 X5 X6
-1 -1 0 0 0 0 0
79 3 6 0 0 8 4
159 13 50 4 4 172 109
239 75 520 361 361 3132 2637
319 555 6234 8431 8431 52201 48823
399 4516 72901 127496 127496 699946 683877
479 39919 762273 1458831 1458831 7687965 7629252
559 334018 6894918 13697115 13697115 70963150 70890020
639 2561300 54661450 110264073 110264073 567249277 568242219
719 17798711 385781306 783730795 783730795 4018617602 4030917545
799 112816113 2462973668 5020155321 5020155321 25701388426 25795911388
879 657802189 14413077161 29426216833 29426216833 150534019095 151134807838
959 3560695812 78161432884 159711506399 159711506399 816701680872 820091947106
1039 18036997856 396321128501 810190283194 810190283194 4142106992628 4159658528152
1119 86103293155 1892920594014 3870600609373 3870600609373 19786191912051 19870958706758
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Table 16: The table shows the decomposition of the Fourier coefficients multiplying ¢~ /56 in the function E/gv 2(7)
into irreducible representations x, of Mss for 7 <n < 12

9] X7 X8 X9 X10 X11 X12
—1 0 0 0 0 0 0
79 1 1 4 1 1 2
159 84 84 128 184 184 249
239 2474 2474 2975 7288 7288 8876
319 48214 48214 54404 152910 152910 181177
399 681735 681735 754547 2228718 2228718 2611937
479 7622433 7622433 8384529 25191152 25191152 29406002
559 70870712 70870712 77765357 235322052 235322052 274222110
639 568190993 568190993 622851914 1890404790 1890404790 2201283134
719 4030786690 4030786690 4416567105 13423360272 13423360272 15625363600
799 25795597950 25795597950 28258570095 85943199892 85943199892 100024910245
879 151134084106 151134084106 165547158795 503648520358 503648520358 586120983088
959 820090325240 820090325240 898251754417 2733239573184 2733239573184 3180668696724
1039 4159655024839 4159655024839 4555976147351 13864390059718  13864390059718  16133598865348
1119 19870951342688  19870951342688  21763871927454  66233398639795  66233398639795  77072943845016




Table 17: The table shows the decomposition of the Fourier coefficients multiplying ¢~2/5¢ in the function Eé\/ 2(7)
into irreducible representations y, of Ms3 for 13 <n < 17

[g] X13 X14 X15 X16 X17
-1 0 0 0 0 0
79 2 1 1 7 7
159 249 225 225 400 614
239 8876 9311 9311 11209 20448
319 181177 196277 196277 215961 411688
399 2611937 2864311 2864311 3052375 5912176
479 29406002 32384527 32384527 34136386 66480999
559 274222110 302544979 302544979 317457009 619667980
639 2201283134 2430487575 2430487575 2545442969 4973369259
719 15625363600 17258520366 17258520366 18058720902 35299442572
799 100024910245 110498190645 110498190645 115573171916 225958546463
879 586120983088 647547609561 647547609561 677144766331 1324034573732
959 3180668696724 3514164059458 3514164059458 3674386668984 7184990032658
1039 16133598865348 17825641954808 17825641954808 18637288293732 36444893250715
1119 77072943845016 85157221728649 85157221728649 89031831245163 174102949680701
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Table 18: The table shows the decomposition of the Fourier coefficients multiplying ¢—2/56 in the function Eg\/ 52(7)
into irreducible representations x, of Mas for 1 <n <6

9] X1 X2 X3 X4 X5 X6
-9 1 0 0 0 0 0
71 2 ) 0 0 7 3
151 10 37 3 3 108 67
231 60 371 211 211 2094 1692
311 401 4320 5558 5558 35182 32682
391 3347 51686 88067 88067 489393 475958
471 29191 549308 1043607 1043607 5517942 5468790
551 247970 5076761 10046497 10046497 52142001 52052092
631 1925413 40964481 82518209 82518209 424787070 425421787
711 13572600 293700302 596218175 596218175 3058208800 3067141035
791 87112694 1900466946 3872364194 3872364194 19828140356 19899850416
871 513770437 11252794339 22969949734 22969949734 117516030536 117981038495
951 2809241950 61654430595 125970832520 125970832520 644191847539 646855266217
1031 14359666110 315486247432 644909227030 644909227030 3297183714290 3311123599862




Table 19: The table shows the decomposition of the Fourier coefficients multiplying ¢~ /56 in the function E‘;\(;Q(T>
into irreducible representations y, of M3 for 7 <n <12

9] X7 Xs Xo X10 X11 X12
-9 0 0 0 0 0 0
71 0 0 2 0 0 0
151 45 45 74 100 100 137
231 1580 1580 1932 4481 4481 5533
311 32142 32142 36420 101485 101485 120436
391 474150 474150 525770 1545133 1545133 1812904
471 5463084 5463084 6012239 18038594 18038594 21063676
551 52035254 52035254 57111733 172694257 172694257 201278319
631 425376804 425376804 466340794 1414993671 1414993671 1647801950
711 3067027234 3067027234 3360726669 10212802503 10212802503 11888586088
791 19899571950 19899571950 21800037596 66296462153 66296462153 77160348340
871 117980393857 117980393857 129233185927 393155335789 393155335789 457538780532
951 646853822454 646853822454 708508249448 2155841669413 2155841669413 2508762643117
1031 3311120452151 3311120452151 3626606693880  11036094133318  11036094133318  12842424391871
1111 | 15947023462552  15947023462552  17466176597842  53154055601266  53154055601266  61853163157258
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Table 20: The table shows the decomposition of the Fourier coefficients multiplying ¢—2/56 in the function E/gv 52(7)
into irreducible representations x, of M3 for 13 <n < 17

[9] X13 X14 X15 X16 X17
-9 0 0 0 0 0
71 0 0 0 5 3
151 137 125 125 229 343
231 95533 5714 5714 7145 12797
311 120436 130213 130213 144101 273914
391 1812904 1985578 1985578 2122817 4105045
471 21063676 23189159 23189159 24465217 47625182
551 201278319 222025040 222025040 233079356 454856422
631 1647801950 1819248831 1819248831 1905627188 3722950603
711 11888586088 13130671614 13130671614 13740785934 26857884945
791 77160348340 85238123579 85238123579 89156647614 174307658489
871 457538780532 505484997007 505484997007 528601141162 1033572367727
951 2508762643117 2771795449104 2771795449104 2898203583666 5667189790804
1031 12842424391871 14189261724139 14189261724139 14835429985991 29010332044013
1111 61853163157258 68340924042730 68340924042730 71450643678386 139722462064585




Table 21: The table shows the decomposition of the Fourier coefficients multiplying ¢~2/5¢ in the function Eé\/ 72(7)
into irreducible representations x, of Masg for 1 < n <6

9] X1 X2 X3 X4 X5 X6
—25 -1 0 0 0 0 0
55 2 2 0 0 3 0
135 4 17 0 0 44 26
215 35 192 70 70 910 692
295 228 2109 2333 2333 15904 14401
375 1815 25661 41343 41343 235739 227084
455 15674 283294 527166 527166 2813624 2778595
535 135681 2728183 5353413 5353413 27892476 27802131
615 1082201 22844512 45852109 45852109 236430984 236628378
695 7845613 169151973 342809579 342809579 1759756137 1764351037
775 51675284 1125397975 2291272507 2291272507 11736660597 11777354738
855 311949208 6826465150 13929053191 13929053191 71275567395 71552199331
935 1741436074 38202099659 78037446817 78037446817 399108330301 400742735902
1015 9067633922 199170750739 407094744895 407094744895 2081435347715 2090191121215
1095 44366697752 975187152952 1993866656330 1993866656330 10192904243304 10236401971933
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Table 22: The table shows the decomposition of the Fourier coefficients multiplying ¢~ /56 in the function E/g\/ 3:2 (1)
into irreducible representations x, of Mss for 7 <n < 12

9] X7 X8 X9 X10 X11 X12
—25 0 0 0 0 0 0
55 0 0 1 0 0 0
135 14 14 27 25 25 38
215 609 609 788 1643 1643 2065
295 14053 14053 16128 43581 43581 52061
375 225834 225834 251423 731026 731026 859812
455 2774317 2774317 3057500 9137701 9137701 10679771
535 27789758 27789758 30517710 92128896 92128896 107420534
615 236594479 236594479 259438583 786646427 786646427 916233373
695 1764262516 1764262516 1933413743 5873450857 5873450857 6837772000
775 11777138395 11777138395 12902535131 39231891343 39231891343 45662596088
855 71551692177 71551692177 78378155440 238424129443 238424129443 277474384470
935 400741580942 400741580942 438943677467 1335557549215 1335557549215 1554211032206
1015 2090188596103 2090188596103 2289359341885 6966572026982 6966572026982 8106871287186
1095 10236396601532  10236396601532  11211583746696  34119303660620  34119303660620  39703341303712




Table 23: The table shows the decomposition of the Fourier coefficients multiplying ¢—2/5¢ in the function Eé\/ 72(7)
into irreducible representations y, of Ms3 for 13 <n < 17

9]

X13 X14 X15 X16 X17

—25 0 0 0 0 0
55 0 0 0 1 0
135 38 30 30 78 103
215 2065 2080 2080 2799 4845
295 52061 55872 55872 63071 118714
375 859812 939215 939215 1011049 1948452
455 10679771 11745983 11745983 12423389 24153700
535 107420534 118443822 118443822 124470503 242778649
615 916233373 1011381183 1011381183 1059877938 2070176920
695 6837772000 7551522153 7551522153 7904063364 15447739906
775 45662596088 50440859848 50440859848 52765036392 103154220956
855 277474384470 306544968511 306544968511 320579896279 626812915588
935 1554211032206 1717144636530 1717144636530 1795503032799 3510906233262
1015 8106871287186 8957019447270 8957019447270 9365049511187 18313001324552
1095 39703341303712 43867672430453 43867672430453 45864145536600 89687451269313
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Table 24: The table shows the decomposition of the Fourier coefficients multiplying ¢~2/56 in the function E/g\/ T2(7)
into irreducible representations x, of Mas for 1 <n <6

9] X1 X2 X3 X4 X5 X6
—49 1 0 0 0 0 0
31 1 1 0 0 0 0
111 4 10 0 0 15 6
191 15 69 10 10 245 172
271 109 746 572 572 4753 4045
351 719 8794 12676 12676 76096 71969
431 6211 102911 182780 182780 996449 976116
511 54133 1051489 2029244 2029244 10653186 10587505
591 449634 9337434 18600800 18600800 96246988 96195371
671 3396944 72726076 146918168 146918168 755302028 756828089
751 23297382 505622990 1027806326 1027806326 5268663130 5285372319
831 145823768 3185848487 6495661454 6495661454 33250375888 33374695435
911 840907061 18431146756 37635327650 37635327650 192515167760 193289021419
991 4506789615 98947558783 202202119656 202202119656 1033940285159 1038249102575
1071 22628187385 497248672021 1016558364226 1016558364226 5197058914779 5219123838308




Table 25: The table shows the decomposition of the Fourier coefficients multiplying ¢~ /56 in the function Eé\/ 4:2(7)
into irreducible representations y, of M3 for 7 <n <12

9]

X7 X8 X9 X10 X11 X12

—49 0 0 0 0 0 0
31 0 0 0 0 0 0
111 3 3 8 1 1 4
191 131 131 192 326 326 422
271 3864 3864 4584 11441 11441 13896
351 71227 71227 79986 227680 227680 269022
431 973518 973518 1076328 3188386 3188386 3734146
511 10579624 10579624 11630930 35000973 35000973 40841472
591 96173267 96173267 105510368 319449559 319449559 372208482
671 756768664 756768664 829494146 2518305187 2518305187 2932230208
751 5285224408 5285224408 5790846500 17602308990 17602308990 20489229802
831 33374342002 33374342002 36560188886 111198256076 111198256076 129415838256
911 193288204547 193288204547 211719348700 644138990502 644138990502 749610922070
991 1038247291426 1038247291426 1137194846082 3460365519723 3460365519723 4026806724990
1071 5219119941435 5219119941435 5716368606934 17395758923417 17395758923417 20242906870222
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Table 26: The table shows the decomposition of the Fourier coefficients multiplying ¢~2/56 in the function E/gv T2(7)
into irreducible representations x, of M3 for 13 <n < 17

9]

X13 X14 X15 X16 X17

—49 0 0 0 0 0
31 0 0 0 0 0
111 4 1 1 14 14
191 422 405 405 632 1024
271 13896 14621 14621 17398 31919
351 269022 292364 292364 319046 610695
431 3734146 4097893 4097893 4358824 8450520
511 40841472 44996504 44996504 47382036 92324399
591 372208482 410707009 410707009 430804236 841061633
671 2932230208 3237782827 3237782827 3390298956 6624684857
751 20489229802 22631442859 22631442859 23678982898 46287128401
831 129415838256 142968950388 142968950388 149529067462 292352194117
911 749610922070 828178149562 828178149562 866014527476 1693351770023
991 4026806724990 4449040146378 4449040146378 4651835981222 9096369338035
1071 20242906870222 22365973077886 22365973077886 23384220869164 45727565759616
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