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Abstract: Umbral moonshine connects the symmetry groups of the 23 Niemeier lattices
with 23 sets of distinguished mock modular forms. The 23 cases of umbral moonshine
have a uniform relation to symmetries of K 3 string theories. Moreover, a supersymmetric
vertex operator algebra with Conway sporadic symmetry also enjoys a close relation to
the K3 elliptic genus. Inspired by the above two relations between moonshine and K3
string theory, we construct a chiral CFT by orbifolding the free theory of 24 chiral
fermions and two pairs of fermionic and bosonic ghosts. In this paper we mainly focus
on the case of umbral moonshine corresponding to the Niemeier lattice with root system
given by 6 copies of D4 root system. This CFT then leads to the construction of an

e . @6
infinite-dimensional graded module for the umbral group G+~ whose graded characters
coincide with the umbral moonshine functions. We also comment on how one can recover
all umbral moonshine functions corresponding to the Niemeier root systems A?“ Dy,

AsBzDng ,A11D7E¢, A17E7, and D]oE?z.
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1. Introduction

The moonshine phenomenon, the study of which began with the discovery of monstrous
moonshine [13], describes an interesting connection between modular objects and finite
groups. Recent years have seen a surge of interest in moonshine, initiated by the obser-
vation [25] that the elliptic genus of K 3 surfaces has a close relation to the representation
theory of the sporadic finite group M»4. It was soon realised that this M»4 connection
is but one of the 23 instances of the umbral moonshine [4,5], which associates distin-
guished mock modular forms to elements of finite groups arising from the symmetries
of specific lattices.

Recall that there are 24 inequivalent positive-definite, even unimodular lattices with
rank 24. Among them, the Leech lattice Apeech is distinguished by the property that it
has no root vectors. The other 23, which we call the Niemeier lattices N %, are uniquely
labelled by their root systems X. For each of the 23 NX, we are interested in the finite
group GX := Aut(NX)/Weyl(X). For each element g € G, umbral moonshine then
attaches a vector-valued mock modular form H gX (H X )T € Z/2m where m denotes
the Coxeter number of X, such that it coincides with the graded character of an infinite-
dimensional module of GX which we refer to as the umbral moonshine module. More
explicitly, the main conjecture of umbral moonshine states that there exists a naturally-
defined Z-graded GX-module

X _ X
Kr - @ Kr,D
DeZxg
D=—r2mod 4m

forr e {1,.. m}suchthatHX (H, X.) for 1 <r < m is given by
1 D
HY (D) = =2 82 am+ D, 4™ Tigx (9) (1.1)
DeZ>

D=—r?mod 4m

where g := ¢2™". The other components are then determined by the property that, when
combined with the index m theta functions (A.2), the 2-variable functions

Vi@ = ) HG (00 (T.0) (1.2)

reZ/2m

transform under SL;(Z) in a way such that they form examples of the so-called mock

Jacobi foms [16]. Note that the singular term when v — ioo, given by :qu—ﬁ if
r? = 1(4m) and vanishes otherwise, is of lowest possible order that is allowed by
mock modularity, which means that H g,x have Fourier coefficients that grow as slowly
as possible given the mock modular properties and are examples of so-called optimal
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mock Jacobi forms. This mathematical property has led to the (unique) characterisation
and classification of the umbral moonshine mock modular forms H ;( [9,10].

The existence of the umbral moonshine modules K* = @,_,_,, KX has been
established in [19,33] for all 23 X, though their construction is still unknown in general.
To construct and to understand these modules is arguably the most important open
problem in the study of umbral moonshine. To the best of our knowledge, a uniform
construction of all 23 umbral moonshine modules, which is clearly desirable given the
uniform construction of the moonshine relation itself, is not yet in sight. In the case of
classical monstrous moonshine as well as in Conway moonshine, the underlying modules
famously possess the structure of a vertex operator algebra (or, more loosely speaking,
a chiral CFT) [22,29]. In the umbral case, despite the proof that K X has to share certain
crucial features of a vertex operator algebra [12,32], its precise structure is not yet clear.
That said, encouraging results have been obtained for certain cases of umbral moonshine
with fairly small groups:! the cases where the Niemeier root systems X are given by
EZ 1201, A* and AT} [21], as well as DEY, DE?, DS? and Daa [17]. The construction

in [20] is rather different from those in [17,21]: the former relies on special identities
®3

satisfied by the mock modular forms H, gkj ¢ and the latter constructs H, ;fr through the
mock Jacobi forms WX and their associated meromorphic Jacobi forms.

In this work we take a different route and exploit the relation between the (twined) K 3
elliptic genus and umbral and Conway moonshine which we now explain. As mentioned
before, the first case of umbral moonshine, the Mathieu moonshine corresponding to
X = AEIB%, was discovered in the context of the K3 elliptic genus. In [6] it was proposed
that all 23 cases of umbral moonshine, not just Mathieu moonshine, are relevant for
describing the symmetries of K3 sigma models. In particular, one can associate in a
uniform way, using (twined) elliptic genera of ADE singularities as one of the main
ingredients, a weak Jacobi form (of weight 0 and index 1) qb;( to each of the 23 root

systems X and each conjugacy class [g] € G¥. This proposal was further tested in [7]
and refined in [8].

Another moonshine connection to K 3 sigma model comes from Conway moonshine.
In [31], a generalisation of the Mukai theorem states that the physical symmetries rele-
vant for twining the K 3 elliptic genus are given by 4-plane preserving subgroups of the
Conway group Coyp, the automorphism group of the Leech lattice Apeech. (Throughout
the paper we say that a subgroup of Cog or G¥ is n-plane preserving if it fixes point-
wise an n-dimensional subspace in the natural 24-dimensional representation, given
by the corresponding lattice Apeech Or N X ) This classification inspired the interesting
construction that associates to each 4-plane preserving conjugacy class [g] € Cog two
(possibly coinciding) weak Jacobi forms [23], denoted ¢4 .. Furthermore, it was pro-
posed that they play the role of twined elliptic genera of K3 sigma models. Inspired
by the above results and relying on various empirical evidence, in [8] (Conjecture 6)
it was conjectured that all the weak Jacobi forms arising from (the 4-plane preserving
part of) Conway and umbral moonshine are realised as K3 elliptic genera twined by a
supersymmetry-preserving symmetry of the sigma model at certain points in the moduli
space. Conversely, every K3 twined elliptic genus (at any point in the moduli space)
coincides with one of the moonshine Jacobi forms alluded to above. Physical arguments
given in [43] promote this conjecture to a near-theorem.

1 With no more than 24 elements, they are small compared to [Mopq| ~ 108.
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In this work we mainly focus on the construction of the umbral moonshine module for
. @6 . . P
the case X = DEBG, with GP+ = 3.856. In more details, we will construct three infinite-

. . . D6 . .
dimensional bi-graded GP+ -supermodules, whose second grading (corresponding to
the powers of y) turns out to be trivial and whose odd part turns out to vanish. As a result

we are left with three Z-graded GP¥ 6—m0dules, corresponding to the three components
(HX, H3X, HSX ) of the vector-valued mock modular forms in the X = DfP6 case of
umbral moonshine.

The first element of this construction is the following relation between the the weak
Jacobi form qbg arising from umbral moonshine and Conway moonshine. In many (but

not all) cases, qu coincides with one of the functions ¢ ¢/ arising from Conway moon-

shine. See Appendix D of [8]. In particular, for all g € GD4 there is some Conway
EB

element g and a certain sign € such that ¢>g = ¢¢ ¢ . It is however important to note

that GPF° = 3.8 is a subgroup of Coy which is not 4-plane preserving. The second in-
gredient is the construction of a chiral conformal field theory, by taking an Z/2-orbifold
of 24 free chiral fermions and 2 pairs of fermionic and bosonic ghost fields. When graded
by the charges of the ghost U (1) current in a specific way, its twined partition function
coincides with ¢ ,. The crucial difference, however, is that the symmetry of this chiral
theory accommodates the full Coy without the 4-plane preserving constraints. As a re-
sult, in some sense this chiral CFT 7 plays the role of a bridge between Conway and
umbral moonshine. The above two elements together with a special property (cf. Sect.
4.3 and Conjecture 6.2 of [5]) of the fo6 module then leads to a construction of the

umbral module. We will also comment on how one can recover all H, ;( for X = AgM Dy,

AP’DE? | A1\ D7Eg, A7E7, and D1 ES?, and some of the HX for X = AP, A",
AgBS, A§e3, EEB(’ using the same ingredients.
The rest of the paper is organised as follows. In Sect. 2 we review how umbral

and Conway moonshine lead to the weak Jacobi forms ¢>g and ¢+ , respectively, for

every g € G¥X in the former case and every 4-plane preserving element g of Coy in the
latter case. In Sect. 3 we present the construction of the chiral conformal field theory
7 and demonstrate that its graded twined partition functions coincide with ¢ , when
making a specific choice of chemical potentials for the ghost U (1) currents. In Sect. 4

we combine these ingredients and explicitly describe the G P _action on the infinite
dimensional Z/2-graded vector space underlying the D?G case of umbral moonshine. In
Sect. 5 we describe how to recover umbral moonshine functions for certain other cases
of umbral moonshine from the twined parition functions of 7" and the singularity CFTs,
and comment on a few open questions. Finally we collect details of the ghost theory and
relevant data in the appendices.

2. Moonshine and the K3 Elliptic Genus

In this section we review the construction developed in [6] and [23] of certain weak
Jacobi forms, playing the role of twined elliptic genera of K3 sigma models [8,43],
from umbral and Conway moonshine.

2.1. Umbral twining genera. For each case of umbral moonshine corresponding to the
Niemeier lattice NX there is a natural way to attach a weak Jacobi form of weight
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zero and index one to each g € GX [6]. This weak Jacobi form c/);( constitutes two
parts: one is the (twined) elliptic genus of the SCFT describing the surface singularities
corresponding to the root system X, and the second comes from the contribution of the
umbral moonshine mock modular forms.

We start by reviewing the first part, the singularity elliptic genus. The type of singular-
ities a K 3 surface can develop are given by the so-called du Val or Kleinein singularities,
which admit an ADE classification. These singularities are isomorphic to C>/ T', where
" is a finite subgroup of SU(2) as in the McKay correspondence. Let m denote the
Coxeter number of the corresponding root system. Recall that N = 2 superconformal
minimal models (which have spectral flow symmetries) also admit an ADE classification
[3], and the central charge ¢ := 3¢ is given by

c=1——. (2.1)
m

The classification of these supersymmetric minimal models stems from the classification
of modular invariant combinations of left- and right-moving characters of affine s/,
given in terms of a 2m x 2m matrix, which we denote by Q® for the minimal model
corresponding to the simply-laced root system ®. The explicit expression for Q% can be
found in [3]. In terms of these matrices, the elliptic genus of the super minimal model
is given by [48]

Zpima (T O = Y QP FL(r,0) =Tr(Q% - %). (22)
r,r' €7/2mZ

In the above, X (t,¢), with |s|] < r —1 < m are the corresponding minimal model
characters, that are furthermore related to parafermionic characters[34], as reviewed in
the Appendix B of [6].

In [42], a 2d CFT description of type II string theory compactified on C2/T" was
proposed to be given by an Z,,—orbifold of the corresponding supersymmetric minimal
model tensored with a non-compact CFT, and takes the form

(/\/: 2 minimal @ AN/ =2 (%) coset) /Lo, (2.3)

SL(2,R)
e

semi-infinite cigar [49] and has central charge

where the second factor, the ( ) supercoset model, describes the geometry of a
m

R 2
c=1+—.
m

The spectrum of the theory contains a discrete part as well as a continuous part; the latter
exists due to the fact that the theory is non-compact and gives a non-holomorphic (in
the t-variable) contribution to the elliptic genus of the theory [47]. Both mathematically
and physically, there is a well-defined way to isolate the holomorphic part of the elliptic
genus, which we denote by Z; , corresponding to the contribution from the discrete
part of the spectrum. It is given by [1,26,47]>

2 The factor of 1 /2 appears just due to certain identities among characters, as explained in footnote 6 of
[27].
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1"
Zy, (r,0) = 5 ZChgrﬁ)ﬂﬂless(f Gim+2—s)+ Chmasileis(r’ ¢is)
s=1
1 ¢\ (7, ¢)
= - ,— | ————. 2.4
2o <r m> n(r)? .

In the above equation, we make use of the Ramond character (the sum over spectral flow
images of the characters of Ramond vacuum representation of N' =2 SCA at¢ = 1 + %

[26]) graded by (—1)F

R i01(1,¢) 2% mk? (yq by
hmassless(r gis) = 3( ) Z m qu

where s encodes the U (1) charge of the hlghest Welght, and the (specialized) Appell—
Lerch sum

2 1+
M 0(T.8) = =3 q" Yy 1+yg" 2.5)
keZ - yq

which is responsible for the mock modularity of Z;,, .

Putting it together using the “orbifoldization formula” [38] , the (holomorphic part
of the) elliptic genus of the orbifold theory is given by

2
EG(r.0:®)=— Y q“y* Zpiima(T. C +aT +b)ZL, (T, £ +at +b). (2.6)
a,beZ./mZ

See also [2,37,41]. In this paper we use the following definition: given X = ®; @
@, @ ... aunion of simply-laced root systems ®; with the same Coxeter number, we
write EG(X) := EG(®) + EG(®,) +.... For instance, when X = D4@6, we have
EG(r. £; D4®%) = 6EG(1, ¢; D).

Now we discuss the second part of the weak Jacobi form ¢§( , arising from the con-
tribution of the umbral moonshine mock modular forms. It is shown in [6] that for each
of the 23 Niemeier lattices NX, the following function

210(t) \27i dow
is always equal to EG(z, ¢; K3). In other words, the above expression gives us 23 ways
to split EG(K 3) into a part given by singularity elliptic genus and a part given by umbral
moonshine mock modular forms. Moreover, for each g € G*X umbral moonshine gives
us a natural analogue for the second part by replacing ‘-IJLX with the graded character
\IJ;‘ of the umbral moonshine module. At the same time, the explicit GX—action on the

2
¢X(1,¢) :=EG(z, ¢ X) + fiir.0) ( 0 wX(r, w)) ‘w:o’ 2.7

Niemeier root system X translates into an GX—action on the singularity CFT which
preserves its superconformal structure, and leads to a definition of its twined elliptic
genus EG,(X) :=Tr(g...). As aresult, it is natural to define

X . ) 0i (1. 0) 9
8 (0.0 =BGy £ X0+ 5 oo <2m (e, w)) ‘w:O. 2.8)
It can be shown that for all 23 Niemeier root systems X and g € G* the above definition
leads to a weak Jacobi form for certain I'y C SL,(Z), possibly with a non-trivial
multiplier system. As mentioned in Sect. 1, when g is a 4-plane preserving element,
these play the role of twined elliptic genera that are realised at certain points in the
moduli space of K3 sigma models.
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2.2. Conway twining genera. In[22] Duncan and Mack-Crane constructed a %Z— graded
infinite-dimensional Cop-module V*%, given by the quantum states of a chiral CFT. The
starting point is a theory of 24 free real chiral fermions, which we then orbifold by a
Zo which acts with a minus sign on all 24 fermionic fields. The Neveu—Schwarz and
Ramond sectors of the original theory before orbifolding split into A = A @ A! and
P = P° @ P! respectively, where the superscripts 0, I denote the invariant and anti-
invariant subspaces under the orbifold action and A, P denote the anti-periodic and
periodic boundary conditions of the fermions on the cylinder. Define

Vvi=AepP!, VIZ.=AlgPl (2.9)

tw

It was then shown that V% (the NS sector) has the structure of a super vertex operator
algebra and thNu (the Ramond sector) is a canonically twisted V*?-module. Moreover,

both V% and Vlff admit a Coy action, as can be seen from identifying the 24-(complex)
dimensional space in the description of the VOA of 24 free fermions with A eech @7 C.

Conway moonshine then states that the partition functions of V*¢ and Vt‘ivu twined by
elements of Cog are (up to a scaling 7 +— 27) normalised Hauptmoduls of genus zero
subgroups of SLy(R). We refer to [22] for further details.

Given a fixed n-dimensional subspace in Ay cech @7 R, there are different ways to build
U (1) currents from the fermions of V*7[11,23]. Here we are interested in the case when
a U(1) current J is constructed from fermions associated to a subspace of dimension
n = 4. Fixing this U (1) together with the compatibility with A/ = 1 supersymmetry
breaks the symmetry of the theory from Coy to the subgroup of Coy that preserves the
given 4-plane. Conversely, given a 4-plane preserving G C Cop one can construct a

U(1) current J such that th,f when equipped with a module structure for J and for

the V' = 1 superconformal algebra, has symmetry G. Interestingly, the U (1)-charged
partition function of th,vu coincides with EG(K3) (up to a sign) [23]. More generally,
one can consider the U (1)-graded character of the twisted Conway module twined by a
4-plane preserving element of Coyp:

bg = —tryn 3.8 y0gho 5], (2.10)

where Jj is the zero mode of the aforementioned U (1) current. In the above g denotes
the lift of g from SO(24) to Spin(24), which is necessitated by the fact that the ground
states in the Ramond sector form a 4096-dimensional spinor representation (Clifford
module) that we denote by CM, and ;3 is the lift of —Id € Cog. Explicitly, it is given by

bo(r.0) = 1 |:93(T, 0?2 n_g(t/2) b4z, )% ng(t/2)
T2 63(, 002 n_g(1) 04(t,0)% 14 (1)
02(7, ¢)? 01(z, ¢)?
_%c,gn,g(r) - %Dgng(r)] . @.11)

The notation used above is as follows. For each g € Cogy denote by )Lii] withi =
1, ..., 12, the pairs of complex conjugate pairs of eigenvalues of the unique non-trivial
24-dimensional representation, arising from the natural action of Coy = Aut(Apeech)
on the Leech lattice. Then define the quantities
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o0
nig(r)—ql_[l_[ (15 2q") (1527"9").

n=1i=1

12 12
C_yi= u]_[(lujl) =]_[(v,-+v;1), 2.12)
i=1 i=1
where we have set v; = kl.l/z and v = ]—[}il v;. Also note that C_, = trcm £ and this
is what determines the branch choice of v;. See [23] for more details. Now assume that
g € Coo fixes at least a 4-plane in the 24-dimensional representation, and define

12

12
Dy =[] (1 —A;l) -1 (vi —vl._1> (2.13)
i=1 i=1
/
where l_[ skips two pairs of eigenvalues for which Aiﬂ = 1. Notice that Dy is non-
vanishing if and only if it fixes exactly a 4-plane. In the latter case, D, is determined up
to a sign by the eigenvalues of g, since we are free to exchange what we call A; and A;” I
As a result, for exactly four-plane preserving elements there are in fact two choices of
¢¢ depending on the choice of the sign of D, and we define

bt ) oo [ D0/ 6 te])
CETRTTT 21 65(1, 002 n_g(T) 64T, 0)2 1,(7)

02(x. )" 1 (7. )?
T 0y(1,0)2 Cgn—g(t) —€ g | D, | ng(r)] (2.14)

where € = %1 encodes the sign ambiguity of Dy. In all cases, it was shown that ¢, are
Jacobi forms of weight 0 and index 1, at some level, for every g € Cog that fixes at least
a4-plane. As discussed in Sect. 1, they play the role of a twined K 3 elliptic genus in the
study of symmetries of K3 sigma models.

3. The chiral CFT

In this section we present the construction of a chiral CFT 7, by Z;-orbifolding a
free theory consisting of 12 complex chiral fermions, 2 fermionic and 2 bosonic ghost
systems. Its symmetries accommodate the umbral group we are interested in, and its
twined partition functions reproduce (among others) the weak Jacobi forms ¢, reviewed
in Sect. 2.

3.1. The fermions. The first ingredient to build our chiral theory 7 is 24 real chiral
fermions 1/~/ Iy enns &24, similar to the starting point of the Conway module discussed in
Sect. 2.2. Equivalently, this theory, which we call Ty, is given by 12 complex chiral
fermions, w = f(w, il¢,+12) with the action

Sy =4 dzzz EIYT + Yoy 3.1)
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Their OPEs take the form
8. .
Vi @Y ~ 0 =) @U@ ~ = (3.2)

The associated Viraroso operator is given by

1
LY = ZL,‘fz*"*z =-3 S(vi v+ 03, 3-3)

nez

with respect to which 1/fl.jE are holomorphic primary fields with weight 1/2. The open
dots denote the regular part of the associated expression; we refer to this as the canonical
ordering. In terms of modes, it means that the annihilators are always put to the right.
By expanding the fields in modes,

V@ =Y vt o, (3.4)

the OPEs lead to the standard anti-commutation relations
{viur)=0. [vivi]) =058 (3.5)
The SL(2, R)-invariant vacuum |0) satisfies the usual highest weight condition
Yi,100=0 ¥r>0. (3.6)

Note that here the canonical ordering coincides with the normal ordering corresponding
to the above canonical vacuum, where the positive modes are annihilators.

To compute the characters of the theory, consider the conformal mapping from the
complex plane to the cylinder given by z = e¢”. We denote the Virasoro zero mode on
the cylinder by

vV _ Y
Lo =1Ly — 24 (3.7)
where ¢y, = 12is the central charge. Consider general boundary conditions parametrized
by p

YE(w +2mi) = e TPy E(w). (3.8)

The periodic (P, p = 0) and anti-periodic (A, p = 1/2) cases correspond to the usual
Ramond and NS sectors. Note that the wii must acquire opposite phases as in (3.8) so
that the Virasoro operator remains periodic.

The A sector Hilbert space 7y a is built by acting on the ground state |0) with the
creation operators I//l.:’tr with » < —1/2, and its character is given by

oo 12 12
XI?('L’) = trZ//,A I:ngIYLO] — q—1/2 l_[ l_[(l +qn—l/2)2 — (%) . (39)

n=1i=l1
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We also define an operator (—1) which has the property that it anticommutes with all
the fermionic modes, squares to the identity, and acts trivially on |0). Note that (—=DF
commutes with the Virasoro operator and hence we can define the following character,

oo 12

, 12
o) =g, [(—DFquyw] =¢ PIITla -7 = <%) '

n=1i=1

(3.10)

In the P sector 7y p, the ground states form a 2!2-dimensional representation of the
24-dimensional Clifford algebra. Explicitly, a basis can be given by the mononomials

Viio Viols) (3.11)
where we single out |s) to be annihilated by all the W,-Jf o and we require that (— DF acts
trivially on |s). The conformal weight of the P ground states is equal to % = %, as

each of the complex fermions (along with its complex conjugate) contributes % due to
the presence of twist fields that interpolate between the A and P sectors. Putting things
together, we obtain the following P sector characters.

oo 12 12
Xy (T) = trg,, [qu”yLo} =2%[[[Ja+q" = (92”((:)0)> . (3.12)
n=1i=1
12
Xy () = trp [(—1)‘”(1%0} = (M> =0. (3.13)
n(7)

The latter vanishes because half of the ground states have —1 eigenvalue under (—1)%,
while the rest have +1.

Later we will consider an orbifold of 7y by a Z; generated by &, which acts on the
fermions by

£y =yt (3.14)

and trivially on the A ground state. Note that any state with an odd (resp. even) number
of excitations is an eigenstate of £ with eigenvalue —1 (resp. +1), and hence £ acts in
exactly the same way as (—1)% on the quantum states in both A and P sectors. Therefore
we conclude that

12
ba(x. 0) 0)> , (3.15)

et = xpen =
v v n(t)

Lhio| — 5Py —
trr,p | § ¢ M| =Xy (t) =0. (3.16)
3.2. The ghosts. The next ingredients we need are the fermionic and bosonic ghost

systems (see [30], [28,35,39,40,45] and references therein for related discussions).
They are described by the action

1 _
Seh = E/dzz bac, (3.17)
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where b and ¢ are holomorphic fields of weights & and 1 — h respectively. We focus on
the cases where h € %Z. Since there are many similarities between the fermionic and
bosonic cases, we use the boldface notation to refer to either. When we need to make the
distinction, we use b, ¢ to denote the fermionic ghosts and 8, y to denote the bosonic
ghosts. We will also use a parameter k, which equals +1 for the fermionic case and —1
for the bosonic case.

The OPEs between the ghost fields have the form

b(z)e(w) ~ Z_Lw b(2)b(w) = c(z)e(w) ~ O(1) (3.18)

and the Virasoro operator is given by
L = (1 —h) 2(@b)es —h sb(dc)2, (3.19)

with respect to which b, ¢ are primary. The central charge of the ghost system is then
given by

cbe = k(1 —307%), (3.20)

where we have introduced Q := « (1 — 2h) for later convenience. The mode expansions
on the complex plane are

b)=) bz e@)=) ¢z I, (3.21)

and canonical quantization leads to the (anti)commutation relations
{b,, ¢} = bres + kb, = k8y45.0- (3.22)

From (3.19) and (3.21) we see that the SL (2, R)-invariant vacuum |0) is determined by
the highest weight condition

b|0) =0V r>1—h,
¢ |0) =0V r > h. (3.23)

Consequently, the canonical ordering does not generally coincide with the usual normal
ordering. As before, we consider the p-twisted sectors for the ghost systems correspond-
ing to the boundary conditions

b(w +27i) = e T b(w), c(w+27i) = " Pe(w), (3.24)

where w is the natural coordinate on the cylinder and is given by z = ¢". The periodic
case p = 0 corresponds to the P sector, while the anti-periodic case p = 1/2 corresponds
to the A sector.’

The natural ground states on the cylinder are defined as the states annihilated by all
positive modes, b,, ¢, with r > 0. Note that, for the ghost systems, these are in gen-
eral different from the SL(2, R)-invariant ground state |0). The corresponding energies,

namely the eigenvalues of Lf;ll’o = L%h — cpe/24, of the P and A sector ground states
are given by 15 and — 57 respectively, as is calculated in Appendix B.

3 We introduce both sectors irrespective of the statistics of the fields, since they will both appear when we
consider the Z; orbifold.
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Another important feature of the ghost systems is that they have the following U (1)
current

J = — 3bes . (3.25)

In fact, as we show in Appendix B, the A sector ground states for both fermonic and
bosonic ghosts are unique. The P sector has two degenerate ground states for the fermonic
ghost system due to the presence of the fermonic zero modes by, cg, while it has a single
ground state for the bosonic system. We denote the (unique) A ground states for the
fermonic (F) and bosonic (B) ghosts by |Q£) and |QR), respectively. The (unique) P
ground state for the bosonic ghost is denoted by |§21§), and the two degenerate P ground
states for the fermionic ghost system are denoted by |Qg’ . ). They are distinguished by

bol2h ) =0, bolQp,) =195 _). colb,) =0, col2h_)=12F,). (3.26)

Next we derive the characters of the ghost systems, defined by

gh
x5, ¢0) =g [yh”“ qLCY“’] , (3.27)

where S = {P, A} denotes the sector and a = {F, B} distinguishes between the fermionic
and bosonic ghosts, respectively. Note that the other commonly used character, defined
gh
by trg [(—I)chLoyJC)‘LO qLcyl’O], is simply given by the above by a shift ¢ — ¢ + %
Building on the unique ground state |2 f\ ), the A sector Hilbert space of the fermionic
ghost system leads to the character

X @ =q"]] (1 + yq"_l/z) (1 + y”tz”‘“) = %. (3.28)
n=1

Similarly, by accounting for all possible states in the Fock space created by the negative
integral modes of the ghost fields b, ¢ acting on both of the ground states IQg 1), we
obtain the character

[e'e) P ’
0= (2 ) T (43 (157 =250 s

n=

For the bosonic ghost system, the A sector character is given similarly by

XA, o) =g/ l—[ (1 _ yqn—l/z)*l (1 _ y_lqn—l/Z)*l _ 94,2(:7)0. (3.30)

n=1

In the P sector, care has to be taken due to the presence of the bosonic zero mode yy. As
we will see in Sect. 3.4 (also see [35]), the contribution of yy can be regularised and the
total character is given by

o]

P 112,120 ] T e R U e N (CD)
(@) =gy A =T T (1-yq") (1 y q) =l 60

(3.31)

n=1
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Finally, we would like to consider a Z;-orbifold of the ghost systems, where the
non-trivial group action is given by £b = —b and £¢ = —c. The resulting characters
will be related to the characters Xas(t, ¢ + 1/2) we calculated above, since the action
of the corresponding group element & corresponds to including the operator (—1)7ey10,
similarly to the case of the chiral fermions discussed in Sect. 3.1. The only nontrivial
part of this implementation is the sign of the ground state(s) under &, which is analysed
in Appendix B. The results are given by

)zl?(r, £) :=trg |:§ ylcyl-oqukyll-O] = (—l)hf% XI§(T1 c+1/2) (3.32)

for the fermionic ghosts, while for the bosonic ghosts we have
gh
ggn@:u%gwM#mﬂzem%%@@g+ua (3.33)

where S denotes either of the two sectors. Notice that all the characters we have computed
in this section coincide with the standard characters of the usual charged bosons/fermions
[35], and do not depend on the central charge of the ghost systems. However, we will
see that by requiring the final CFT to have certain supersymmetry we can completely
fix the central charge of the ghosts systems.

3.3. The orbifold theory. After describing the basic ingredients, we now put them to-

gether and construct the chiral CFT that will reproduce the K3 elliptic genus and its

twinings. Let 7g denote the theory of 2 copies of the bosonic ghost system and the the-

ory of 2 copies of the fermionic ghost system. We will later see that 7 can be equipped

with an N = 4 superconformal symmetry for certain choices of hg and hg. We will let

hp = % and hg = 1, corresponding to the total central charge c7 = —4 —2+ 12 = 6.
We want to consider a Z, orbifold of the theory

T = @ Tr @ Ty, (3.34)

where Z, = {1, £} acts on the individual components of 7 as we have described in
the previous sections. Specifically, we want to consider

T= (AR TA®T)A) @ (Tr@ Tp® T, ) (335)

where the 0, 1 superscripts denote respectively the invariant and anti-invariant part under
the orbifold, in the corresponding sector denoted by the subscript. Notice that TI/E) A 69’]://1 P

is isomorphic (as a VOA) to the Conway module V*% (2.9). Abusing the notation slightly,
we will use the symbol 7 for the theory as well as its space of states.

Introducing chemical potentials y; = >l and y, = ¢*"2 for the bosonic and
fermionic ghosts respectively, we now define the following partition function

‘,cl?/l() JcFylo Llot_ 6
Z(t, 81, 8) =t |y, Yy, g0 T, (3.36)
where Lg" is the total Virasoro zero mode of the theory, and JcByl,o = Jclgyi}O + JCByfo,

and JcFyl,o = JCFny + JcFyfo are the zero modes of the U (1) currents of the two bosonic
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and two fermionic ghosts, respectively. Using the results of the previous sections, we
compute

1 ngo Jcl;l,o plot_ 6
Z(r,<§1,§z)=tr7;§ree 5(1+§)y1 Ty g0 A

1 JB JE ot 6
+tr7;)rree |:§(1 _ é_—)ylcyl,Oyzcyl,oqLaleI

_! [em, £) ((%(r, 0))‘2 0a(z., £2)? <94(r, 0))12

T2 Gt t? \ (o) T 6\ (o)
2 12
6. 0) (6’2(T, 0)) . (3.37)
o1(t,c)2 \ (o)

We observe that, by specializing to ¢; = 1/2 and ¢ := ¢, we retrieve the K3 elliptic
genus in the non-standard form presented in [23]

1 o
EG(r, ¢ K3) = Z (,, 3 €> = trr [(— )50 oo 18]

_! [Gs(r, 0)? <93(r, 0))12  0u(r.0)? (04(r, 0))12

2063, 02\ n(v) 64(7, 002 \ n(v)
2 12
61, 0) (92(r,0)> . (3.38)
62(t, 02\ n(r)

Note that, while in principle it is possible to consider more elaborate ghost theories
and obtain a theory with the same symmetry and having the same partition function
as above, our choice is the most minimal ghost systems with these properties, which
moreover has the feature of rendering a CFT with central charge 6. Moreover, it is
possible to equip 7 with an A/ = 4 superconformal structure at ¢ = 6. We will however
not make use of this superconformal structure in the rest of the paper, since preserving
it will reduce the symmetries of 7 that we want to exploit. Especially, different from
the construction in [23], the symmetry groups of our theory 7 are not restricted to be
4-plane preserving subgroups of Coy since we do not require the symmetry to preserve
the U (1) current constructed from fermions. Correspondingly, note that in computing
the partition function (3.36) we only introduce chemical potentials for U (1) of the ghost
theories (3.25). For completeness we discuss the N' = 4 superconformal symmetry of
7T in Appendix C.

3.4. The twined characters. As discussed in the previous subsection, 7 has a manifest
Spin(24) symmetry, which acts in a natural way on 7'1/?’ A ’Z:/}P and trivially on TBO’ A
0 1 1
Te a0 To p Trp: . . ,
We can consider the twined partition function

I80 JEio o6
Zy (1,81, 0) i=trr | gy, 7y, g0 T | (3.39)
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by an element g € Spin(24), which has a manifest action on 7y, (cf. Sect. 2.2) and acts
trivially on the ghost systems. We now specialize to the case g € Cop < Spin(24). The
relevant characters are twined as follows

_ B . 2
e | g 3120y 0g =5 | = n-(t/2) _63t.0)° (3.40)
’ —¢(7) 112
L N-g 03 (t.c1— 3)
2
trTfree é g yilcyl()yjcyl,()qL:)ot—za} — ng(l'/z) 94(7:, ;z) . (341)
AL ng(7) 04 (7:’ o — %)
_ ]CB Jc tot_ 6 92(_’:’ §2)2
e [0 o ] =—Cogng(O)—— 5. (342
i 92 (T’ &1 — z)
_ s -
trTfree é i]Cyl'Oy'ZICylvongmz(z}
P
i 011, £2)?
:qUHH 1 —)L;C] ( _)Llflqn—l) ,—12 43
n=1i=1 6] (f, é‘] —_ j)

where the factors 6; (t, §2)2 /0i(t, 61— 1/ 2)? originate from the ghosts contribution.

In order to make contact with K3 and the umbral module discussed in the next section,
we further specialize to a subgroup G of Cop, such that each g € G generates a 4-plane
preserving subgroup of Cop. Note that by requiring that g € G is 4-plane preserving
does not imply in general that G is 4-plane preserving. For instance, in the case G = 3.S¢
that is of special interest for us, different g € 3.S¢ do not in general fix the same 4-plane,
and thus 3.S¢ does not preserve a 4-plane.

Finally, we specialise the fugacities of the ghost currents to the values ¢, = ¢ and
¢1 = 1/2. Note that care has to be taken when taking the ¢; — 1/2 limit in (3.43). On
the one hand, the degeneracy of A ground states in 7y, and the fact that at least two of the
twelve pairs of g-eigenvalues are given by unity leads to a zero in the numerator. On the
other hand, the infinite degeneracy of bosonic ghost ground states requires regularisation
when taking {1 — 1/2. As aresult, we regularise the partition function by introducing an
adiabatic shift in boundary condition given by a small positive parameter 1. We consider
the boundary conditions p = 0+ 71 and p = 1/2 + 7] as in (3.8), (3.24), and compute
the n — 0" limit of the partition function Z (7, 3, ¢) with the regulator 7 present.
This is straightforward for all the terms bemdes (3.43), which receives the following
contributions

)Z]};n(‘[’ 1/2)2 — q—2/12(1 r]) -2 l_[ n+7] (1 _ qn—y;)—z ,
P ! 2
)?F’n(f» 4)2 — _q2/12 <Zy1/2qa 1/2) H n+n (1 . yflqnfn> 7

)
2
Zlf;aﬂ(.[) =qv l_[ (1 _ qn—n)Z (1 _ qn—l+77>
n=1
10

[T =g (1=37"1g"1). (3.44)

i=1
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We see that, upon multiplying the above expressions, the potentially problematic factors
(1 — g™*? drop out and we get

B JF 0 6 . - -
lim, tr e [é g oMy, Cyl’oq%l%} = lim 7”0 1/2)° 720,07 7" (0)
n

n—
01(t, ¢)?

T oa@s o

Putting everything together, we finally get

lim Z" (T’ l ;) _ 1 [93(r, {)j n-¢(t/2)  Oa(z, ;)j ng(t/2)
n—0* 2 03(7,0)= n_g(1) 04(t,0)2 ng(T)
bz, c)2 01(z, 0)?
02 (t, 0)2 N-g(1) = — ¢~ 1(7)6 Dg”g(f)]~ (3.46)

We observe that this equals with ¢¢ , as defined in (2.11) and (2.14), the Conway
twining graded by a k = 1 U (1) current. In particular, note that the same sign ambiguity
in D, in the twining of the Conway CFT described in Sect. 2.2 is also present here,
leading to the sign € in the definition of the twining functions. As mentioned before, a
crucial difference is that the U (1) grading in 7 is preserved by the G-action since it is
constructed out of the ghost fields which the group acts trivially on. We also stress that
this equality holds for any 4-plane preserving Conway element and is not restricted to
the specific groups we consider in this paper.

4. The module for D§B6 umbral moonshine

The goal of the section is to explain how the ingredients in the previous sections lead to

e . o @6 .
a Z,-graded infinite dimensional vector space admitting a GP+ —action that underlies

the Dfﬁ case of umbral moonshine. In particular, we will describe how the umbral mock
@6
modular forms H, gD 4 for all elements g of the umbral group G ¥ are recovered from

the twined partition functions of the chiral CFT 7. In Sect. 4.1 we describe an explicit

construction of the group. In Sect. 4.2 we explain the action of the group on the BPS

states of 6 copies of the CFT describing a singularity of D4 type. In Sect. 4.3 we combine
6

. . . . Dg° . - .
the ingredients and give expressions for H, *  in terms of these physical ingredients. As
this section is completely devoted to the Di% case of umbral moonshine, we will denote

by & the umbral group GPY* = 3, Se. Similarly, we will denote the mock modular
@6
forms HgD = (Hg b ) simply by H, = (H, ,), and denote the weak Jacobi forms
6

p¥e .
¢g* simply by ¢,.

4.1. The group. For completeness, in this subsection we describe a concrete realization
of the group 3.Se, following [50]. The hexacode is the unique three-dimensional code
of length 6 over [F4 that is Hermitian and self-dual. It is the glue code of the Niemeier

. @6 . . L .
lattice NP+~ with root system Dg% [14], and for this reason it plays a significant role in

. . @6 .
the case of umbral moonshine corresponding to NP4" . Moreover, this code also plays an
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important role in the construction of the largest Mathieu group M»4. Its automorphism
is given by 3.Ag, which can be explicitly constructed in the following way. Write 4 =
{0, 1, w, @} with
a)zzé), cf)zza), w = 1.

The triple cover of the alternating group Ag can be generated by the permutations
(1,2)(3,4), (1,2)(5,6), (3,4)(5,6), (1,3,5)(2,4,6), (1, 3)(2,4), as well as the com-
position of the permutation and multiplication (1, 2, 3)diag(1, 1, 1, 1, @, ®). This group
acts on the 6 coordinates and in particular induces all even permutations. It also con-
tains the element corresponding to scalar multiplication by @ and by w. Hence we have
constructed a group with centre 3 = 7Z/3 and we will call z the generator of the center
corresponding to diag(w, w, o, w, ®, w), the scalar multiplication by w.

The group 3. Ag can be enlarged to 3.S¢ by adjoining an extra generator which acts on
avector in Fg by permuting the last two coordinates followed by a complex conjugation:
w <> . This group is often referred to as the semi-automorphism group of the hexacode,
since it leaves the code invariant but does not act linearly on it. For this reason, the group
6 = Aut(N Dy 6) /(Weyl(D4))®° = 3.S¢ is the umbral group corresponding to the
corresponding case of umbral moonshine.

From the above description, we can define a representation for the group & given by
the group homomorphism € : & — {1, —1}, given by €, = 1 (—1) when g induces an
even (odd) permutation on the 6 coordinates. In the notation in Table 1, this is given by
the irreducible character x». This representation will play an important role in describing
the umbral module in what follows.

More generally, the action of & on Fg determines the umbral moonshine module for
the Dfﬁ case of umbral moonshine. For later use we will now describe this action in more
detail. Writing the natural basis of Ff; as given by ef), e’i, ei) and eg) fori =1,...,6,
we obtain a 24-dimensional permutation representation of &. The corresponding 24-
dimensional cycle shape is denoted by II, in Table 2. Furthermore, from the above
construction of & it is clear that the action of & does not mix ef) with e’i, eiu and ef;)
and hence we arrive at a six-dimensional representation of &. The corresponding 6-
dimensional cycle shape is denoted by IT ¢ in Table 2, and the corresponding character
denoted by x. One has x = x; + x3 in terms of the irreducible representations (cf.
Table 1). Alternatively, one might think of the 6-dimensional representation as spanned
by the 6 vectors of the form e} + eﬁu + €. Similarly, we also define another character
X by xg = Xg€z. One has x = x2 + x4 in terms of the irreducible representations.
Finally, we have the 12-dimensional representation with basis e‘i — e/ and eil — efb
fori = 1,...,6. We denote the corresponding character by x, given by ¥ = x4 in
terms of the irreducible characters. Moreover, we denote by R, R, R the representations
corresponding to the characters yx, x, X.

One can translate the above description of the group action on the hexacode into an
action on the root systems DEBG in a straightforward way. First one identifies each copy
of F4 with a copy of D4 and identifies ey with the central node of the dynkin diagram
and ey, e, and e; with the three nodes connected to the central node.

4.2. The singularities. As reviewed in Sect. 2.1 there are 23 different natural ways to
decompose the K3 elliptic genus (and twinings thereof) into two parts, corresponding to
the 23 Niemeier root systems X. The first part is given by the elliptic genus of the CFTs
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that describes the singularities associated with X. The second part is the contribution
from the umbral moonshine vector-valued mock modular forms H¥. As the umbral
group GX naturally acts on the singularities X as well as the umbral moonshine module,
we can generalise the construction and define a g-twined weak Jacobi form qbg as in
(2.8).

In this subsection we describe the construction of the twined singularity elliptic genus
EG, (7, ¢; X) for X = Df?6 explicitly, forall g € & = GD?G = 3.S¢ This is expressed
via (2.6) in terms of the elliptic genus of the D4 supersymmetric minimal model, given
by

1 0% (1, 3¢)
Zotima (7 ) = S (P 7(r.0)) = - (4.1
1 9 9 2 1 ’
minima 2 01 (T, 5;)
where the Cappelli-Itzykson—Zuber [3] omega matrix P4 is given by

261‘,1‘/(12) s r = 0, 3 mod 6
<9D4) = {0rr'(12) +8r,—r'©6rr'@, =135 mod6 , 4.2)

r,r’

8r.r(12) + 8.~ ©)0r 4y, ¥ =2,4 mod 6

and r, r’ are taken to be in Z/12. Using the property %! (t,¢) = —X; " (z, ¢) of the
parafermion characters, we can rewrite (4.1) as

A B (§D4 : x) 4.3)

minimal —

where (QP4),; = (2P4),., — (2P4),._, and is expicitly given by

QP+ = (4.4)

—_—o O O
[=NeNoNoNe)
SONO O
OO O OO
—_—o oo -

and we have used the notation tr, to denote tracing over the indices {1, 2, 3, 4, 5}. Then
from (2.6) this gives the corresponding singularity elliptic genus

EG(r. £ Do) =, (2% - 27, 0)) 4.5)
where we have defined
1
Bl ) =2 Y ¢ YR vat+0)Zy, (L vaT+b)  (46)
a,beZ/67.

which has integer coefficients in the ¢, y expansions. This can be understood from the
fact that it is the graded dimension of an infinite-dimensional vector space, which we
denote by V.. In more details, the space V', which has

Sdim(‘]s)’)‘/sr — E;(T, é.) ,

can be constructed explicitly from the above Z /6 orbifold projection, the parafermionic
construction of the N = 2 minimal model characters ¥/ (cf. (2.2)), and the construction
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of Zy,, in terms of the (=DF -graded Ramond characters (cf. (2.4)). In the above, we
have introduced the graded super-dimension for a bi-graded vector space

V=P (v,

eef{+,—}
n ez

by defining

sdim@)V = Y gyt (dim(vm)n,g —dim(V(_))n,g). 4.7)
n e’

Similarly, if V admits an action by a finite group G, we define the corresponding graded
super-character as

@y, . ¢
sty g = > "y (tr<v<+>wg—tr(v<7>)n‘£g> (4.8)
nlel

forg € G.
Recall that the automorphism group of the D4 root system is generated by an order 2
element g, and an order 3 element g3. The corresponding action on the minimal model

Dy
minimal, g2 3

is then captured by Z = try (ﬁg‘g . )Z), where the so-called twined Omega

matrices for Dy are given by

1 000 —1 10 0 01
0 000 O 00 0 00
QQ;Z 0000 0. @X=[00-100 4.9)
0 000 O 00 0 00
-1 000 1 10 0 01

From this and the explicit description of the group action of & on the root system DE%
given in Sect. 4.1, we see that we arrive at a bi-graded supermodule of &:

Vising = (R ® V;) @ (R ® Vﬁ) ® (Ié ® v33) , (4.10)
with the property that
. ®6y _ (@)
EG,(1,¢; D)) = stry, &5 8 € & (4.11)

where R, R, R are the specific &-representations described by the end of Sect. 4.1 and
& acts trivially on V.
Explicitly, we have

@6
Dy

EG,(7,¢; DY) =, <§g : :) , (4.12)

D

4

. . ADPO. S
where the g-twined omega matrix Q2 * is given by the group charaters y, x, x discussed

in Sect. 4.1 as

Xe 0 0 0 xg

_ &6 00 0 0 O

Q;* =10 0 % 0 0 (4.13)
00 0 0 O
xe 00 0 x,

for g € 3.5¢.
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4.3. The module. Recall that for the X = Di% case of umbral moonshine, we have three

non-vanishing mock modular forms H, g s forr =1,3,5(ct. (1.1)). In this subsection we
will tie the different elements discussed thus far together and construct three &-modules
K" with r = 1, 3, 5, with infinite dimensions, a bi-grading and an additional (a priori)
Z grading, such that

sry;”) g = Hy (1), forall g € . (4.14)

As mentioned before, our main strategy is to employ the relation between the moon-
shine mock Jacobi forms ‘-I-fg(r, Z) = ZreZ/Zm ng(t)é)m‘,(r, ), the weak Jacobi

forms q)j,( , and the singularity elliptic genus EG(X), summarised in (2.8), for the spe-
cific case X = DE%. Explicitly, in this case we have

Hg (1) = €gHg 5(1) (4.15)
and (2.8) gives

n%(v)
07(t, )

Ho 1 (D) (041() + €008 5(0)) + He3()08 5(7) = (6 — BGy(z. ¢ DY) .

(4.16)
where 9,,1” are the unary theta functions defined in (A.3).
We will do this in a few steps.

Step 1: obtaining the weak Jacobi forms ¢, It was shown in Appendix D of [8] that, for
any embedding ¢ : & — Cop we have

¢eg,t(g) = ¢g7 “4.17)

where we are using definition (2.14) with € given by €, : & — {1, —1}, the character
defined in Sect. 4.1. Applying the result of Sect. 3.4 and letting & act on 7 according
to the above embedding into Cop, we obtain the above functions as twining partition
functions of 7. This results in the structure of 7 as a bi-graded &- supermodule with
graded super-characters given by

sr@ = o7 forall g € ® (4.18)
e =, ges. :

Step 2: obtaining the mock Jacobi forms (¢, —EG (7, ¢; fo6)) Combining 7 with the
&-supermodule Viing constructed in Sect. 4.2, we arrive at a bi-graded &-supermodule

W =T © Ving, (4.19)
where we use © to denote the following operations on vector spaces with super-structures
Vien® =vF ev®. (4.20)

From (4.18) and (4.11), it follows immediately that
St g = pe, (v, 0) — EGy(z, ¢; DEO) 4.21)

for all elements g of &.
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Step 3: introducing the auxiliary spaces In the next step of the construction, we define
the following “auxiliary” (in the sense of not arising directly from the two CFTs discussed

in previous sections) bi-graded supermodule H},, with a simple & action, satisfying

6 —1
A (04, +ebls) L r=1

P(re
(q,y) 6 -1
Strﬂzixg - 9?(?2) (egeé,l(f) + 961,5(7:)> ,r=5. (4.22)
6 —1
n° (1) 1 _
e (76:) =3

Step 4: the projection In the final step, we recall that there are two types of irreducible
representations for &: those that are faithful and those that factor through S¢ C & = 3.5¢.
This distinction is featured prominently in the present case of umbral moonshine due
to the property that each component of the umbral mock modular form receives only
contributions from one type of the irreducible representations (see Conjecture 6.2 of [5],
proven in [19]). To implement this, we introduce the corresponding projection operator
P: we write P (resp. 1 — P) to denote the projection operators that project out the
irreducible representations which are faithful (resp. factor through Sg.) Explicitly, P
acts on a virtual representation V = Zl]i 1n; Vi of &, where n; € Z and V; denotes
the irreducible representation corresponding to the character x; in Table 1, by V|P =
leil n; Vi, and similarly 1 — P acting as V|(1 — P) = Z}ilz n; V;. At the level of
characters, one has

1
tryip g = 5 (irv(e) +rv ) + v () (4.23)

where 7 is a generator of the center subgroup of &.
Finally, we define

WP r=1,5

Wid1—-P) r=3 (4.24)

Kr :ngx®{

where under the tensor product the bi-gradings are additive. Putting (4.18) and (4.19)
together, and employing the above-mentioned property of the umbral moonshine module,
we arrive at (4.14) and thereby complete the construction of the relevant &-supermodule.
We will discuss features of this construction further in the next section.

5. Discussion

In this paper we construct a module for the Df% case of umbral moonshine. This is the
first time that the module is constructed for a case of umbral moonshine with a non-
4-plane preserving umbral group, which is moreover much more sizeable compared to

the previously constructed cases (with |GD§5 6| ~ 103, this group is larger than the cases
discussed in [17,20,21], where the groups have order dividing 24). This is also the first
construction of the umbral module which utilises the connection to symmetries of K3
string theory. At the same time, there are clearly important open questions remaining.
In the following we discuss a few of them.
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— Note that our construction naturally leads to a super module for GP¥ ’ . However, apart
from the virtual representation corresponding to the leading polar term (cf. (1.1)), the
umbral module is known to constitute of the even part. Moreover, our construction
gives a priori a bi-graded super module (4.14), whose components corresponding
to a non-trivial y-grading happens to be empty. In other words, the characters we
computed via (4.14) is a priori a ¢, y-series that happens to be just a g-series. It
would be nice to make the positivity and y-independence manifest.

— Whatis the physical or geometric meaning of the chiral CFT 7 ? The relation between
the Conway CFT, which is closely related to 7, and a specific K3 sigma model has
been elucidated in [15,23,46]. It would be interesting to understand the physical role
played by the ghost systems.

— An obvious question is whether one can employ a similar construction for the other
cases of umbral moonshine. Note that the chiral CFT 7 has Spin(24) symmetry which
preserves the fermionic and bosonic U (1) ghost currents. It is hence possible to define
the regularised twined partition function lim,,_, o+ Zg (t, &1, &) (cf. Sect. 3.4) for any
element of any of the 23 umbral groups. To make contact with weak Jacobi forms of
the type of K3 elliptic genus, one has to specialise the fugacity to {; = % However,
this leads to a finite answer only when taking n — 07 if g is 4-plane preserving.
To construct umbral moonshine modules for cases where not all group elements are
4-plane preserving (X = A?24, Agalz, and A?é), one needs a construction that works
with the two-elliptic-variable functions Z,(z, {1, {2) directly.

— Note that the contribution of the vector-valued umbral moonshine mock modular
forms (H X ) to the twined partition function of the theory 7 is basically given

by a smgle q-series 271” dw\IlX (7, w). See (2.8). What allows us to recover from it

the individual components ng of the mock modular forms is the following two

facts. First, there are just two independent components in the case X = DS, which
can be taken to be H, X 1 and H . Second, the representations underlying the 1st
resp. 3rd component have the feature that they factor through Sg resp. are faithful
representations. As a result, it is possible to use the projection operator (4.23) to
isolate the contributions from the two independent components from the twined
partition function of 7. A similar projection property also holds for other 14 cases
of umbral moonshine (cf. Conjecture 6.3 in [5]).

In view of this, another challenge when attempting to generalise the current con-
struction to other cases of umbral moonshine is how to disentangle the contributions
from different components of the vector-valued umbral moonshine mock modular
forms (Hg’fr) in the twined partition functions for the cases of X with many inde-
pendent components. Recall that an important feature of umbral moonshine is the
“multiplicative relations” relating H ;,(/ and Héf( for specific pairs of Niemeier root

systems (X, X’) and group elements g € GX and g’ € GX' (cf. §5.3 of [5]). As we
will see in more detail below, these relations together with the projection property
enable us to disentangle different components in the vector-valued functions H ;( in
various cases.

Finally, we point out that for the cases that g is a 4-plane preserving group element
of a umbral group GX, many mock modular forms H éf‘ for many different X and g can
be obtained in a similar way as discussed in Sect. 4.
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A®24.
il S
Exactly the same procedure as discussed in the main part of this paper can be used
. @24 . . .
to obtain a supermodule for the group M>» < G4 that is compatible with the Moy
moonshine, or equivalently the X = A?M case of umbral moonshine.
®12,
AT
An analogous procedure, using a projection operator projecting out representations fac-

. o2 . .. .
toring through M1, < G4~ = 2.M\,, recover from twined parition functions (3.39)
®12

the mock modular forms H; 2 for g € 2.M); that are not in the conjugacy classes
11AB, 12A,20AB, 22AB. (Here and below we use the same naming of the conjugacy
classes as in [5].) As a result, one can construct modules for G < 2.M» compatible
with the corresponding case of umbral moonshine, for three of the maximal subgroups of
2.M1,. For completeness we list the explicit generators of these three maximal subgroups
in terms of permutation groups on 24 objects:

G = ((1,18,5,9,24,16)(2, 6,8, 11, 17, 20)
(3,12,23,13,22, 14)(4, 10, 19, 15, 21, 7),
(1,9)(2, 19)(3, 13(4, 10)(5, 24)(6, 17)(7, 11)
(8,23)(12, 22)(14, 20)(15, 21)(16, 18))

G> = ((1,13)(2, 19)(3, 9)(4, 18)(5, 21)(6, 17)

(7, 11)(8,20)(10, 16)(12, 22)(14, 23)(15, 24),
(1,5,11)(2,9, 16)(3, 18, 8)(4, 17, 7)(6, 19, 15)
(10, 12, 23)(13, 24, 20)(14, 21, 22),

(1,9)(2, 11)(3, 13)(4, 15)(5, 16)(6, 17)(7, 19)
(8,20)(10, 21)(12, 22)(14, 23)(18, 24))

Gs = ((1,12,18)(3, 15, 6,21, 16, 14)

(4, 17,10, 5,23, 13)(7, 20)(8, 19)(9, 22, 24),
(1,11,22,24)(2, 12, 18, 9)(3, 20, 10, 19)(4, 5)
(6,23)(7, 13, 8, 21)(14, 17)(15, 16))

ATE, A E*:

Using similar analysis as above, one can recover ng for all elements of g € G < G¥,
for X = A§e8 and Agﬁ. In particular, in the X = A?S case we also make use of the
multiplicative relations between ng and H ;f/, where X' = A?z“ and g € GX', and
thereby obtain all ng except for g € [8A]. In the X = A?S we make use of the
multiplicative relations between Hg and H ;,(/, where X' = AgB 12 and g € GX', and
thereby obtain all ng except for g € [3A] and g € [6A]. Inthe X = E?“ we make use
of the multiplicative relations between H;( and H g/, where X' = AEB 12 and g € GX/,
and thereby obtain all H; except for g € [8A] and g € [8B].

A?4D4, A?ZD?Z ,AuiD7Es, A17E7, D10E§e23
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For X = A?4D4 all non-vanishing components of H;( = (H;(r), r=12,...,5,
can be recovered from the twined partition functions, by relating them to the umbral
moonshine mock modular forms for X’ = D?G that we constructed in the main part of

the paper, and for the X" = AgBlz case that we described above. Explicitly, we have

HY |\ (x) = HY (1) + HY5(7) (5.1)
for the pairs
(g',g) =(A,1A/2A), (2A,2B), (2A,4A), 3B,3A/6A), (4A,8AB), 5.2)

and )
HJ |(v) = H} (v) — H'5(7) (5.3)

for the pairs (g7, g) = (2B, 1A/2A), 2B,2B), (2C,4A), (6B,3A/6A), (4B, 8AB).
For the 3rd component we make use the relation

(-
HY(r) = EHéffj(z) (5.4)

for the same pairs (g, g) as in (5.2). The even components satisfy

X _ X
Hyor =—H

X o T EL/3 (5.5)

where z denotes a generator of the center subgroup (z) = Z, < G¥. This forces the
even components of the vector-valued mock modular forms H ;( to vanish for elements

g in conjugacy classes 2B, 4A, 8 AB. The rest of Hng can be recovered by using the
relation to X" = AY 12 case of umbral moonshine:

HY (1) — HY (1) = HY (1) (5.6)

for the pairs (g, ¢’) = (1A, 2B), (3A, 6C). Note that the two terms on the left-hand side
contribute to different powers of ¢ when regarding the whole function as a g-series and
the above relation is therefore enough to determine both the 2nd and the 4th components
of the mock modular forms H, g .

Using similar analysis as above, one can recover all H;( for all g € GX, for X =

A2 Dng, A11D7Eg, A17E7,and D1 ES?. It would be nice to construct an explicit group
action which reproduces these functions.
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A. Special Functions

Here we list here the definitions of the Dedekind eta function and the Jacobi theta
functions, as well as other theta functions.

(@ :=q">TT(1-4¢")

0. 0)=—i Y (~1)Iyg" )
ne(Z+%)
) )

n=

02(7,8) = Z yig" 22 _ 1/8 <y1/2 71/2)

ne(z+4)

e¢]

[T—=q")(1+yq") (1 + y_lq”>

n=1

—_

o
03(t,¢) == Zy”q”m _ 1—[ (1 _ qn) (1 +yqn—1/2) (1 +y—lqn—1/2>
nez n=1
o0
04(z, ) := Z( l)n n n 2 1_[ (1 _qn) (1 . yqn—l/Z) (1 _ y—lqn—l/Z)
nez n=1
(A.1)
where ¢ 1= ¢?™" and y := ¢>"¢. Given an m € Z-( we define the index m theta
function:
K2
Omr(T.0) = Y qimyt (A2)
k=r (2m)
and
1 0
( ) _< 2ri 8{ mr(f é‘))‘ 0 (A.3)

B. More on Ghosts

In this appendix we discuss the ground states of the ghost systems in both the P and A
sectors as well as the action of the Z, orbifold on them, as a complement to Sect. 3.2.

The ghost ground states. The first thing to note is that for the ghost systems the or-
dering prescription generally changes when we go from the complex plane, where we
use canonical ordering, to the cylinder, where it is natural to use normal ordering. By
expressing the Virasoro zero mode in terms of the normal ordering, a constant B will
appear in the following way (see [44]),
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L = Y (=n) tbye 2= (—n) bye_,: +B. (B.1)
n n

We define a ground state on the cylinder as a state that is annihilated by the normal
ordered term above, so it will still have weight B. Thus, this state will not generally be the
SL(2, R)-invariant vacuum |0). In order to treat both cases together, denote the ground
state(s) in the A and P sectors of either ghost system by |24 ) and |2p) respectively. The
constant B depends on the central charge and the sector as

B = —%QZ . Bp= g(l — 0?). (B.2)

We can also compute the eigenvalues of the ground states under the Virasoro zero mode

on the cylinder Lf;ll,() = L%h — cpe/24. We notice that the Q-dependence cancels and
we get

h K h K
Léiol@a) = =57194). Ly olQ) = 15190, (B.3)

for any value of cp.. Note that all the characters we use in this paper are defined in terms
of the canonically ordered operators, rather than the normal-ordered ones.

As we have mentioned in Sect. 3.2, the ghost systems possess a U(1) current J =
— ¢bee. Note that J is not a primary field, and the failure to be so is captured by the

quantity Q:

) J(w) N aJ (w)

gh ~
Lo @7 w) Z—w? (—-w)? z—-w’

(B.4)
Accordingly, upon going to the cylinder the charge operator is shifted as Jcy1 0 = Jo+ %
This U(1) current can be used to define an infinite family of primary operators [30],
which will eventually be related to the cylinder ground states. First we introduce a new
(bosonic) field ¢ of zero weight so that J(z) = kd¢(z), which results in the OPE

¢(2)¢(w) ~ k In(z — w). We then define a vertex operator by V, (z) :=3¢9%® g, which
is primary and obeys the OPEs

lkqg+0) 9
(z —w)? -

LE )V, (w) ~ [ w} Vy(w), J(@)V,(w) ~ Z_Lw V, (w).

(B.5)
Acting on |0), this operator defines the state
lg) := V4(0)|0), (B.6)
which has the following weight and U (1) charge
h 1
Ly'lg) = Fkaq+lg) . Jlg) =qlq). (B.7)

These states can be regarded as vacuum states (for the Fock space) on the plane. Note
that each such ¢g-vacuum is annihilated by a different set of modes of the ghost fields,
depending on the eigenvalue ¢. In particular, we have

b:lg) =0 Yr > kg +1—h,
¢ lg) =0 Vr > —kq+h. (B.8)
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These vacua belon% to the periodic sector on the plane if ¢ € Z, and to the anti-periodic
sectorif g € (Z + E)' One way to see this is from (B.8), since r = & is should always be
an integer in the periodic sector on the plane, and half-integer in the antiperiodic sector.
Also note that the vertex operators V41,2 interpolate between the above two sectors, and
hence can be regarded as twist fields.

The space of states on the cylinder is built by acting with the creation operators on
the ground states |Q2s), where S = {P, A} denotes the two sectors. These are equal to
some of the g-vacua described above. By equating the weight Bs and the weight of the
g-vacua (B.7), we find that they have the following eigenvalues under Jy:

1 1
qoa = _EQ’ qop = _E(Q FK). (B.9)

Accounting for the shift Jey1 0 = Jo+ % the corresponding U(1) charges on the cylinder
are

Jey1,01€2a) =0,
K
Jey,01€2p) =+ §|QP>- (B.10)

We see that in the A sector we have a single ground state, denoted |Q£) and |Q§) for
the fermionic and bosonic system respectively. In the P sector of the fermionic ghosts
the zero modes by, cp form a Clifford algebra, which results in two degenerate ground
states with opposite U (1) charges, which we denote by |Qg’ 1) They obey

bol2p ) =0, bolQp,) =195 _), colp,) =0, colQp_)=12p,). (B.11)

In the bosonic case, we have to single out one of the two possible ground states in the
P sector since they do not belong in the same representation of the 8, y algebra. In
other words, the zero modes Sy, yp do not form an analogue of the Clifford algebra of
their fermionic counterparts, so one of them must be an annihilator. We choose to use
the ground state with positive charge for the torus characters that will follow, which
corresponds to yp being a creation and By being an annihilation operator.

The ghost orbifold. We now treat the Z, orbifold for both fermionic and bosonic ghosts,
generated by £b = —b and £¢ = —c. In terms of the field ¢ introduced earlier, the ghost
fields are expressed as

b(z) = 3¢ ?@zg, c(z) =5e?@ 3,
B(z) = 2?2 n2), () =2e®@ 8 n(2) (B.12)

where we introduced two auxiliary fields n, . These form a free fermionic ghost system
by themselves, with iy, = 1 and central charge ¢, = —2. They need to be introduced
because the Virasoro operator that is build out of J,

1 1
Ty=—(z28JJ8—=Q0J), B.13
7 (2 7€ > (B.13)

is not enough to describe the bosonic ghosts [30]. In particular, there is a “residual”
Virasoro operator 7—, that needs to be added, so that the total ghost Virasoro operator is
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given by L = T + T_,, where T_, is precisely the Virasoro operator of the fermionic
ghosts 7, A.

One can implement the action of £ on the “bosonized” form of the ghost fields (B.12)
in both cases by setting

Ep=¢+2k+ Dmi, keZ, En=mn, Er=A. (B.14)

Consequently, for the vacuum state |g) with g € Z we get

g 0 g6 oy _ | Fla), geven

while for g € Z + % we have

+i(—=D¥q), (g —1/2) even

Si-DMg). (¢ —1/2) odd - B9

Elg) =& 32205 10) = {

For convenience, we will choose k = 0 without loss of generality.

As we have seen, the ground states on the cylinder correspond to certain states |g) on
the plane, with charge ¢ under Jy. Specifically, for the ground states |QZ) and |QIE’ 1)
in the corresponding sectors of the fermionic system, we have already seen that

1
Q%) = ‘—%, Qb 4) = ‘—E(Q:F1)>- (B.17)

From (B.15) and (B.16) we have that

i(h—1 .
smi>=e’“( 2)|s2§>, E1Qf L) = ™ "|Qf L), (B.18)

Combining the £ action on the ground states and the oscillators, we get
gh
X?(T, £) i=trp I:g yJCyl-OqLcyl,o]

ni(hfl) L
—e ) g m 1—[ (1 _ yqnfl/Z) (1 _ yflqn7]/2>

n=1
= (=1 g g +172), (B.19)

gh
R (T.¢) i=trp [s y’CYLOqu'-O}

o
. 1 _ _
— ¢ihg <y1/2 —y 1/2) (1 _yqn) (1 —y lqn>

n=1

= (=1)"2 xE(r, ¢ +1/2). (B.20)

Similarly, on the bosonic system ground states

By _|_2 By _|_1.o_
|QA)—‘ 2>, |Qp>—‘ 2(Q 1)>, (B.21)
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the orbifold acts as

i(—pel .
£1QB) = ;i ’“2>|sz§>, £1QB) = "D IQB). (B.22)

Thus we calculate

gh
T (1. 0) ==tra [s yfcﬂ-"qLcyw]

m‘(fh+%) 124 -~ n—1/2)"! 1 12\ !
e q H(1+yq ) (1+y q )

n=1

= (=11 x{(z, 0 +1)2), (B.23)

gh
Xg(t. ) :==trp [E y’°y‘=°qLCY"°}

0
o 3 B 1 B -1
— il h+1)q 1/12y1/2(1+y) ll_[(1+yqn) (1+y lqn>

n=1

= (=) 3P ¢+ 172). (B.24)

Also note that all traces over the ghost Hilbert space involve defining a dual Fock
space: corresponding to each in-state [x) = []; e, [] jb—s;lq) there us an out-state

13
(vl = (q'l (]—L e [1; b_sj) such that their inner product is (y|x) = 1. Due to the

charge asymmetry [30], namely Jé = —Jo — O, the dual to the vertex state |g) is
(—g — Q] := (0] 2e(-1=D9@ ¢ while the duals of the oscillator modes are ¢, =bh,
andb’_, = ¢,. The latter is compatible with transposing the (anti-) commutation relations
{b,, c_,}« = k, and we have have L}, = L.

C. Superconformal Structure of 7

In this appendix we discuss the supersymmetry of 7. We will see that an ' = 4
superconformal structure is possible when we choose the ghost central charge such that
the total theory is ¢ = 6. In the following sections we will not make use of this N' = 4
structure. First, one can equip the theory 7y of 12 complex fermions with the structure
of N' = 1 superconformal field theory [24]. To preserve this ' = 1 superconformal
symmetry, the manifest Spin(24) symmetry is broken to Cop. Moreover, it is also possible
equip 7y withan N/ = 4 structure (at ¢ = 12), which breaks Cog symmetry to its 3-plane
preserving subgroups depending on the choice of the SU (2) current [11]. One can also
equip the whole theory 7, for certain choices of the ghost conformal weights, with an
N = 4 superconformal symmetry by combining the N' = 4 structure of 7y with an
N = 4 structure of the ghost theory. In particular, for our choice hg = 1/2 and hr = 1
the total theory has an A/ = 4 superconformal algebra at ¢ = 12 — 6 = 6, precisely the
superconformal symmetry of K3 non-linear sigma models. However, since we do not
wish to break the Conway symmetry and in particular the compatibility with the action
of the umbral group 3.Sg, we will not make use of the N = 4 structure in the following.

If the conformal weights of a pairs of bc — By ghost system satisfy hgp = hp + 3,
there exists an N = 1 current of weight 3/2. In our case with two pairs of bc — By
ghosts, it is given by
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2/ 2hg — 1
G:Z(—Eaﬂjcj+ 5 a(ﬂjcj)—zbjyj) (C.1)
j=1

To enhance this to AV = 4, we need an SU (2) subalgebra generated by J; withi = 1, 2, 3.
One can show that such currents are given by

sBiyi — Payas . (C2)

N =

i 1
J1=§(,31)/2—,32)/1), J2=§(,31V2+/32)/1), J3 =

From now on we will choose
hg=1, hg=— (C.3)

so that SU (2) cuurent algebra is given by
3ij kgn/2 N i€k Ji(w)

Ji(2)J;i(w) ~ Cc4
@) ~ S =P (C4)
with kgy = —1. Acting with the generators J; on G (with hg = 1) to construct the rest
of the supercurrents, we get
i1
Ji()G(w) ~ —z——G;(w). (C.5)
2z—w
One can check that, together with the Virasoro field
2 1 1
Leh = Zl S—bide; + S0y — SBidvis, (C.6)
1=
the fields G, G; and J; indeed form an A/ = 4 SCA with central charge cghp = —6 and
level kgh = —1. As in [11] we can further define
Gt : (G £iGy) GT . :i:i (G1£iGy) (C.7
== 3)s = = 2), .
1 «/E 2 «/5 1

which transform in the representation 2 + 2 of SU(2), and reproduce the standard small
N = 4 SCA. We note that the supercurrents, as well as the J;, survive the orbifold, since
they are all bilinears in the ghost fields.

D. Character Tables
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