PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: November 6, 2018
REVISED: January 29, 2019
ACCEPTED: April 19, 2019
PUBLISHED: April 29, 2019

Towards a classification of two-character rational
conformal field theories

A. Ramesh Chandra and Sunil Mukhi

Indian Institute of Science Education and Research,

Homi Bhabha Rd, Pashan, Pune 411 008, India

E-mail: ramesh.ammanamanchi@gmail.com, sunil.mukhi@gmail.com

ABSTRACT: We provide a simple and complete construction of infinite families of consistent,
modular-covariant pairs of characters satisfying the basic requirements to describe two-
character RCFT. These correspond to solutions of generic second-order modular linear
differential equations. To find these solutions, we first construct “quasi-characters” from
the Kaneko-Zagier equation and subsequent works by Kaneko and collaborators, together
with coset dual generalisations that we provide in this paper. We relate our construction
to the Hecke images recently discussed by Harvey and Wu.

KeEywoRrDS: Conformal and W Symmetry, Conformal Field Theory, Field Theories in
Lower Dimensions

ARX1v EPRINT: 1810.09472

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP04(2019)153


mailto:ramesh.ammanamanchi@gmail.com
mailto:sunil.mukhi@gmail.com
https://arxiv.org/abs/1810.09472
https://doi.org/10.1007/JHEP04(2019)153

Contents

Introduction

One-character CFT
2.1 Basic features
2.2  Modular linear differential equations

Two characters: complete classification for £ < 6

3.1 The general theory and the map to hypergeometric equations
3.2 Thecaseof ¥ =1,3,5

3.3 The case of £=0

3.4 The case of £ = 2

3.5 The case of £ =4

3.6 Fusion rules

3.7 Comparison to previous work

Quasi-characters

4.1 How characters fail

4.2 Kaneko-Zagier parametrisation

4.3 Lee-Yang series and its dual

4.4 A series and its dual

4.5 As series and its dual

4.6 Dy series and its dual

4.7 General approach to recursion relations

4.8 Modular transformations for quasi-characters
4.9 Coset relations among quasi-characters

4.10 Summary of the properties of quasi-characters

Generating characters for £ > 6

5.1 Multiplicative method

5.2 Additive method

5.3 Completeness of the additive method
5.4 Relation to Hecke images

Conclusions and discussion
Rademacher series for vector-valued modular functions

Examples of quasi-characters
B.1 Lee-Yang class, £ =0

B.2 Dual Lee-Yang class: £ =2
B.3 Ajclass, £=0

11
11
16
18
19
21

22
22
24
26
28
30
30
31
33
34
35

36
36
37
40
42

44

45

46
46
48
50



B.4 A class, £ =2 51

B.5 Ajclass, £ =0 53
B.6 A, class, £ =2 54
B.7 Dy class, £ =0 55
B.8 Dy class, £ =2 57

1 Introduction

The traditional classification of Rational Conformal Field Theories (RCFT) in 2d is based
on either (chiral) symmetry algebras or lattices. In the former approach, after selecting a
particular chiral algebra or set of algebras, one uses the structure of null vectors to write
down a minimal series of CFT’s that furnish realisations (not necessarily unitary) of the
given algebra [1, 2] (for more examples see [3] and references therein). Among possible
chiral algebras, Kac-Moody algebras are special because one can consider affine models
containing all integrable primaries at a given level, namely WZW models, and then take
cosets of them. This coset construction generates a vast supply of RCFT’s including the
various minimal series already obtained by null-vector methods. The approach based on
lattices includes the famous ¢ = 1 classification [4, 5] and the constructions based on even,
self-dual lattices as reviewed for example in [6].

These two approaches, the chiral algebra/WZW coset approach and the lattice ap-
proach, are not complete — we know RCFT’s that belong in neither of these classes [7, 8].
Moreover, there are simple coset models which do not come from affine WZW theories [9].
Hence it can be useful to organise RCFT’s not by these criteria but by simplicity, defined
as the number of independent scaling exponents or primary fields, roughly the same as the
number of characters.

The ¢ = 24 models classified in [10] are examples of one-character CFT’s where there
is an extremely large chiral algebra, including many spin-2 generators. The only primary
field of this extended algebra is the identity. Several two-character RCFT’s have like-
wise long been known [11, 12]. A complete classification of the simplest models could be
more useful than the traditional approach for various purposes, including applications in
condensed-matter systems as well as for studies from a mathematical viewpoint. An addi-
tional application of simple rational CF'T’s has emerged in the context of four-dimensional
supersymmetric gauge theories [13—15].

An approach to the classification of RCFT with a small numbers of characters was pro-
posed long ago in [11]. It is based on the observation that the characters of a rational CET
are vector-valued modular forms of weight zero and satisfy a Modular Linear Differential
Equation (MLDE) (this fact was independently noted in [16]). Thus, to classify them we
may start from a general class of MLDE and identify values of the parameters for which
they determine “admissible” sets of candidate characters — those whose g-expansion has
non-negative integer coefficients.! After finding admissible characters there are well-defined

LOur use of “admissible” may differ from some of the mathematical literature.



procedures, using the modular transformation matrix S and its relation to the fusion rules
via the Verlinde formula [17], to determine whether they truly describe a consistent RCFT,
and if so to solve the resulting theories. These procedures were implemented in consider-
able detail in [12, 18] and some recent work in this direction can be found in [19]. There
is also now a considerable mathematical literature on using MLDE to find vector-valued
modular forms of CFT type, of which some relevant works are [20-28] and additional ones
will be described in what follows.

Modular linear differential equations are characterised by an integer n, the number
of characters, which is also the order of the differential equation, as well as an integer
£ > 0,f # 1 which specifies the number of zeroes in moduli space of the Wronskian
determinant of the solutions (this concept will be explained in more detail below). In [11]
all admissible characters with n = 2,/ = 0 were classified and form a finite set. All
but one have been identified with definite RCFT’s, while one has a degenerate vacuum
and was initially rejected for this reason. It is now understood to be an Intermediate
Vertex Operator Algebra (IVOA) [29] based on the notion [30] of Intermediate Lie Algebra.
Related mathematical work on the 2nd order ¢ = 0 equation may be found in [31-36].

Subsequently the case n = 2, ¢ = 2 was classified in [12, 37]. Again there is a finite set of
admissible characters. A remarkable property of these characters, shown in [9], is that they
are in one to one correspondence with the ¢ = 0 theories and satisfy a “generalised coset”
relationship with them. This in particular proves that the ¢ = 2 characters correspond to
consistent RCFT’s. Like its counterpart at £ = 0, one of them has a degenerate vacuum and
in this respect resembles an IVOA. We will refer to characters having a degenerate vacuum
state as being of “IVOA type” although there is no implication that an intermediate Lie
algebra as in [29, 30] is involved.

The status for larger values of ¢ is as follows. It was argued in [12] and explicitly
verified in [37] that there are no admissible characters with ¢ = 3. In fact [12] argued that
with two characters, there can be no admissible solutions for any odd ¢. For ¢ = 4, [12]
observed that admissible solutions can exist, and searched for them, but then concluded
that there are no new ones other than tensor products. More recently, [37] failed to find
any models with ¢ = 4 but they did not make an exhaustive search. However, admissible
characters with £ = 4 do in fact exist. Most of these correspond to tensor product RCFT’s,
while precisely three of them turn out to be irreducible in this sense and we will describe
them below. Two of them first appeared in [38], whose authors restricted their study to
potentially unitary CFT’s. Out of the three that we find, the first two agree with [38]
while the third is in the Lee-Yang class, hence the corresponding CFT — if any — would
be non-unitary.

To summarise, for two-character theories the parameter ¢ labelling the differential
equation has to be even, and for £ < 6 the classification leads to a finite set of characters
for £ = 0,2 that have been identified as RCFT’s, while for £ = 4 there is also a finite set,
most of which are tensor products but a few are new admissible characters. They are yet
to be identified as RCFT’s.

The classification for ¢ > 6 is more complicated and has remained largely unexplored
until recently. It is known that taking tensor products increases the value of ¢, but of



course we would like to discover “irreducible” theories that are not tensor products. It has
long been known [18] that irreducible RCFT’s with ¢ arbitrarily large do exist. A simple
example noted in [37] lies on the orbifold line of a free boson theory with ¢ = 1 at radius
R = /2p. This theory has p + 4 characters and ¢ = 3(p — 1) for arbitrary integer p > 1.
However, this series starts at five characters. The first significant insight into this question
for two-character theories, from the point of view of classification, was recently provided by
Harvey and Wu in [39]. These authors defined a novel type of Hecke operator that acts on
vector-valued modular forms to provide new ones. In this process the number of characters
is preserved, and under certain conditions the positivity of coefficients in the g-expansion
is also preserved, so that the Hecke images are admissible characters. These Hecke images
have increasing ¢ and it is easy to find admissible characters with arbitrarily large values
of ¢ (as well as the central charge c).

In this paper we re-examine the classification problem for £ > 6. We find two distinct
methods, both based on a notion of “quasi-characters” which we introduce, that generate
infinite families of new admissible characters with arbitrarily large values of the parameter
¢ and the central charge c. We are able to demonstrate that the second of these meth-
ods (based on addition of quasi-characters) is complete, in that it generates all possible
admissible characters with any ¢. This solves a major outstanding problem and consti-
tutes a significant step towards the classification of two-character RCFT. To complete the
classification process one would have to identify which admissible characters correspond to
genuine RCFT’s. Partial progress towards this goal can be found in [40].

The organisation of this paper is as follows. In section 2 we start by reviewing one-
character (often called “meromorphic”) CFT’s and place them in the context of the modular
linear differential equation (MLDE) approach. While the results are not new, some of the
details are not widely appreciated and will be useful to provide a context for the ensuing
discussion of two-character theories. Thereafter in section 3 we discuss in some detail
the status of two-character RCFT with ¢ < 6. In addition to the review material there
will be some new results that contradict previous claims. We will also highlight several
important subtleties.

In section 4 we summarise several ways in which characters solving a 2nd-order MLDE
can “fail”. In this category are pairs of characters where one is modular invariant on
its own, pairs that give rise to negative but nonetheless integral fusion rules, characters
where one achieves integrality of Fourier coefficients only if the vacuum state is chosen to
be degenerate, and pairs with exponents that differ by an integer, which correspond to
logarithmic CFT. But the most important category for us, neglected in many previous
works, are those where all the “degeneracies” are integer but not necessarily positive. We
call these “quasi-characters” and will find that they are useful building blocks for admissible
characters. We go on to show that a certain parametrisation introduced by Kaneko and
collaborators [31-33] gives rise to infinite families of such quasi-characters with ¢ = 0. We
generalise these considerations to find a fresh series of quasi-characters with ¢ = 2. The
two sets turn out to obey the coset/bilinear relation of [9] just as the genuine admissible
characters do.

Finally in section 5 we present our main results: that infinite sets of admissible char-
acters with arbitrarily large values of ¢ (and ¢) can be constructed using quasi-characters.



We describe two ways to do this. One of these ways involves multiplication of a quasi-
character with a suitable function of the j-invariant, and the other involves taking linear
combinations of different quasi-characters. We provide a proof that the latter method,
applied to quasi-characters with £ = 0,2, 4, generates all possible admissible characters for
any £. A key outcome of our work is that for £ > 6 one can find infinitely many admissible
characters with the same central charge, and it is also easy to construct examples with
large ¢ as well as ¢. We then compare the results of our constructions to the Hecke image
approach of [39]. We conclude with a summary and discussion.

2 One-character CFT

2.1 Basic features

We start our discussion with one-character theories because they carry some important
lessons. Such theories have a partition function of the form:

Z(r,7) = Ix(7)? (2.1)

where y(7) is holomorphic. Defining ¢ = €?™7, the character behaves near 7 — ico as
X ~ ¢~ 21 where ¢ is the central charge. It has long been known that for this partition
function to be invariant under SL(2,7Z), ¢ must be a multiple of 8. For ¢ = 8 there is a
unique character xgg, that is modular invariant up to a phase. The resulting CFT is the
WZW model for the algebra Eg at level £ = 1. For ¢ = 16 there is again a unique character,
(X Es,1)2- This time there are two CFT’s, namely the WZW models based on the algebras
Eg & Eg and Spin(32)/Zy. For ¢ = 24 there are infinitely many characters of the form:

x(r) =j(r) + N (2.2)

where j(7) is the Klein j-invariant, which happens to be equal to (XE&l)S, and N is, at
this stage, any real number. Note that modular invariance alone puts no condition on N.

Thus at ¢ = 24 there appear to be potentially infinitely many characters, depending on
the added constant /. Now we need to invoke a physical requirement. For the resulting
partition function to describe a conformal quantum field theory, the coefficients in the
expansion of x(7) in powers of ¢ must describe degeneracies of states. Hence they must be
non-negative integers. This is already true of all the coefficients in the expansion of j, but
can potentially be violated by our choice of the constant N. Indeed the g-expansion of the
above character is:

J(T)+ N =q ' + (744 + N) + 196884¢ + - - - (2.3)

We see that the second coefficient is integer only if A is integer, and is non-negative if
N > —744. This still leaves us with an infinite set of admissible characters that might
describe a CFT, one for every integer N’ > —744. The next question is whether all of these
describe actual CFT’s.

This is precisely the problem that was addressed in 1991 by Schellekens [10], who
argued that there are just 71 consistent single-character CF'T’s with ¢ = 24. Some features



of his result are worth noting here: (i) there are less than 71 different characters that
correspond to consistent CFT’s, because in many cases a given character describes more
than one CFT. This is analogous to the situation at ¢ = 16 where there is a unique
character but two different CFT’s, (ii) the minimal value of A/, namely —744, is realised
as a rather special CFT. In this case the expansion of the character is missing the term
of order ¢ relative to the leading term. This means the CFT, if there is one, does not
have any Kac-Moody symmetry (because among all possible chiral symmetry algebras of
spin-n, only spin-1 generators create a secondary at the first level above the identity state).
And indeed, not only is there a CFT at this value but it is a celebrated one: the Monster
CFT [41, 42].

Beyond ¢ = 24, as observed for example in [11], the single character of a one-character
theory must be a function of the Klein j-invariant of the form:

xX(7) =7 (j — 1728)" Py (j) (2.4)
where w, € {0, %,%
j. Notice that the ¢ = 8 and ¢ = 16 characters arise by choosing § =

}ow; € {0,4},w; € Z and P, (j) is a polynomial of degree w, in
12
373
with § = 0 and P, (j) = 1. Clearly there is an infinite number of potential characters

respectively

with ¢ > 24, and by examining the behaviour as ¢ — 0 we find the central charge of the
corresponding CFT (if there is one) would be

c = 24(w, + w; + wy) (2.5)

But as we already noted in the case of ¢ = 24, only a subset of these will be admissible
as characters, namely those whose Fourier coefficients are all non-negative integers (in
particular this subset has w; = 0). By carefully choosing the polynomial one can find the
admissible characters. The next step would be to repeat the procedure of Schellekens and
find out how many of these correspond to consistent CFT’s. Unfortunately for ¢ > 48 this
seems a very hard problem and remains open at present.

2.2 Modular linear differential equations

Let us now phrase the above results in the language of differential equations. Though
essentially trivial, this will give a nice introduction to the integer £ mentioned above, and
set the stage for the the study of 2-character theories for arbitrary ¢. We start by noting
that for any of the 1-character theories, the single character satisfies the trivial equation:

(o~ (2o
0

where D = %mm. The purpose of writing this equation is that it provides a way to

“experimentally re-discover” the characters. To do this, we rewrite the above equation as:

(D + 2(7))x(7) =0 (2.7)

Since the character is modular invariant (up to a phase) it has weight 0 under SL(2,Z).
It is easy to see that differentiating in 7 increases the modular weight by 2. Hence for the



equation to be invariant, the function ¢o(7) must transform with weight 2 under SL(2,7Z)
modular transformations:

02 (755) = (e + aPontr) (25)

One may think that ¢9 has to be holomorphic, but in fact it is generically meromorphic.
Referring to eq. (2.6), we see that ¢o has a pole whenever y has a zero. And despite ¢o
having such a pole, the solution of the differential equation is perfectly holomorphic (away
from 7 — ioco, as always).

We now classify the differential equation by the number of zeroes of x. This is gener-
ically the same as the number of poles of ¢o = —%, though sometimes the zeroes of y
could be partly cancelled by zeroes of Dy. Because of the nature of the torus moduli space
where 7 takes values, the number of poles of any meromorphic function is quantised as
% where ¢ = 0,2,3,4,---. The reason why fractional powers arise is that the space has
orbifold points at 7 = p = ¢*5 of order 3, and 7 =i of order 2. As a result, one can have
poles of order % and % respectively at these points, corresponding to £ = 2, 3 respectively.
One gets ¢ = 4 by having coincident poles at p, and ¢ = 5 by having a pole each at ¢ and
p. Finally with ¢ = 6 one can have a pole anywhere in moduli space (we call this a “bulk
pole”). Bulk poles can be present in principle for all higher values of ¢ except £ = 7.

It will be useful to note that all modular forms under SL(2,7Z) are polynomials in the
Eisenstein series F4 and Eg of weight 4 and 6 respectively. If one wants meromorphic
forms, they can be constructed by taking ratios. Due to the location of the zeroes of
FE4 and Eg, when they appear as factors in the denominator they contribute ¢ = 2 and
¢ = 3 respectively.

Since the moduli space is compact, the total number of zeroes and poles of the character
must be equal. This is a special case of the Riemann-Roch theorem. The pole is only at
infinity, where we assume the behaviour x ~ ¢*. We have the identification a@ = —g3.
Meanwhile the number of zeroes is just é. It follows that:

l
a=-—gor equivalently ¢ = 4¢ (2.9)

which from eq. (2.5) tells us that g = w, + w; + wr.

Now let us try to build eq. (2.7) starting with the simplest case, £ = 0. There are no
holomorphic modular forms of weight 2, so we must have ¢ = 0. The unique solution is
x = 1 (we are free to choose the normalisation). This is the trivial character. The next
case is £ = 2. In this case we must take ¢o = ug—i, where for the moment, p is an arbitrary
real coefficient. Since the g-expansion for the Eisenstein series is known, the differential
equation can be solved order by order in ¢ and gives rise to a character that is modular
invariant (up to a phase) for every value of the free parameter u. The resulting character
will have a power-series expansion of the form:

X1, 7) = q*(1+ ar1(p)q + az(p)g” + - ) (2.10)

Note that we have chosen the coefficient of the leading term to be 1. This is because the
corresponding state is the vacuum state of the theory, which is expected to be unique.



Since ¢ = 2, from eq. (2.9) we have o = —7, so the central charge of the associated CFT
(if it exists) is ¢ = 8. Solving recursively to the first two orders, we find:

pw=—a, a(p)="744p (2.11)

which in turn tells us that pu = % and a; = 248. Subsequent orders will determine
az(p),as(p) etc. The remarkable fact is that all of these numbers are non-negative in-
tegers. Moreover, the value of a; determines the dimension of the Kac-Moody algebra of
the theory, in this case 248. Thus we have rediscovered the Eg; character.

One can repeat this exercise for £ = 3 by writing the equation:

E2
<D+u4>x=0 (2.12)
Eg
This time, Riemann-Roch tells us that o = —% which means ¢ = 12. Recursively solving
the equation gives:
1
p=-a=g, aj(p) = —984pu = —492 (2.13)

In this case we see that at the first level above the ground state, the “degeneracy” is a
negative integer. This fails the test to be an admissible character and therefore there is no
one-character CFT with ¢ = 12. Nevertheless, it turns out that this case satisfies a weaker
consistency condition: the degeneracies, although sometimes negative, are nonetheless all
integers. In what follows we will find that such “quasi-characters” can be useful as building
blocks, though by themselves they do not describe any CFT.

It is straightforward to continue in this way. At ¢ = 4 one finds a unique character
having ¢ = 16 and a; = 496, which is the dimension of Eg @ Eg as well as Spin(32)/Z,.
The case of £ = 5 has ¢o = Ml nt+ ug E . Again we find that the character has 1ntegral

B4 where A = Ei-Bg is
H1 E3+ A 1798

the modular discriminant (in our conventions). As expected, this has a “bulk pole” where

coeflicients, but some are negative. At £ = 6 we have ¢ =

E} 4+ peA = 0. This case has a = —1, corresponding to ¢ = 24. Inserting this and solving
the equation recursively, we find:

o =—a=1, aj(p) =744+ p2 (2.14)

Continuing to solve for the character to one higher order, we find that as = 196884,
independent of the value of uo, and all subsequent terms are non-negative integers and
independent of py. From the above equation it is clear that to have an admissible character
we must take pus = N, an integer > —744. Indeed, the character in this case is simply
Xi—¢ = Jj(7) + N. As stated above, there are 71 consistent CFT’s having characters
in this set, while all the remaining (infinitely many) characters of this form seem to be
unrelated to any CFT. Beyond ¢ = 6, one can generate admissible characters using the
polynomial eq. (2.4), setting w; = 0, w, € 0, %,% and choosing the coefficients suitably
in the polynomial P, _(j). In this way one can generate admissible characters for any
arbitrarily large, even ¢ = 6(w, + w;).



The reader may have noticed that we could have simply integrated the differential
equation eq. (2.7) instead of solving it by a series expansion in ¢. Indeed there are far
simpler ways to extract the above results on admissible characters, and eq. (2.4) summarises
the complete set of results for the one-character case, which have long been known in the
mathematical literature — so there was no need to resort to differential equations in the
first place. But the reason we have gone through this exercise is to highlight a number of
features that will for the most part generalise to the two-character case, where a general
solution analogous to eq. (2.4) does not exist. The relevant features of the one-character
case are:

e there are admissible, holomorphic characters for arbitrarily large values of ¢,

e when / lies in the range 0 < ¢ < 6, there is a finite set of admissible characters for
£ =0,2,4 and none for £ =1,3,5,

e every admissible character in this range corresponds to a consistent CFT,

e for £ > 6 one encounters situations where the characters depend on arbitrary integers
and are admissible over infinite ranges of these integers. However, most of them do
not correspond to genuine CFT’s.

3 Two characters: complete classification for £ < 6

3.1 The general theory and the map to hypergeometric equations

Analogous to eq. (2.7) for the one-character case, we can write the general two-character
differential equation. A new feature relative to the one-character case is that we need to
use covariant derivatives, defined by:

1 k
Dyy=-—90— —F 3.1
(k) = 5.0 = 75 22(7) (3.1)
where k is a positive even integer and Fs(7) is the second Eisenstein series, which is a
holomorphic connection on moduli space. It transforms inhomogeneously under modular

transformations, such that if f(;)(7) transforms with weight & under SL(2,Z) then:

Dy = Dgvan—2)Digran—ay -+ Digr2)y Dy i) (7) (3.2)

transforms with weight & + 2n. We denote D(g) simply by D. The special case DE‘O) is
the only one relevant for CFT characters, since those have zero weight.? Hence it will be
simply written D". With these definitions, the general MLDE for two characters is:

(D2 + 62(r)D + 64(7))x = 0 (3.3)
where ¢9, ¢4 are meromorphic and modular of weight 2,4. The characters that solve the
equation take the form:

xo0 = q*° (1+m1q+m2q2+-")

(3.4)
x1=D¢™ (1+aig+a*+--)

*Note however that mathematical works such as [31] do make use of D,(C") for specific choices of k.



Notice that we have treated the two characters somewhat asymmetrically. The first one,
which we associate to the identity character, has the exponent g = —57. It is normalised
so that its series expansion starts with 1, since this is the vacuum degeneracy and one
normally expects a non-degenerate vacuum state. The series coefficients m; then have to
be non-negative integers in order to be interpreted as degeneracies. The second character
corresponds to the non-trivial primary field, and has the exponent a; = —57 + h where h
is the (chiral) conformal dimension of the primary.? The second character is normalised by
multiplying with a positive integer D which is the degeneracy of the primary state. The
expansion coefficients a; do not need to be integers. It is sufficient if they are rational
numbers with a denominator that divides D, so that the products D a; are integers.

If one knows the characters then in principle one can compute the modular transfor-
mation matrix S defined as follows:

1
1
Xi <—T> = Z Sijx;(T) (3.5)
7=0
If this matrix turns out to be unitary then the partition function:

Z(7,7) = Xo(T)x0(7) + X1(7)x1(7) (3.6)

will be modular invariant. However, it is also possible that the non-identity character has a
multiplicity M, corresponding to the fact that a single character corresponds to more than
one primary. Such will be the case when there is some discrete symmetry such as complex
conjugation that causes the primaries to appear in pairs or larger multiples. In this case,
the modular-invariant partition function will be:

Z(1,7) = Xo(T)xo(7) + MX1(7)x1(7) (3.7)

It is important to distinguish the degeneracy D from the multiplicity M. The former tells
us only that a particular primary is degenerate, the latter says that there are M different
primaries, each with degeneracy D, whose character is the same. In the presence of a
multiplicity, the matrix S;; will not be unitary but rather will satisfy:

10 10
ST (0 M) S = (0 M) (3.8)

If the characters xo, x1 were known, the coefficient functions ¢2, ¢4 in the differential
equation would be determined in terms of the Wronskians:

Ixo Ox1
*xo0 x|’

X0 X1
Oxo0 9x1

X0 X1
82XO 82X1

Wo = - (3.9)

)

3The a;’s emerge as the zeroes of a quadratic equation, so a choice has to be made about which root is
associated to the identity character. The preceding equations show that for unitary theories where h > 0,
the lower root should be identified with ag. We will see later that this identification needs to be re-examined
if the theory is non-unitary.



as:
Wi Wo

W ¢4 = W (3.10)

P2 =—
The differential equation is labelled by the number % of zeroes of the Wronskian W
(in the one-character case of section 2 the Wronskian was just the character x) which in
turn labels the maximum allowed poles of the modular forms ¢s, ¢4. We will examine the
solutions to this requirement below. But before we turn to that question, let us observe
some general features. Suppose we consider the subfamily of differential equations where
the poles are located only at p,i (as explained above, this is the general case for ¢ < 6
while it is a special case for £ > 6). Then, as studied in [12, 18], the differential equation
eq. (3.3) can be mapped to a hypergeometric equation and its solutions explicitly found in
terms of hypergeometric functions. [12] went further and used the Klein j-invariant itself,
known as a “hauptmodul” of SL(2,Z), as the variable for the differential equation. In
terms of this, one can actually bypass the differential equation and write the characters
as functions of j. Suppose the characters behave near the points 7 = p,i,i00 where
j— 0,7 — 1728,5 — oo as:

Xo(T) ~ 3", ~(j—1728)", 7%

3.11
Xl(T) ~ jsp7 ~ (3 - 1728)817 jial ( )

where 7,5, > 0 and € Z/3, while r;,s; > 0 and € Z/2. Then, the Riemann-Roch theorem
tells us that:
1-4
g+ o1 = T (3.12)
Equating g, a1 to —57, —57 + h respectively, where h is the chiral conformal dimension
associated to the character xi, the above relation becomes:

c 1-/
- = =_ = 1
5 +h 5 (3.13)
Defining;:
+ ! + L
Wy, =7T,+ S, — = wi =Ti+ 8 — =
P P Py i i iy (3.14)
t, =8, —Tp, t; =8, —1;
it was shown in [12] that:
! +
~ = w, + w;,
6 7 (3.15)
torti >0, tyt; ¢ 7
and the characters can be expressed in terms of j as:
N e 1728\ ™ 1728
(3.16)

. e 1728\ " 1728
x1(j) = vVmj2 h(l—j> F(a+1—%ﬁ+1—%2—’y;j>
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where: 1 1

and

m = (1728)"

sin ra sin 3 (Il —a)(1-7p) 2
(F( )) (3.18)

sinm(a — ) sinw(y — 3) 2—-Y)'(y—a)l'(y -5

In terms of the degeneracy D and multiplicity M introduced above, one sees that m = MD?.
Armed with these results, we first summarise all cases with £ < 6.

3.2 The case of £ =1,3,5

The first equation in eq. (3.15) already tells us that ¢ = 1 is not possible, given that
the r.h.s. is either 0 or else has a minimum value of % Requiring that there are two
independent solutions when expanded about the singular points p, 4, imposes t,,t; ¢ Z (if
this were not true, then we would find a logarithmic behaviour at either of the special
points). This immediately implies, using eq. (3.14), that w; € Z and ¢ € 2Z. Thus, when
£ is an odd integer, the space of solutions to the MLDE is one dimensional. This rules out
two-character CFT with odd ¢. Note that this argument doesn’t change when there are
additional zeroes elsewhere in the moduli space, the only condition being imposed is that
the critical exponents at the singular points do not differ by an integer.

3.3 The case of £ =0

The first attempt at classifying MLDE was carried out in [11] for the case of two characters
and ¢ = 0. The map to the hypergeometric equation was not used there and was in fact
proposed later, independently in [18] and [12]. From the above discussion it is clear that
for £ = 0, the forms appearing in eq. (3.3) are ¢2 = 0 and ¢4 = pEy where pu is a free
parameter. Hence the equation is:

(D2 + ,LLE4(T)>X ~0 (3.19)
We will refer to this as the MMS equation. As shown there, the parameter p in the
equation is related to the central charge as p = — 0(56;”64).

Using the map to hypergeometric equations described in subsection 3.1, we find that

the general solutions are:
— gy ([ —— - .2
XO(T) J242 1( 24’3 24’ 6 12’ ,7

1 e 1 c 1 c 7 c 1728
= ) 6 24 F — _ . .
X1(T) = Vmj 5 2y 1(6+24,2+24,6+12,j )

cl ¢ b5 ¢ 1728>
(3.20)

This can then be used to generate the g-expansion. We now summarise the results. For
generic rational values of p, the g-expansion of the solutions of eq. (3.19) has rational “de-
generacies” but the rational numbers have growing denominators as we go up in the order

4Note a change of normalisation in the definition of the parameter u relative to that in [11], namely

HUMMS = _4,ufhere .
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No. I c |h|m | D|M]| Theory
1 % % % 1 1 1 | Lee-Yang
9 % 133 2|1 A
3 = 23] 8 (3|2 Az
4 % % % 14 | 71]1 Ga.1
5 % | 4|3 28|83 Da
6 % % % 52 126 | 1 Fyq
7 2|6 |2] 78|27 2 Eg,1
8 | &= | 7T | 2113356 1 E7.
9 % % % 190 | 57 | 1 E751
10| 5 [8]§|28]—]0] B

Table 1. The MMS Series.

of expansion. Such solutions are to be eliminated. However, for some special values of p,
the expansion coefficients become integer or rational with a bounded denominator. Some
of these cases involve negative integer coefficients and were also eliminated in previous
works.” At this stage, precisely 10 solutions survive — each having the property that (pos-
sibly after choosing an overall integral normalisation) every coefficient in the g-expansion,
up to a large order, is a non-negative integer. The 10 solutions in [11] are listed in table 1.

This is admittedly an empirical method, wherein integrality is verified to a high power
of ¢ and then conjectured to hold to all orders. Its success lies in the fact that at least in the
£ = 0 case, each of the resulting characters can be given a definite physical interpretation in
the language of CFT. This interpretation then amounts to a “physics proof” of the desired
integrality to all orders. There are also other ways to prove integrality without having to
identify with a concrete CF'T, these will be discussed below.

Of these 10 pairs of characters, the most straightforward are the seven cases numbered
2-8. These are Wess-Zumino-Witten (WZW) models at level k = 1 for the corresponding
Lie algebra. It is remarkable that the MLDE approach, at these specific values of u, gives
us complete information about the characters of these models, which can be independently
obtained from the famous Kac-Weyl formula (see for example [43]). These straightforward
cases will help us highlight a few important features. In every case, the number mq,
defined in eq. (3.4), corresponds to the dimension of a simple Lie algebra. Here, xq is
the identity character. Recall that each character has its leading exponent, thus for two
character theories one has «g, 1. As mentioned earlier, the natural choice is to take aq
to be the smaller root of the equation. In these cases this choice is reaffirmed by the
consistent identification of the characters with known, unitary RCFT’s. We see that for
the non-identity character, the leading term corresponds to a positive integer degeneracy

5These are the “quasi-characters” that will play an important role later in the present work.
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D (see eq. (3.4)) which, in every case, turns out to be the dimension of the fundamental
representation of the associated Lie algebra. In the approach of [11] this fact was not
assumed, but rather it emerged upon seeking the minimum degeneracy factor that ensures
integrality of all the coefficients in the g-expansion of the non-identity character.

Notice that in some cases the multiplicity M defined in section 3.1 is different from 1.
For A and Eg we have M=2. This arises from the fact that the fundamental representation
is complex. Also for D4 we have M=3, associated to the triality between the vector, spinor
and conjugate spinor representations, which ensures that all have the same character. These
multiplicities are not required to make the g-expansion integral, so one might ask how they
were discovered in the MMS approach. In fact this was done in subsequent works, [12,
18], where the associated characters were computed exactly in terms of hypergeometric
functions. Using these, the modular transformation matrix S defined in eq. (3.5) was
computed. Four of them turned out to be unitary while the remaining three did not.
Instead they satisfied eq. (3.8) with M=2 in two of the cases, and M=3 in the final case.

Finally, the fusion rules for these theories are computed using the Verlinde formula [17]:

1

Nije =Y Siimgjmsm (3.21)
m=0 om
It is a rather miraculous feature of the Verlinde formula that the left-hand-side turns out
to be a non-negative integer in all consistent CFT’s, while the right-hand side is made from
a matrix whose entries are not even rational in general. This was verified for each of the
above seven theories in [18].

We must now consider the remaining three cases, numbers 1, 9 and 10 in the table.
Each of these teaches us a new lesson and leads to valuable insights for the general case.
Let us first address entry No.10. Notice that in the table we have chosen the multiplicity
of the non-trivial primary to be 0. What does this mean? It turns out that the WZW
model for Fg at level 1 has a single character. This is related to the fact that in FEjg, the
fundamental and adjoint representations are the same. In fact we already encountered
this theory in our discussion of one-character theories in a previous section. It is obvious
that any modular-invariant set of p characters will not only solve a differential equation
of degree p, but also differential equations of every degree p’ > p. In the latter case, we
will find p characters that transform among themselves under SL(2,7Z) as well as p’ — p
“spurious” characters. What we are seeing in entry No.10 is such a recurrence of the Eg
character, as part of a 2-character set where the second character is spurious. This means
that under modular transformations, the first character is invariant (up to a phase) on its
own and does not mix with the second.

Assembling the entries 2-8 and 10 in the table, we find the level-1 WZW models for
a series of Lie algebras Aj, As, Go, Dy, Fy, Eg, E7, Es. The MLDE approach unites them
despite their having different Kac-Moody algebras. Subsequently Deligne [44] proposed
that the corresponding Lie algebras form a series with special representation-theoretic
properties (similar observations have been made by Cvitanovié [45]).

Let us now turn to the remaining cases, entries Nos. 1 and 9 of the table. If the first
one were a CFT it would seem to contradict some familiar wisdom: all unitary theories
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with ¢ < 1 are minimal models [1], but there is no unitary minimal model with ¢ = %
So the theory, if it exists, must be non-unitary. This by itself is acceptable since we are
not seeking to classify only unitary theories. However, computation in [18] of the fusion
rules using eq. (3.21) revealed a more serious problem: some of the fusion rule coefficients

were found to be negative integers. Concretely, the modular transformation matrix for this

S=|V G v I (3.22)
\/5+2\/5 _\/5—2\/5

theory is:

Inserting this in eq. (3.21) leads to:
Nooo = Nou1 =1, Nin= -1 (3.23)

This is inconsistent as it stands, since the fusion rules of a consistent RCFT (even non-
unitary) are supposed to be non-negative integers.

The remedy, as noted in [18], is to exchange the roles of the two characters. The
exponents «; for this theory are —% and %. While solving the MLDE, it was assumed that
the former is to be identified with — g7, leading to the values in the table. Suppose however

1

that we identify the latter exponent with —g7. In this case, we find that ¢ = —%, h=—z.
These are the correct values for the famous (non-unitary) Lee-Yang minimal model! The

matrix S now has its rows and columns permuted and becomes:

oo [VEBE VS (3.24)

2 2

5+v/5 5—/5

The result is merely a change of sign of some of the entries, but it has the desired effect.
The fusion rule coefficients are now:

Nooo = No11 = Niip =1 (3.25)

We will refer to the original ordering of characters (g < 1) as the “unitary presentation”,
and the reverse ordering (a1 < ag) as the “non-unitary presentation”. Note that a given
theory will be consistent only in one of these two presentations. If it is consistent in the
unitary presentation, it still needs to be verified whether it is unitary or non-unitary (the
only thing that is assured in the unitary presentation is that the conformal dimension A
is positive, this is a necessary but not sufficient condition for the theory to be unitary).
However if a theory is consistent in the non-unitary presentation, it is necessarily non-
unitary — since in this case h is negative. (Meanwhile, somewhat confusingly, the matrix
S is unitary in both presentations.)

To summarise what we have learned about entry No. 1 of the table, this is inconsistent
in the unitary presentation but potentially consistent (the fusion rules are non-negative)
in the non-unitary presentation. Moreover in the latter presentation the corresponding
RCEF'T is known to exist and is a well-known minimal model. Note that one could consider
exchanging characters in the other cases (Nos. 2-8), then one would find a system with some
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negative fusion rules. Our consistent policy, which will continue in the following sections,
is to classify only theories with a positive central charge — these may of course be either
unitary or non-unitary. Then, only if the fusion rules turn out to be negative, we consider
the non-unitary presentation and check if the fusion rules have now become positive.

We now move on to entry No. 9 of the table. The matrix S of this theory is precisely the
same as that of entry No. 1, thus in the unitary presentation it is given by eq. (3.22) while
in the non-unitary presentation it is the one in eq. (3.24). It follows that the fusion rules
are inconsistent in the unitary presentation and consistent in the non-unitary presentation.
This tempts us to simply exchange the characters, as we did in case No. 1. Unfortunately
we encounter a new problem having to do with the degeneracy factor D. In entry No. 1, the
degeneracy of the non-identity character (in the unitary presentation) turned out to be 1.
This was fortuitous, and ensured that upon exchanging characters to go to the non-unitary
presentation the vacuum of the theory continues to be non-degenerate. Unfortunately in
entry No. 9, one finds D=57. Thus in the non-unitary presentation the identity character,
and hence the vacuum of the theory, is degenerate. For this reason, entry No.9 is incon-
sistent as a CF'T both ways: in one presentation the fusion rules are negative while in the
other, the vacuum is degenerate. Hence it was rejected in [18]. Nonetheless it is interesting
that this case appears to lie “between” the F; and Eg WZW models — but there is no
WZW model occupying such a position and even within finite-dimensional Lie algebras,
no mathematical structure of this sort was known at the time.

However the situation changed in 2004 when it was proposed [30] to augment the
Deligne series by the inclusion of a structure called E% that lies “between” FE; and Ej.
This was argued to fill a “hole” in Deligne’s classification. The numerology of E. 1 matches
beautifully with entry No. 9 in the MMS series, for example the number of states above the
identity character (in the unitary presentation) is 190, corresponding to the “dimension”
of E7%, suggesting that what was found as entry No.9 in [11] is a kind of generalised
CFT associated to E. 1. More recently it has been proposed [29] that these characters
be considered as those of an “Intermediate Vertex Operator Algebra” (IVOA) based on
E. 1 .5 An IVOA has some, but not all, of the features of a Vertex Operator Algebra (VOA)
which is the mathematically precise formulation of conformal field theory. So far it is not
understood whether IVOA can be thought of as a generalised kind of RCF'T in a physically
useful way. If so, one would still need to decide whether it should be considered in the
unitary presentation (giving up positivity of the fusion rules, but retaining a non-degenerate
vacuum) or in the non-unitary presentation (retaining positive fusion rules but allowing a
degenerate vacuum).

There is one more exotic case, not in the table, that is worth mentioning. In [11] it was
noticed that the first-level degeneracy m; of the identity character diverges at ¢ = 10. In
recent years it has been understood that such theories have logarithmic characters [46, 47],
where one of the characters (which we take to be the identity character) has a power-series
expansion of the form:

xo(@) = x5 (@) log g + X () (3.26)

5The same work also showed that entry No. 1 of table 1 can be viewed an IVOA corresponding to the

”

algebra “A 1 which is intermediate between the trivial algebra and Aj.
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In the context of the mathematical literature on MLDE this was noted in [35], building
on previous results of [32, 33]. It was shown in [35] that for such logarithmic solutions to
the £ = 0 equation, the coefficient functions have non-negative integer coefficients in their
g-expansion for the values ¢ = 10,22, 34, 46, 58, 106, 226. The authors described this kind
of system as a “non-rational Vertex Operator Algebra”.

Logarithmic characters arise whenever the conformal dimension of the primary field
becomes an integer. At ¢ = 0, it is easily seen from the Riemann-Roch equation that this
happens whenever ¢ = 2(6m+5) = 10,22, 34, - - - which includes all the cases found in [35].

A particularly simple example arises at ¢ = —2, where the two characters are:
= eean? = 2 3.27
Xo =5 -loggn™(@),  x1=n"(q) (3.27)

and it is easily verified that they are exchanged by modular transformations. Logarithmic
CF'T’s are interesting in their own right, but also because they bound certain “regions” in
parameter space where regular CFT’s are found as we will see below.

The reason we have spent considerable space discussing exotic types of characters:
non-unitary, IVOA type and logarithmic, is that they occur repeatedly in investigations
of MLDE. The first two will play a particularly important role in our discussion of quasi-
characters below.

3.4 The case of £ =2

This case was considered in [9, 12, 37, 48]. The relevant differential equation is now:

1E
<D2 + 55?11) + ME4> Y=0 (3.28)

The coeflicient % in front of the second term was determined from the indicial equation

about 7 = {00, and the parameter u is related to the central charge via u = —0(5;64). The
method of solution is as before, either via g-series or via hypergeometric functions. We
write down the solution in the latter form:

L c 2 c 7 c 1728
Xo(T) = j212F < ; )

SR T i
1 1 c 1 c 5 c.1728)

(3.29)
xi(r) = Vmjs 3R <—+ +opgt

6 24’2 24°6 ' 12’

One now proceeds by expanding this in a g-series. The resulting admissible characters are
shown in table 2.

We have not included a “Theory” column in this table, not because the information is
unavailable but because it is too long to summarise in the available space. As shown in [9]
in the context of the novel coset construction described there, the seven theories numbered
3-9 in the table correspond to very special non-diagonal invariants for certain direct-sum
Kac-Moody algebras. All of them are cosets of meromorphic theories of [10] by one of
the seven “standard” WZW models in the original MMS series, namely those appearing
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No. I c | h|m D M
1 7

1| =% |16 ][4 — | o0

2 | 201 82 181410 902 | 1
221 5

30| -2 17|32 323] 1632 | 1
7 4

4 | —L | 18| 5 |234| 2187 | 2

5 | -39 1 % 1 T 1188 | 4794 | 1

6 | —2 | 20|3|140| 5120 | 3

7 | 229 161 8106 | 15847 | 1
11 5

8 | -4 | 22|32 88 | 16038 | 2
437 7

9 | —27 123|769 | 32384 1

10 | —29L 1 18 1 9 59 | 32509 | 1

Table 2. Consistent CFT’s with ¢ = 2.

in entries 2-8 of table 1. A little inspection reveals that entries 3-9 of table 2 pair up (in
reverse order) with entries 2-8 of table 1 in such a way that

c+é=24, h+h=2 (3.30)

where (¢, h), (¢,h) are the central charge and conformal dimension in tables 1 and 2 re-
spectively. This property is a basic feature of the coset construction of [9], where it is also
shown that coset duals of theories with £ = 0 have ¢ = 2 and vice-versa. The coset property
is defined in terms of the Sugawara construction in [9] but can also be expressed through
the bilinear relation:

Xo(T)Xo(T) + x1(T)x1(7) = j(7) — 744 + N (3.31)

where A is a non-negative integer that varies from case to case.

As happened with £ = 0, again we seem to have found seven clearly consistent sets
of characters, which all correspond to RCFT’s via the coset construction of [9]. Note in
particular that the fusion rules of the cosets are identical to those of the original theories.

What about the remaining three entries of table 27 The pattern is very much the
same as in table 1. Again, we have three “outliers” which we now describe in turn. Let
us start with No.10. In the unitary presentation, this has central charge ¢ = 24 — %
and primary dimension h = %. If we compare it with entry No. 1 of table 1, we see that
c+¢=24,h+h =2. This again suggests the coset construction of [9], and indeed case
No. 10 of table 2 is the (generalised) coset dual of case No. 1 of table 1. The reason we call
this “generalised” is that these are not theories with conventional Kac-Moody algebras.
Instead, the coset relation is defined via the bilinear relation eq. (3.31), which can be
verified even in this case, between the characters of the two theories. An important point
to note here is that this coset structure holds when both theories are considered in the
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unitary presentation. However, in this presentation entry No.1 of table 1 has negative
fusion rules. Hence the same is true of the dual, entry No. 10 of 2.

If instead we switch to the non-unitary presentation on both sides, the first theory
becomes consistent, as seen above (with non-negative fusion rules) and equal to a minimal
model. However its dual No. 10 of table 2 does not. This is because, as seen from the table,
the non-identity character has a degeneracy of 32509. Thus after interchange of characters
this would be a set of characters of Intermediate Vertex Operator Algebra type. Notice
that in the non-unitary presentation the two theories would satisfy a different condition
from the standard coset condition eq. (3.30), namely ¢+ ¢ = —24,h + h = —2. For now
we are only dealing with admissible characters (non-negative integer coefficients in the g-
series), but if one steps outside this class then it is possible to find duals for non-unitary

presentations [8].

82
57
entry No.9 of table 1 in the same way as in the above cases, so it can again be considered

Next, consider entry No.2 of table 2. This entry, with ¢ = clearly pairs up with
the (generalised) coset dual of the IVOA associated to £ 1 with the coset dual relationship
being understood in the sense of eq. (3.31). Here both theories are of “IVOA type”, since
their degeneracy factors are 57 and 902 respectively.

Entry No.1 of table 2 has an identity character that is modular invariant (up to a
phase) by itself, so the second character is spurious. Indeed this is just the character of the
famous Fgx Eg and Spin(32)/Z WZW models. This is clearly the coset dual of entry No. 10
of table 1, this follows from the fact that X%s = j(7). Here both theories are completely
consistent unitary CFT’s and they exhibit a trivial version of the coset relationship.

Finally we note that logarithmic characters exist for £ = 2 as well. The Riemann-Roch
theorem tells us this happens at specific integer values of the central charge ¢ = 2(6n+1) =
2,14,26,---. These could be deserving of further study, however that will be outside the
scope of the present work.

3.5 The case of £ = 4

Here we shall complete the classification of all two character theories with | = 4 started
in [12, 37, 48]. In this case the MLDE is:

2 Fs A
D>+ >—D+puE;—384— | x=0 3.32
(0 5D+ ks 3843 )y (3.32)
Again the coefficient of the second term is determined by the indicial equation (in fact it
is always equal to %). The coefficient of the last term is determined by considering the
indicial equation around 7 = p. That leaves one free parameter, u, related to the central

charge by pu = —0(05;52).

We definitely expect to find some admissible characters, namely products of the form
XEsXi Where x; have £ = 0. These products all have £ = 4 as one can see from the formula
for the f-value of the tensor product of two theories with (p,p’) characters and f(-values
(¢, ") respectively [37]:

_ 1
(= §pp’(p - -1+ p+ 0y (3.33)
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The question is whether there are any additional admissible characters that are not of
tensor-product form.

The value [ = 4 corresponds to the Wronskian having a double zero at the orbifold
point p = e%, and no zeros elsewhere in the moduli space. The characters written as
functions of j(7) take the following form (up to normalisation):

e 1 ¢ 2 ¢ 3 ¢ 1728
Xo(T) = j2ioFy <3 ~51'3 91’3 " 19 j>
1_c 1 c 1 c 1 c 1728 (3.34)
x1(r) = j2 "2 F <—6 to5rs Tarst 12;],>

We have chosen ¢ as the free parameter above, and from the Riemann-Roch formula
we know that h = {5 — % Now, performing a g-expansion of the above characters, we can

derive the following expression

—5¢% 4+ 306¢ — 4608
— 3.35
m c—18 (3.35)

which gives:
(5¢)% + 5¢(my — 306) = 90(my — 256) (3.36)
Thus, we see that 5c¢ is an integer, such that the discriminant of the above quadratic
equation is a perfect square. This restricts ¢ to 34 values. Next we calculate m; for ¢ > 2
in terms of ¢. For ¢ = 2 we have:
_25¢* — 3105¢% + 117324¢% — 1355292¢ + 6635520
2= 2(c — 30)(c — 18)

Requiring that m; for ¢ > 2 be a non-negative integer further cuts down the list. This

(3.37)

leaves us with 15 possibilities, shown in table 3.

As indicated, entries No. 3-12 in the table are the expected tensor products. Hence we
may focus our attention on the remaining five cases. Entry No. 2 is a re-appearance of the
one-character theory for Eg1. Entry No.1 has h = 0 and is a logarithmic CFT, falling in
the series ¢ = 12m + 6 which corresponds to logarithmic characters at ¢ = 4.

This leaves, as the interesting cases, entries No. 13—15 which have been labelled “A”.
All three were missed in [12], while No. 13 and 14 (but not 15) appeared implicitly in [48],
and No. 14 and 15 (but not 13) have appeared in the mathematics literature [38]. No. 13
with ¢ = % is in the same fusion-rule category as the Lee-Yang theory and hence, in
the given unitary presentation, has negative fusion rules. Upon reversing the roles of the
characters, one finds a non-unitary theory with a 310124-fold degenerate identity character,
thus in our language it is a candidate theory of IVOA type. We claim that Nos. 13-15 form
the complete set of admissible ¢ = 4 characters that are not tensor products of other
admissible characters.

3.6 Fusion rules

As discussed above, the modular transformation matrix defined in eq. (3.5) and the fusion
rule coefficients are related by Verlinde’s formula eq. (3.21). In all the above cases, the
characters have been determined in terms of hypergeometric functions and this enables us
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No c h | m D M Remarks
1 6 0 | 246 1 logarithmic
2 8 % 248 1 0 one-character Eg 1
3 021249 1 1 Eg1®YL
4 | 9 | 5251 2 1 Eg1 ® A1
5 10| % |256| 3 2 Eg1 ® As;
6 | 2 | 2262 7 1 Es1 ® Ga
7 12| 4 |276| 8 3 Eg1 ® Dy
8 | @ | 2 300] 26 |1 Eg1® Fyy
9 | 14 | 2 |326 27 2 Es1® Fga
10 | 15 | 3 [344| 56 |1 Eg1 ® By
1| B2 ]438 | 57 |1 Eg1® Ers1
12 | 16 | 2 | 496 1 0 | one-character Eg; ® g1
13 | 182 | 2| 4 310124 | 1 A
14 | 33| 9| 3 |565760 | 1 A
15 | 34| £ | 1 | 767637 | 2 A

Table 3. Potentially consistent CFT’s with ¢ = 4.

to compute S;; explicitly, from which N;;, may be obtained. A complete classification of

possible fusion-rule classes for theories with low numbers of characters was found in [49, 50].

Here we compile the results for all known two-character theories with ¢ < 6. For the £ =0

series, some of the fusion rules were found in [17] and more complete results were presented

in [18]. Remarkably, as noted in [9] and revisited in [39], the pattern of fusion rules for
¢ = 2 theories follows that of the ¢ = 0 case. We find altogether five different cases that
apply to the theories in tables 1 and 2:

(i)

For entries No. 1,4,6,9 of table 1, entries No. 2,5,7,10 of table 2 (recall that the latter
are cosets paired with the former) and entry No. 17 of table 3, one finds that there is
one primary ¢ (other than the identity) satisfying the fusion rule:

Nooo = N11o = N1 =1 (3.38)

(we follow the convention that any coefficient that is not explicitly written vanishes).
These fusion rules are said to be of “Lee-Yang type”. They correspond to case A?)
of [49].

For entries No. 2,8 of table 1, their cosets No. 3,9 of table 2, and No. 18 of table 3, we
have one primary ¢ satisfying the rule:

Noop = N110 =1 (3.39)
These fusion rules are said to be of A; 1 type. They correspond to case .Agl) of [49].
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(iii) For entries No. 3,7 of table 1, their cosets No. 4,8 of table 2, and No. 19 of table 3, there
are two non-trivial primaries which we label 1 and 2. They are complex conjugates
of each other and have the same character. In this case, as analysed in detail in [18],
the 2 x 2 S-matrix obtained by considering the modular transformations of the two
independent characters is not unitary. Hence, to get the fusion rules, one has to
enlarge it manually to a 3 x 3 matrix, which does turn out to be unitary, and which
can be used in eq. (3.21) to extract the fusion rules. We find:

Nooo = Ni2o = Ni12 = Nog1 =1 (3.40)

These fusion rules are of Bgl) type in the notation of [49].

(iv) For entry No.5 of table 1 and its coset dual, entry No.6 of table 2, there are three
non-trivial primaries. In the ¢ = 0 case these are straightforwardly identified with
the vector, spinor and conjugate spinor representations of D4 1. However in the coset
dual £ = 2 case this identification is not so straightforward, since the theory is not
a WZW model but rather a non-diagonal invariant of either (D41)® or (A51)*. The
fusion rules are:

Nooo = N110 = Nago = N3zo = Nigg =1 (3.41)

These fusion rules are of type .Agl) in the classification of [49]. We observe that there
is no new ¢ = 4 theory with these fusion rules.

(v) For entry No. 10 of table 1, entry No. 1 of table 2 and entries No. 2,12 of table 3 there
are no non-trivial primaries. In the first case this is the Eg ;1 theory and in the second,
the Eg1 x Eg1 or Spin(32)/Z; theory. Both cases re-appear at ¢ = 4. The fusion
rules are trivially:

Nooo =1 (342)

These can be called Eg 1 type fusion rules.

In what follows, instead of the notation of [49], we will label the fusion-rule classes (i)—
(iv) above as Lee-Yang, A;, Ay and Dy respectively. Notice that we have realised all the
fusion rules in [49, 50] that can possibly correspond to two-character theories. Any pairs
of characters with ¢ > 6 that one may find, will also fall into one of these fusion classes.

3.7 Comparison to previous work

As promised in the Introduction, we would like to summarise the aspects in which this sec-
tion disagrees with stated or implied results in the literature. First, [48] claimed to classify
all two-character theories and argued that there are no irreducible admissible characters
for £ > 0. This claim is incorrect” and already disagreed with previous work [12] which,
however, only constructed admissible characters for ¢ = 2. The corresponding RCFT’s

"Nevertheless, [48] contained some interesting observations regarding the methodology of constructing
admissible characters that are similar to the present work, and in some ways anticipated our “product
construction” of subsection 5.1.
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were constructed in [9], decisively proving that two-character theories with ¢ > 0 do exist.
In the present section we have listed all two-character theories in table 2.

Continuing to ¢ = 4, [12] attempted a classification of these but found only the “re-
ducible” ones that are direct products of £ = 0 characters with the Eg character, missing
the three irreducible cases listed as entries 13-15 in our table 3. Meanwhile [37] examined
the ¢ = 4 MLDE but did not use all available inputs to fix the coefficients. Upon choosing
a parameter arbitrarily in the MLDE, no irreducible admissible characters were found —
perhaps conveying the incorrect impression that there are no new admissible characters
with ¢ = 4. Finally [38] examined the ¢ = 4 case in particular, and found entries 14 and
15, but did not mention entry 13. It may be noted that to date, all the cases 13—-15 only
remain admissible characters and there is no known construction of a corresponding RCFT
for them.

4 Quasi-characters

4.1 How characters fail

From the examples above, we see that the classification of characters via MLDE occasionally
throws up pairs of characters that are admissible in the limited sense of having non-negative
integer coeflicients, possibly after choosing a suitable overall normalisation, but still fail
one or other criterion. We have seen multiple ways in which they can fail, which we

summarise here:

o At least one of the fusion rule coefficients is negative. However, after reversing the
characters one finds a non-unitary theory that is completely consistent.

e At least one of the fusion rule coefficients is negative. After reversing the characters
one finds a non-unitary theory whose fusion rules are non-negative, but the identity
character is degenerate. We referred to such theories as being “of IVOA type”.

e One of the characters is modular invariant by itself (possibly up to a phase). This is
not a failure as such, but rather a re-discovery of a known character together with a
“spurious” character that has to be discarded.

e The conformal dimension A of the non-identity character equals an integer. This is a
logarithmic theory.

It turns out that the most interesting type of “failure” is, however, different from
any of the above. There are sets of characters that we rejected from the outset because
one or more of the coefficients in the g-series, despite being integer, is negative. While
admissible characters are finite in number for fixed ¢ (as displayed in tables 1, 2, 3), there
are non-admissible characters whose coefficients are all integers but some are negative, and
remarkably there turn out to be infinite numbers of such characters (a finite subset of
these were obtained in [48]). We will shortly find a use for them in classifying admissible
characters with £ > 6. Accordingly, we propose the following;:
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Definition: “Quasi-characters” are a set of solutions to an MLDE having all integer
(but not necessarily positive) coefficients in the g-expansion, after selecting a suitable
normalisation. Clearly quasi-characters include admissible characters as a special case.
But, in the context of second-order MLDE, they are far more numerous. For example, while
the original work [11] found that there are at most 10 admissible solutions to the ¢ = 0
equation, there are infinitely many more solutions that correspond to quasi-characters. As
we will now see, the complete set for £ = 0 can be extracted from [32, 33] and we will also
provide a different complete set for £ = 2.

Within the classification of quasi-characters, we find two distinct types. For one class,
which we denote Type I, a finite number of coefficients in the identity character are negative
after normalising the ground state to be positive. One encounters all of the negative
coeflicients below a certain level, above which all the coefficients are positive integers.
Meanwhile the other character has all positive coefficients. A different class, which we
denote Type II, has a finite number of positive coefficients in the identity character when
the ground state is again normalised to be positive. Thus, if we parametrise the identity
character as:

Xo=¢q #(ag+a1g+---ang" +--) (4.1)

with ag > 0, then for the Type I class we have that some of a1, a9, - - - a,, are < 0, while all of
the a,, > 0 for m > n. For the Type II class we find instead that some of a1,a9,---a, >0
while all of the a,, < 0 for m > n. Again, the second character is entirely non-negative.
We did not find any examples with a random or alternating collection of plus and minus
signs all the way to infinity (which would have fallen outside our classification above). We
also find that negative signs occur only in the vacuum character (the character having the
most singular behaviour), while the other character has a completely non-negative g-series.
In fact, the asymptotic positivity or negativity of the g-coefficients is determined by the
modular transformation properties of quasi-characters, more precisely by the modular S
matrix. Using the relevant results in section 4.8 and the asymptotic form of the Rademacher
series for these coefficients (as explained for example in [51]), we give a proof in appendix A
of the empirical facts stated above.®

Let us pause to note that in the context of first-order MLDE, it is easy to generate
Type I quasi-characters, for example j(q) + N where N is any negative integer < —744.
One also finds Type II quasi-characters, the simplest one being (j(q) — 1728)%, whose
expansion is:

(j(q) — 1728)2 = g2 (1 — 492 — 22590¢° — 367400¢° — 37648654
— 28951452¢° — 1824744344¢° — 990473160¢" (4.2)
— 4780921725¢% — - - -)
For second-order MLDE, objects equivalent to our quasi-characters have been discussed in

mathematical works by Kaneko and collaborators, although not precisely in these words
nor in the context to which we will be applying them. In the following subsections, we

8In a previous version of this manuscript, this result was stated as a conjecture. We thank an anonymous
referee for urging us to provide a proof, which turns out to perfectly confirm the conjecture.
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review these mathematical works, which all deal with the ¢ = 0 second-order MLDE, and
generalise them to the ¢ = 2 MLDE. In the following section we describe how to use
quasi-characters to construct admissible characters with arbitrary ¢ > 6.

4.2 Kaneko-Zagier parametrisation

£ = 0 case. In 1998, Kancko and Zagier [31] studied a variant of the MMS differential
equation in the context of supersingular elliptic curves and their invariants. Their equation
was for weight-k (rather than weight-0) modular forms, and took the form:

(% - 280 s = o (4.9

This is easily transformed to MMS form by the substitution:

fiy (1) = n(7)* x(7) (4.4)
This results in: (k4.9
(0722 ) iy =0 (45

which, as we see, is the MMS equation eq. (3.19) with

 k(k+2)
= (46)

Since we had previously noted that u = —c(g;zl), it follows that ¢ = 2k.

Kaneko and Koike [32] considered the above equation for the following sets of values:
k=3n+ %, k=2n+1,n# 2 mod 3, and k = 4n + 2. Thereafter, Kaneko [33], considered
k= %, n # 4 mod 5. These sets will turn out to be of crucial importance below.

From the Riemann-Roch relation —5 + h = %, one finds that A = %. As seen
in the previous section, £ = 0 characters lie in the range —2 < ¢ < 10 where the end-
points are logarithmic. Correspondingly we have —1 < k < 5. The rational values of
k that give admissible characters (including those of IVOA type) are known [11] to be

L11,12183 7 9 We did not include k& = 4 (¢ = 8) because that is a one-character

5y 2y 1y Fr4y 5299y 9y F -
theory. We see that these cases precisely fall into the four categories, as follows:
6 1 17 13 19
Lee-Yang : k:i, n#4modb5 — k=—, -, —, —
5 55755
1 17
Ay k::?)n—l—5 — ]4;:5’5
(4.7)

Ay k=2n+1, n#2mod3 — k=1,3
Dy: k=6n+2 — k=2

In the range —1 < k < 5 this is a complete set of k values for admissible characters in each
of the four categories. Each case labels a distinct fusion-rule class.

For values of k outside this range, the above series do not give admissible RCFT
characters, but remarkably they all turn out to provide quasi-characters. Starting from
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subsection 4.3 we will prove this, using results of [32, 33|, for the various different classes
in eq. (4.7). The results can be verified by computing explicit solutions as g-series, several
examples of which can be found in appendix B. Note that the explicit formulae for charac-
ters in eq. (3.20) continue to be valid for quasi-characters — one simply has to substitute
¢ = 2k in those formulae to get the quasi-characters at ¢ = 0 for any k.

£ = 2 case: “dual” parametrisation. While the Kaneko-Zagier equation leads, via
eq. (4.4), to £ = 0 quasi-characters, an analogous equation leading to ¢ = 2 quasi-characters
does not appear to have been studied in the literature. In fact the desired equation is:

1B k(k — 2
<D<2k) + gE*iDUc) - (144)E4(T)> fuy(T) =0 (4.8)

We will refer to this as the “dual Kaneko-Zagier equation”.
Scaling the solutions as in eq. (4.4) to obtain weight-0 (quasi-)characters, one gets the

equation:
1B k(k—2)
Dy -2p- 2"~ = 4.
< 3%, 144 )X 0 (49)
which is a special subfamily of eq. (3.28) obtained by setting pu = —%. We see again

that the associated central charge is ¢ = 2k.

This time the Riemann-Roch theorem says that h = %. From table 2, admissible
characters are bounded in a range of central charge 14 < ¢ < 26, again with logarithmic
theories at the end-points. This range corresponds to 7 < k < 13. In fact the precise values

of k that lead to RCFT are %, 179,47 10,32, 11, 2, 3 where again we have removed the

PRESEGR LI ’ 995
single-character case k = 8 (¢ = 16). These values fall into the following four series:

6n —1 41 47 53 59

Lee-Y: : = 1 - L ge 2

ee-Yang : k 5 ,m#1lmodb — k AR
1 17 23
A]_:k:?)n—§ — k:?,?

(4.10)

Ay k=2n—1,n#1mod3 — k=911

Dy: k=6n-2 — k=10

As in the £ = 0 case, the k values listed above are a complete set for the given four series
in a particular range, namely 7 < k < 13 (logarithmic end-points excluded). These are the
admissible characters. If now we allow k to take values outside this range, then we find that
the corresponding solutions to eq. (4.9) are quasi-characters in every case. Examples of
these too are listed in appendix B. And again, the explicit solutions in eq. (3.29) continue
to be valid with the substitution ¢ = 2k.

In fact we can say more: the coset pairing that was previously observed [9] between
¢ =0 and ¢ = 2 characters continues to hold for these quasi-characters. It pairs an £ =0
theory with a given value of k with an ¢ = 2 theory with the value k = 12 — k. We will
discuss this relation in a subsequent subsection. But first we will show, both for £ = 0
and £ = 2, that the quasi-characters can be expressed as polynomials in the characters
of a particular “base” theory in that class. This will in particular amount to a proof of
integrality of their coefficients.
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4.3 Lee-Yang series and its dual

Lee-Yang series. This series is defined by choosing the parameter k in eq. (4.5)

as follows:
- 6n+1

5 9

Recall that the central charge and conformal dimension associated to these characters is:

k

n €N, n#4 mod 5 (4.11)

oo — 2(6n5+ 1)7 b

_k+1_n—|—1
6 5

(4.12)

The first case is n = 0, which yields ¢ = %,h = % These are the Lee-Yang characters
in the unitary presentation. As we see from the above formulae, all the remaining cases
also have a central charge and dimension that is a multiple of % Using [49] one sees
immediately that the fusion rules associated to them must be of Lee-Yang type. This can
also be verified directly by constructing the modular transformation matrix, This explains
why we referred to this series as the “Lee-Yang class” (with £ = 0). The values n =0,1,2,3
give genuine ¢ = 0 characters that can be found in table 1. For all remaining values of n
we find quasi-characters.

As shown in [33], the solutions for this series are given recursively in terms of the

characters of the Lee-Yang theory:

o0

LY\ _ —o 1

xo* (1) =g [] (1= o)1 — gomti)
m=0
o ) (4.13)

LY u
X1 (1) = ¢

1 1 (1 — gomF2)(1 — gom+3)

The recursion relation can be written in a (moderately) simple form using a suitable power
of the quotient of the two characters, namely:

5
X1
t=|— 4.14
<X0 ) ( )
Now, for all k satisfying eq. (4.11), the solutions are given by x3¥P,(t) and x3*P,(—t~1),
where P, (t) are polynomials given as follows:

P(t) |1

Pi(t) | 1+7t

Py(t) | 1+ 39t — 26t

P3(t) | 1+ 171t + 2472 — 57¢3

Ps(t) | 1 — 465t — 10385t — 29453 — 8370t* + 682t°

Ps(t) | 1—333t—17390t% — 543903 + 26640t* — 641585 + 3774t°

Pr(t) | 1— 301t — 364212 — 310245t% + 10535¢* — 4223035 + 283843t° — 12857¢7

Pg(t) | 1—294t—101528t2 — 1798692t — 2747430t* — 387933t° — 20860285 +740544¢7 —
26999t%
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Notice that since n # 4 mod 5, Py, Py, P4+ -+ do not exist. For n > 10, P,(t) are given
recursively in terms of P,_5(t) and P,_10(t) as follows

P,(t) = (£ +1) (t* + 522t> — 10006t — 522t + 1) P,_5(2)
(6n — 29)(6n — 49)
(n—4)(n—9)

(4.15)

12 t(1—11t = 2)° Pu_10(t)

Now it is easy to prove integrality of the coefficients. Clearly the modular function ¢ has
all integer coefficients, and at each step in the recursion only a finite common denominator
occurs (which in general grows with n). This ensures that a finite normalisation will render
the character integral. As indicated in the discussion around eq. (4.1), we find that the
positivity behaviour of the g-coefficients is of two types, which were described as Type 1
and Type IL. In the present class it turns out that n € {0,1,2,3} mod 10 gives Type I
quasi-characters and n € {5,6,7,8} mod 10 gives Type II. In fact for the Type I case, the
g-coefficients of the first character (suitably normalised) are all positive integers except for
the first | {5 ] odd powers of g. For the Type II case, on the other hand, the g-coefficients are
all negative except for the first | 15| +1 even powers of g. In both cases, the second character
has all positive integer g-coefficients. In general the vacuum character has degeneracies,
requiring an overall integer normalisation to make the coefficients of the g-series integral.

To derive this result, [33] recasts the original differential equation eq. (4.5) as a differ-
ential equation in ¢, which (in monic form) has rational coefficients. Writing

X(@) = F(t) (x5 (@)™ (4.16)

where x§Y was defined in eq. (4.13), and using eq. (4.14), the following equation is found:

(n(11¢% + 66t — 1) — 4(t* + 11t — 1))
5t(t2 + 11t — 1)

n(6n +1)(t +3)

F(t
)+ 52 + 111 — 1)

F'(t) +

F=0 (4.17)

It is then verified that the polynomials Py --- Pg satisfy this equation (start by choosing
arbitrary coefficients in each polynomial, and determine them from the equation). Finally,
the recursion relation is verified using eq. (4.17).

Dual Lee-Yang series. In this case we saw that the parametrisation appropriate for

the Lee-Yang class is:
6n —1

5

With this parametrisation we have:

k=

, neN, n#1mod5 (4.18)

2 -1 -1 -1
C:2]{f:(6/n5)7 h:L:n

(4.19)

To find the solutions of the dual Kaneko series, we consider the same variable ¢ defined
in eq. (4.14). Then we define:

xa) = FO (B @) (120)
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Next we find that equating F' to any of the following polynomials Pn(t), for the values of
n in eq. (4.18), gives rise via eq. (4.20) to the corresponding quasi-character for that value

of n.
Py(t) | 1—66t—11¢
Py(t) | 1—119t+ 187> — 1743
Py(t) | 1—207t — 391¢% — 1173t> + 464
Ps(t) | 1— 435t — 6670t> — 3335t* + 8715
Py(t) | 14369t + 5059412 + 261580t3 + 136735t* — 151003t° + 54858t% — 9027
Ps(t) | 1+ 141t + 550372 + 74067313 4 667870t* + 932292t5 — 1640958t +34037417 —

47948

Py(t) | 145348045412 +2277092t% 46441196t +4589482t° — 668690410 +9218078t7 —
1278731t8 + 15847¢°

Pio(t) | 14+162545t2 487774303 +57609370t* +48470919¢° 4-29482300t° —34622085t" +
28804685t% — 2925810t° + 32509¢10

For n > 12, P,(t) are given recursively in terms of P,_5(t) and P,_10(t) as follows:

Py(t) = (£ +1) (t* + 5226 — 10006t — 522t + 1) Py_5(t)
(6n — 31)(6n — 71)
(n—6)(n—11)

4.21
+12 ( )

t(1—11t = 12)° Py_10(t)

We find that these polynomials give rise to an infinite series of quasi-characters, all sat-
isfying the dual MMS (¢ = 2) equation. We have verified that these are of Type I for
n = 7,8,9,10 mod 10 and Type II for n = 2,3,4,5 mod 10. Only for the values of
n =17,8,9,10 are these valid characters, having all positive integer g-coefficients. For all

other values of n, there are coefficients of the opposite sign, hence we have quasi-characters.

4.4 A, series and its dual

A; series. This series is defined by choosing k in the eq. (4.5) as follows [32]:
1
k:3n+§, necN (4.22)

With this parametrisation, we have

E+1 2041

c 6n + 1, G 1

(4.23)

The values n = 0,1 give genuine ¢ = 0 theories, which can be found in table 1. For all the
other values of n, the solutions of the MLDE are quasi-characters and are given recursively
in terms of the characters of the Ay ; theory:

Xo(T) = 93((2?

T (4.24)
xi(7) = bal2r)

n(r)
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The quasi-characters are polynomials of the above two characters. Consider the ratio

4
X1
t=|— 4.25
(2) (4.25)
This is related to the modular lambda function as ¢(7) = A\(27). Then the quasi-characters
6n+1 6n+1

for all n are given as x" "' P, (¢) and x{" "' P,,(t71), where the polynomials P,(t) are given
as follows (this can be derived from Theorem 1(iv) of [32]):

Py(t) |1

Pi(t) | 1+7t

Py(t) | 1-—26t—39¢2

P3(t) | 1—19¢t — 2852 — 209¢3

For n > 4,

3(6n — 19)(6n — 11)

Pn(t) = (t -+ 1) (t2 — 34t + 1) Pn—?(t) + (2n — 7)(2’0 _ 3)

tt — 1) P, _4(t)  (4.26)

We find that this series of quasi-characters is of type I for n = 0,1 mod 4 and of type 11
for n = 2,3 mod 4.

Dual A, series. Here we propose a dual A; series of quasi-characters which satisfy the
[ = 2 differential equation. This is defined by choosing & in eq. (4.9) as

1
szn—§,n€N (4.27)

This corresponds to the following values of central charges and conformal dimensions

k—1 2n-1

=2k=6n-1, h=
& n—1, 5 1

(4.28)

These quasi-characters are also expressed as polynomials of the A; ; theory, and for n > 1
are given by xo" 1P, (t) and X" 1P, (t71).

Pi(t) | 1-5t

Py(t) | 1—22t—11¢2

Py(t) | 1417t + 18712 + 51¢°
Py(t) | 1+ 506t + 128813 + 253t*

and for n > 5,

Pa(t) = (¢41) (* = 346 1) Poa(t) + 3((627;__29%)((26: - 51)3)

tit —1)2P,_4(t)  (4.29)

We find that this series of quasi-characters is of Type I for n = 0,3 mod 4 and of Type
II for n = 1,2 mod 4.
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4.5 A, series and its dual

Ao series. The As series occurs at central charges ¢ = 2k = 4n + 2,n # 2 mod 3. For
n = 0, we have the Ay theory with characters

_ B ()
XO(T) - 77(7_)2
37)3

) =39

where E{B) is the weight 1 Eisenstein series at level 3. The quasi-characters are given as
polynomials in the above characters. However, in the As and Dy classes as well as their
duals, the pattern is different from the previous cases in that the second character is not
obtained from the first by a simple substitution. Hence we only quote the identity character

3
here. Using t = (ﬁ> , we have X%"“Pn(t) for the identity character, where:

X0
Pyt) |1
P(t) | 1+2t
Py(t) | 1—14—14¢2
Py(t) | 1—12t—60t% — 103

and for n > 6, we have

4(2n —9)(2n — 5)
(n—5)(n—2)

These are of Type I for n = 0,1 mod 6 and of Type II for n = 3,4 mod 6.

P (t) = (1 — 20t — 8t*) P, _o(t) + t(1 — 3t — 3t — t3)P,_4(t)  (4.30)

Dual Aj series. The [ = 2 series of Ay quasi-characters occur at ¢ =2k =4n —2,n # 1
mod 3. The identity character is given as Xgnflif’n(t) where:

Py(t) | 1—10t

Ps(t) | 14 6t+ 66>+ 8t3

Ps(t) | 1413262 4 11083

Pe(t) | 1—5t— 1252 — 1225¢3 — 805t — 28t°

and for n > 7,

108(2n — 15)(2n — 7)
(n=T)(n—4)

These are of Type I for n = 0,5 mod 6 and of Type II for n = 2,3 mod 6.

Po(t) = (1 — 20t — 8t3)P,_5(t) + t(1 — 3t — 3t2 — t3)Po_4(t) (4.31)

4.6 D, series and its dual

D, series. The D, series of quasi-characters occur at central charges ¢ = 2k = 12n + 4.

For n =0, we get the D, affine theory whose characters are

_EP(r)
xo(r) = n(r)*
27)8

() =s9

— 30 —



where EéQ) is the weight 2 Eisenstein series at level 2. Again, the quasi-characters are

polynomials in the above characters. Consider the ratio ¢t = (%)2, then the identity
quasi-character for any n is given as Xg"'HPn (t) with:
Py(t) |1
Pi(t) | 1—6t—3¢t2
and for n > 2,
3B3n—-7)(3n -5
Palt) = (1 98P,y (1) + 2SN =B 0 yop ) (432)

(2n — 5)(2n — 3)

We find that this series of quasi-characters is of Type I for n = 0 mod 2 and of Type II for
n =1 mod 2.

Dual Dy series. Finally, the | = 2 series of D4 quasi-characters occur at central charges
¢ = 2k = 12n — 4. The identity character is given as xg" ' Py (t), with:

Pi(t 1+ 15¢2
Py(t) | 1—4t—10t2—100t3 —15¢*

~—

and for n > 3,

. 192(3n — 8)(3n — 4)

Bo(t) = (1= 98) By () + 2n —3)(2n ) t(t —1)*Pyo(t) (4.33)

We again find that this series of quasi-characters is of Type I for n = 0 mod 2 and of Type
II for n = 1 mod 2.

4.7 General approach to recursion relations

Here we briefly describe a more general approach to recursion relations that applies for
any k. Consider the solutions of the original Kaneko-Zagier equation eq. (4.3). Recall
that these have modular weight k and are denoted f(;). These solutions have the following
important recursive property [32]: given a solution f(x) of the equation with parameter k,
the function f(;,_g) (for k # 0,4,5) defined as:

JE
J—6) = W (4.34)

is a solution of the same equation with parameter k — 6. Here,

[f,9] = kf(Dgyg) — (D) fg (4.35)

is the Rankin-Cohen bracket of two modular forms of weights k and [. Also, given two
solutions f(x) and fx_¢) of the equations with parameters k and k — 6 respectively, the
solution of the equation with parameter k + 6¢ 4+ 6 for all ¢ > 0 is given by

(k + 6i)(k + 6i — 4)
k+6i+ 1)(k+ 6i — 5)

Jt6i+6) = Eo frvei) + 432( Afri6i-6) (4.36)
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Thus, for each solution f;) of the original equation, the solutions of differential equa-
tions with parameters k — 6 and k + 6 exist and are given in terms of f() by the simple
recursive formulae eqgs. (4.34), (4.36). Now from [11] we know the set of all solutions with
integer coefficients for k lying in the interval [—1,5] (to get the weight-k solution one has to
multiply the solutions of [11] by 7?¥). Then we can use eq. (4.34) to calculate the solutions
corresponding to the interval [—7, —1]. Finally we can use this set in eq. (4.36) to find all
the solutions for arbitrary values of k. This enables us to list all the quasi-characters for
the [ = 0 case, starting from the characters. One can think of the range ¢ € [—2,10] (equiv-
alently k € [—1,5]) as a “fundamental domain” for ¢ = 0 quasi-characters. We have noted
previously that the end-points of this fundamental domain are logarithmic CFT’s. The
approach of this subsection will reproduce precisely the quasi-characters of the previous
sections, though not directly in polynomial form.

We can carry out the same procedure for the dual equation in eq. (4.8). Although it
is quite different from the Kaneko-Zagier equation, we have found that its solutions have
a similar recursive property. Given a solution fy,) of eq. (4.9), the function f(;_¢ (for
k #0,1,4) defined as:

ooy = 02T (4.37)
is a solution of the same equation with parameter k£ — 6. Given the solutions f(4), f(x—6)
we can find the solution f(;16i16) recursively, as follows:

(k+60)(k+6i=8) .
k+6i—1)(k+6i—7) " kF6=6)

feveire) = E6fkr6i) + 432( (4.38)

The proof of the above recursion relations closely follows that of the [ = 0 case in [32] with
slight modifications. From the definition of the Rankin-Cohen bracket, we know that:

k
D v6)[f (k) 1] = D i1 <_3f(k)E6 - 4D(k)f(k)E4>

k

k 4
= —3Dw (fo) Bo + 5 fay B — 4EaD}y (fy) + 5 Bofiwy

k k
=—3Dw) (fi)) Es + gf(k)Ef (4.39)
1 Eg k(k—2)\ 4
—4E, <_3E4D(k)f(k:) + M4) + §E6f(k)
(k—8)

ST [f(k)» Eé]

Here, we have used the Ramanujan identities D 4)Ey = —%EG and D) Eg = —%EZ. Taking
another derivative of the bracket, we can show that

1 Es

(k — 6)(k — 8)
3E, IRT"

D(448) D (kt6) [ f k), Ea] + Taa

Dyr6)[f k), B4l = Ey[f(r), £4] (4.40)

Dividing the above equation by A, and using D(19)A = 0 gives us the dual KZ equation

with the free parameter k replaced by k — 6, and shows that M is its solution. The
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other recursion relation, is also proved in a similar manner. Note that the coefficient in
front of fi 6i—¢) in eq. (4.38) differs from the [ = 0 case. The fundamental domain for k
in this case will be chosen as [7, 13] because this gives the admissible characters. Here too,
logarithmic characters lie at the boundaries of this domain.

4.8 Modular transformations for quasi-characters

An important operation that we will consider in the following section is the addition of
quasi-characters. When suitably done, this can remove minus signs and convert quasi-
characters into admissible characters. However, the process of addition must commute
with modular transformations. For this to be true, the different quasi-characters being
added must all have the same modular S and T matrices. These have been computed
for admissible characters in [12] in terms of trigonometric functions, and in [18] in terms
of I-functions. Because the solutions of the ¢ = 0 differential equation have universal
expressions in terms of hypergeometric functions that depend only on k, the modular
transformation matrices likewise can be expressed for all cases as a function of k£ by simply

extending these formulae to all k. The result can be written:

1
1 1-4sin? Z0ED 1\ 2
sin T M 4sin? TEED
S = 1 (4.41)
1 1—4sin2 777(16;1) 2 . 1
M 4gin2 Lkgl) sin Lkgl)

Here M is the multiplicity of the non-trivial primary. We see that the result is periodic
under the shift £ — k + 12, but not any smaller shift. This formula has a nice property
under the inversion k — —2 — k. This shift preserves the Kaneko-Zagier parametrisation
and is known to interchange the characters. One can show that under this shift, the above
formula transforms by an exchange of the two rows and the two columns.

As an explicit example, for the Lee-Yang class of quasi-characters one finds:

2 2
n=1,2mod 10 : §= Ve Vaove
\/57\/5 7\/5+\/5

2 2
n=0,3 mod 10 : S = 5‘2\/5 5+f
Ve

2 2
n=6,7 mod 10 : S = 5;”/5 52‘/5
5—v5 5+V5

2 2

n=>5,8 mod 10 : S = 55V 54v5 (4.42)

p=

j

The shift £ — —k — 2 discussed above acts on the label n of this case asn — -2 —n
and we can see that the expected pattern holds. For example if we consider n = —10, this
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will have an S given by the second line in the above equation. Under inversion it becomes
n = 8 which corresponds to the fourth line. Now if we take the matrix in the fourth line
and exchange the role of identity and non-identity character (which is done by exchanging
the rows and then exchanging the columns) then we get back the same matrix as in the
second row.

An important application of the above modular S matrix is to determine the asymptotic
behaviour of the g-coefficients in quasi-characters. As shown in appendix A, this behaviour
is given by eq. (A.4) which we reproduce here:

a;(n) ~ S35 ag(0) e*"Vza () (4.43)

Thus the asymptotic sign of the coefficients is determined by the sign of SjBI ap(0). From
this, we can immediately read off several facts about quasi-characters. Since ag(0) is always
normalised to be positive, we only need to check the sign of Sj_ol, i.e, the entries of the first
column in modular S matrix. The Type I or Type II behaviours, in which the coefficients
have asymptotically positive or negative signs respectively is determined by the sign of
Spo'. From eq. (4.41) we find:

k+1
0<%<1 mod 2: Typel

k+1
1<%<2 mod 2: Typell

(4.44)

For example, in the Lee-Yang class, type I would occur for n = 0,1,2,3 and type II for
n =15,6,7,8. Also, since Sl_ol is always positive, the non-vacuum character will always be
asymptotically positive.

We would also like to have an analogous result for the ¢ = 2 quasi-characters. In
principle this can be deduced by the same methods as above. However there is a simpler
route. In the following subsection we will demonstrate a coset relation between quasi-
characters with £ = 0 and those with ¢ = 2. Since the coset pairing leads to a bilinear
relation that is modular invariant, it follows that the modular transformation matrix for
any ¢ = 2 quasi-character is the inverse of that for its ¢ = 0 coset dual. This ensures in
particular the same periodicity property as above when k — k 4 12.

4.9 Coset relations among quasi-characters

If we compare the quasi-characters for £ = 0 and ¢ = 2, we find that they are related
as follows. Consider the former at some value of k and the latter at a value of k such
that k + k = 12. From Riemann-Roch it also follows that the conformal dimensions h, h
associated to the two sets satisfy h+h=2. Using ¢ = 2k, these are the same coset relations
obeyed by the admissible characters at ¢ = 0 and ¢ = 2, as shown in [9]. Following the
previous discussion, it should not be surprising that this coset (or more properly, bilinear)
relation continues to hold for quasi-characters. Combining egs. (3.20), (3.29) it can be
shown that:

=)+ f (4.45)



Class c h n values Class c h n values
LY |[2(6n+1)| 2 | n#4mod5 LY 2(6n—1) | 2 | n#1mod5
Ay | 6n+1 | ZH neN A | 6n—-1 | 2271 neN
Ay | 4dn+2 | % | n#2mod3 Ay | 4n-2 | 2t | n#1mod 3
Dy | 12n+4 | 22t neN Dy | 12n—4 | 2L n €N
Table 4. Quasi-characters with £ =0, £ = 2.
where we have denoted the ¢ = 2 quasi-characters as Y;, and f; = —%. The above

equation is basically the same as eq. (4.10) of [9].

It is pleasing to see that this relation, once thought to hold only for a finite set of admis-
sible characters, holds for an infinite set of quasi-characters. One should not be surprised
to see that the additive constant is, in general, a fraction. The reason is that the characters
listed in egs. (3.20), (3.29) are normalised so that their g-series starts with 1. However,
with this normalisation, quasi-characters are not always integral, but have bounded de-
nominators. Thus upon multiplication with a suitable integer they become integral, but
now must be thought of as being in the IVOA category. It is clear that the same normali-
sation that makes each quasi-character integral will also make the constant on the r.h.s. of
eq. (4.45) integral.

4.10 Summary of the properties of quasi-characters

It is useful to summarise the basic properties of quasi-characters that we have discussed
above. This is done in table 4.

An important consequence of our discussion is that the sets of quasi-characters listed
in the table, both for £ = 0 and ¢ = 2, are complete. This can be argued as follows.
The periodicity discussed above is general for any value of k. Thus if the list of quasi-
characters were not complete, there would be additional candidate quasi-characters in the
“fundamental domain” k € [—1,5] for £ = 0 or k € [7,13] for £ = 2. But this cannot be
the case, since we have a complete classification in this region. Another way to argue this

is that the fusion-rule classification [49, 50] for two-character theories admits conformal
1111
2°3°4°5"
various series above exhausts all possible such values.

Notice that for £ = 0 the excluded values ¢ = %(Gn +1),n = 4 mod 5 as well as

¢ =4n+2,n = 2 mod 3 are both coincident with the series of values ¢ = 2(6m + 5) for

dimensions which can only be multiples of Now the range of k considered in the

some integer m, which we have argued describe logarithmic theories. Likewise for £ = 2
the excluded values ¢ = %(Gn —1),n =1 mod 5 as well as ¢ = 4n — 2,n = 1 mod 3 are
both coincident with the series ¢ = 2(6m + 1) for some integer m, which describes the
logarithmic theories in this case.

Finally we note that an infinite set of ¢ = 4 quasi-characters can be obtained by
simply multiplying those for ¢ = 0 by j%. The argument above can be extended to show
that these are similarly complete. Note that multiplying £ = 2 quasi-characters by the same
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function cannot lead to a complete set for £ = 6 because from this case onwards, addition
of quasi-characters consistent with modular invariance becomes possible and gives more
general solutions.

5 Generating characters for £ > 6

The main result of this section (and of the paper) is that despite being inadmissible as
RCFT characters, the quasi-characters provide useful building blocks to construct admis-
sible characters with higher values of ¢. This is done by removing the negativity in the
g-coefficients, which can be done using two different methods as we now describe.

5.1 Multiplicative method

The first observation is that products of quasi characters of Type I with a sufficiently high
degree polynomial in xpg, , = j% can eliminate all of the negative signs in the former (this
was correctly anticipated in [48]). In this process, the vector-valued modular transforma-
tions of the quasi-characters are preserved up to a phase, since j 3 is modular invariant
up to a phase all by itself. It is quite evident that the minimum power of j 5 that leads
to an admissible character in this way will, by definition, give a novel theory that is not
the tensor product of others. (Recall also that the only way for a two-character theory to
be the tensor product of other CFT’s is that it is the product of a one-character and a
two-character theory.)
It is easy to verify that if we tensor j 3 with a pair of quasi-characters having a particular
value of ¢, the result has:
U'=10+4r (5.1)

In many cases the vacuum of the quasi character is degenerate, hence the resulting set of
new characters will be of “IVOA type”.

The first non-trival example of this kind is provided by the three admissible characters
that we found with ¢ = 4 in subsection 3.5. These correspond to the following values of c, h:

(c,h) = <1§2151> <33, Z) (34, ;) (5.2)

It is easy to verify that each of these character pairs corresponds to the product of x gy, =

j% with the £ = 0 quasi-characters having:

61 25

k= 3,5,13 (5.3)
in eq. (4.5). Notice that the h-values are preserved in the process: the above quasi-
characters and the final admissible characters both have h = %1, %, % Also note that
the k-values in eq. (5.3) belong to the series of quasi-characters k = 6”5—+1,n = 10;k =
3n + %,n = 4;k = 2n + 1,n = 6 respectively, which fall in the Lee-Yang, A; and A,
classes respectively. From eqgs. (B.1), (B.17) and (B.33) we see that each of these has a
single negative coefficient m; at first level above the vacuum state in the identity character.

Multiplication by j% ~ q*% (1+248q+---) will add 248 to this coefficient, so if m; > —248
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then the final character after multiplication will have all positive integral coefficients and
thereby become admissible. Inspection of the three examples reveals that their values of
my are —244, —245 and —247 respectively, satisfying the requirement. Within the space of
¢ = 0 quasi-characters, it is easy to verify that these are the only ones satisfying m; > —248
(we do not count the admissible characters with £ = 0 since those give rise to tensor-product
theories at £ = 4), which explains why there are precisely three new admissible characters
with ¢ = 4.

Let us generate a few more examples involving type I quasi-characters. In the Lee-
Yang class we may consider n = 20, 30, 40 for which the g-expansions are given in eq. (B.4).
We have verified that the following are the “minimal” admissible characters that can be
made from these by multiplication by powers of j 3

FNTE, GETI, GE T, g (5.4)
From eq. (5.1), these characters have ¢ = 16, 28,40 and 56 respectively. In this series we
see a clear pattern: quasi-characters of Lee-Yang class with n = 10m become admissible
on multiplication by the character of Eg; raised to the power 3m — 2.

In general, whenever we start with quasi-characters at £ = 0 we find that the products
made by tensoring with j3 have ¢ = 4r. If we start with dual quasi-characters at ¢ = 2,
we will find theories with £ = 4 + 2. This exhausts all even values of /.

5.2 Additive method

In this section we discuss how linear combinations of Type I quasi-characters can be used
to create admissible characters with higher values of £. In this approach, we add differ-
ent g-series, each corresponding to a quasi-character, such that the sum is an admissible
character with only non-negative g-coefficients. Of course, arbitrary sums of characters
destroy modular invariance so these sums need to be taken carefully. To preserve modular
invariance we can only add two characters which transform in the same way under modular
transformations. Moreover we should use rational coefficients when adding them, and if
necessary normalise the result to integers. As we now show, the resulting theory will have
the f-value increased in multiples of 6. Moreover we will show in the following subsection
that this process leads to the complete set of admissible characters for all £.

Let us start with some illuminating examples. Take the £ = 0 quasi-characters in
the Lee-Yang family corresponding to n = 0 and 10. From eq. (4.42) these have the same
modular transformations and so the result will also transform in the same way. Introducing
an integer Ny, we consider the family of characters:

Xp=10 4+ Nix=° (5.5)
For the identity character i = 0, the g-expansion of this sum is:

g8 (1 — 244 + 169641¢% + 19869896¢° + - ) + Nig 0 (1 + g+ >+ - )
= q 60 (14 (Ny — 244)q + (N1 + 169641)¢2 + (N1 + 19869896)¢> + - - - )
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while for ¢ = 1 (the non-identity character) the g-expansion is:

o (310124 + 27523505¢ + 1012864984¢% + -+ ) + Nigoo (1 + ¢ + ¢ + -+

(5.7)
= o0 (N} + 310124q + (N7 + 27523505)¢% + (N7 + 1012864984)¢% + - - )

Now if we choose N7 > 244, we have eliminated all negative signs and the resulting char-
acters are admissible. To find out more about the potential CFT that they could describe,
notice that for the identity character, the leading exponent is that of the quasi-character
of higher central charge (n = 10 in this example) while for the non-identity character the
situation is reversed: the exponent is that of the quasi-character of lower central charge
(n = 0 in this example). It follows that the CFT would have ¢ = % and h = %, from which
we find that £ = 6. Thus by simply adding two quasi-characters with £ = 0, we have found
an infinite set of admissible characters with £ = 6, one for each integer Ni > 244. While
we do not necessarily expect there to be an RCFT for each of these cases, this achieves the
goal of generating large classes of admissible characters.

The next example is striking because, for some choices, it allows us to convert a quasi-
character with a degenerate identity field (what we called IVOA type) to an admissible
character with a non-degenerate identity. We add quasi-characters, again for the Lee-Yang
series, but for the values n = 11 and n = 1. The result, for the identity character, is:

Xo = ¢ 0 (7+ (—1742 + Ny )q + (722729 + 14N, )¢? + (133716590 + 42N} )¢
+ (7374239425 4 140N7 )¢* + (220691372762 + 350N )¢° (5.8)
+ (4460548657432 + 840N7)q® + (68133599246580 + 1827Ny)q" + -+ )

Like the previous case, this one again has £ = 6. In this case the original identity character
for n = 11 was of IVOA type, and in fact 7-fold degenerate as we see from the 7 multiplying
the leading term. This means the higher degeneracies were not divisible by 7, if they had
been so then we could have normalised the character to have a non-degenerate vacuum
state. However after adding characters as above, a miracle takes place when N; = 1742,
its lowest allowed value. In this case the first level degeneracy above the identity vanishes,
but all the higher degeneracies become multiples of 7. Thus we find:

Xo = 7q~ 60 (1 + 106731¢% + 19112822¢° + 1053497615¢*

(5.9)
+ 31527426066¢° + 637221445816¢° 4+ 9733371775602¢" + - - - )

We are now in a position to drop the leading 7 and find an admissible character with
a non-degenerate vacuum. We see the encouraging fact that quasi-characters of IVOA
type (which are the generic type) can lead to regular non-degenerate admissible characters
upon being added to each other. By examining numerous examples we have found that this
generically seems to happen at least for the minimal allowed value of the integer constant.

The above example shows that one should in general consider rational, rather than
integer, linear combinations of quasi-characters. For example to achieve the correctly
normalised admissible character in the above equation (after the overall 7 has been dropped)
one would need to add % of one quasi-character to % times the other one.
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In general one can take sums (with rational coefficients) of any number of quasi-
characters that all have the same modular transformations and, for suitable choices of the
coefficients, generate large sets of admissible characters. The question is then, what is the
f-value of the result. We can provide a general formula for this. Consider a set of £ = 0
quasi-characters all lying in the same class (but not necessarily the Lee-Yang class). Label
them by the parameter k. As we have seen, the shift k — k + 12 leaves the modular
transformations invariant. Thus, we may consider sums of the form:

pmax
D Npxi T, No=1 (5.10)
Assuming N, .. # 0, the critical exponents of the resulting characters are:
k ko1
- = — 4 = — Diax A1
aQ o “ 12+6 Pma (5.11)

from which it follows that £ = 6pmax. This agrees with our previous examples where
Pmax Was 1 and we found £ = 6. Thus we see that it is no problem to generate infinite
sets of admissible characters with arbitrarily large values of ¢ just by adding a number of
quasi-characters, and choosing the integers NV, to ensure that all minus signs are removed.

The above was for £ = 0 quasi-characters. Had we instead started with ¢ = 2 quasi-
characters, we would end up with ¢ = 6ppnax + 2. Finally, we have seen that all £ = 4
quasi-characters are products of j% with £ = 0 quasi-characters. By adding these to each
other as above, we can generate admissible characters with £ = 6pmax + 4. Thus we have
shown how to generate infinitely many admissible characters for all even values of /.

The specific examples considered so far involved only Type I quasi-characters with a
single negative coefficient. However the procedure works equally well with more negative
coeflicients. For example one can consider the quasi-character in the A; case at £ = 0
and n = 12, see eq. (B.19). This has negative coefficients in front of ¢,¢*> and ¢°. On
taking an arbitrary linear combination of this with the n = 8 and n = 4 quasi-characters
in egs. (B.18) and (B.17) respectively, as well as the well-known n = 0 characters (which
correspond to the SU; 1 WZW theory), we find that the identity character goes as:

g 5 (119 + (—53363 + 13Ny)q + (14459256 — 4361 N7 + N3)q?

+ (—3364790387 4 1024492N; — 245N, + N3)¢?

+ (842188593869 — 284433485N; + 142640N5 + 3N3)q*

+ (—303881533638137 + 296843797565N; + 18615395N, + 4N3)q°

+ (461207383305660887 + 84306237909803 N + 837384535N5 + 7N3)qb + - - )
(5.12)

Notice that, because of the addition process, there are now minus signs at all orders from

q to ¢°. However for suitable choices of the integers Ni, No, N3 one can easily ensure

that all these terms become non-negative. The subsequent terms in the above character
from O(¢%) onwards are all positive linear combinations of the N;, so they will remain
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positive if we choose all N; non-negative, and it is clear that this allows for infinitely many
choices. It may further be possible to choose the N; to be rational and even negative, yet
obtaining admissible characters after taking the sum. But our aim here is only to show
that there are infinitely many solutions to the requirement of admissibility, and that they
are easily constructed.

In the previous subsection we saw how to get admissible characters by multiplying
quasi-characters by j3. One may wonder whether this approach is exhaustive, generating
all admissible characters with £ > 4. In such a situation, potentially that method would
yield identical results to the one explained in this subsection. However it is easy to see
that this is not the case. For example, starting from a given quasi-character with ¢ = 2,
we can get a single (potentially admissible) character at ¢ = 6 upon multiplying by j 5,
However the methods of the present section allow for infinitely many characters, all with
the same central charge and conformal dimension, at £ = 6. Thus the method of adding
quasi-characters is more powerful.

Nonetheless the method of the previous subsection is essential. If we are interested in
admissible characters with ¢ = 4 mod 6 (for example ¢ = 10) we can only get them by
the addition method if we start with ¢ = 4 quasi-characters. But these, in turn, can be
generated by multiplying ¢ = 0 quasi-characters by j 5. Thus it appears that the “seed”
quasi-characters that could potentially generate all admissible characters, are those which
we have described based on the Kaneko-Zagier parametrisation and its dual (¢ = 0 and
¢ = 2 respectively) as well as j% times the ¢ = 0 quasi-characters. Just using these three
sets, one can generate infinitely many admissible characters for all even ¢ > 6 by adding
quasi-characters. The remarkable thing is that this process generates the complete set of
admissible characters for all allowed (i.e. even) £. We will prove this below.

5.3 Completeness of the additive method

In this subsection we show that by adding suitable ¢ = 0 Type I quasi-characters to each
other with chosen rational coefficients, one can generate every admissible character with
¢ = 6m for all positive integers m. Our strategy will be to work the other way: if we
are given a pair of admissible characters with £ = 6m, we will show that one can add
quasi-characters with suitably chosen rational coefficients in such a way as to reduce the
(-value to 6m — 1.9 Repeating sequentially, one is able to reduce the given pair to a linear
combination of £ = 0 quasi-characters.

Thus let us start by considering a pair of admissible characters, assumed to be given,

having £ = 6m and exponents ag = —57, a1 = —57 + h:
1-¢ 1
a0+a1:T:6_m (5.13)

Hence they have expansions of the form:

Xo = q*(ag +alqg + alq® + - -)

(5.14)
x1= ¢ (af +alq+ayg® +--)

9We are grateful to Ashoke Sen for suggesting this strategy.
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Let us now find an £ = 0 pair of quasi-characters y in the same fusion class which, when
added to the above, gives a quasi-character with the value of ¢ reduced by 6. From the
Riemann-Roch theorem, this will happen if g+ o1 increases by one unit. This in turn can
be done by increasing only g or only a; by a single unit, or varying both such that the
sum increases by one unit. Let us try to keep ag fixed and increase ;.

For this, we start with a pair of £ = 0 quasi-characters with exponents &g, &1 and

choose &1 = aq. It follows that dg = L _ o= ag + m. Thus the quasi-characters are:

6

Xo =™ (ag + ajq + asq” + )

. . . . (5.15)
X1 = q" (ag + aiq + azq’ +---)
Now consider the new quasi-characters defined by:
~ A1 1 ~
Xi = Qg Xi — Gy Xi (5.16)
These have the following g-expansions:
X0 = Gy X0 — ag Xo
= ¢ agag +afq +a3q® + ) — ™ ag(ag + afq +azg* + )
= g™ (bg + 0Yq + 3> +---) (5.17)

X1 = q¢* dé(aé+a%q+a%q2+~‘)—aé(dé—k&%q—i—&%qQ—i—-")

=™ by + brg + bg” + )
Thus the new quasi-characters Xg, Y1 have exponents ag, a1 + 1 as desired. It follows that
their ¢-value relative to the original characters is £ = ¢ — 6.
We can invert the relation to write the original characters as:

L .
Xi = o1 (Xi + a(l)Xi) (5.18)

g
Both objects on the r.h.s. are quasi-characters, the first has the ¢-value £ — 6 while the
second has £ = 0. If / = 6 we are done, otherwise we can repeat the procedure to express
the first term as a sum of terms with /-value £ — 12 and ¢ = 0. Continuing in this way we
will find that our original characters are written:

Smax s 1 Smax s
Yi = Z rsxg ) = 1 Z N Xz( ) (5.19)
s=0 s=0

where r¢ are rational numbers, which we have also expressed in terms of integers A, n.
The characters on the r.h.s. all have £ = 0.

This proves that rational linear combinations of quasi-characters generate all admissible
characters. Alternatively one can take integer linear combinations up to a single overall
normalisation. The same method can be easily applied to extend the theorem to admissible
characters with ¢ = 6m + 2,6m + 4, expressing them as rational sums of quasi-characters
with ¢ =2, 4.
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5.4 Relation to Hecke images

In [39], Harvey and Wu introduced novel Hecke operators that act on vector-valued modular
forms which occur as RCFT characters and give rise to new sets of potential characters.
These Hecke images generically have increasing values of ¢, and it was shown that under
certain conditions they are admissible in the sense we have used in this paper. In light of
the present work, we can interpret the more general Hecke images as quasi-characters. Let
us briefly review their construction as it applies to the two-character case. Consider the
g-expansions of the characters of a particular RCFT:

Xi = icz ¢t = Z bi(m)q~ (5.20)
n=0

m=n;

In the second expression above, N is the common denominator of the original exponents

a;, which are therefore written as %, and the summation is now over m = n; +nlV, with

bi(m) = cz<m;/,”’) (5.21)

The integer NN is called the conductor of the CFT. Then, the Hecke image T}, of the above
characters is defined to be the new ¢-series:

oo o0
(p) m
(Tpx)i = chp) (n)g" T Z b(p) qnN (5.22)
n=0 me— n(P)
(»)
Here, p € N is a prime and is relatively prime to N. The new exponents agp ) = nZT are
defined as:
(p)
=P
(5.23)

Oé(lp) = pay mod 1 = paj — |pa |

and the new g¢-coefficients bl(-p ) (m) are defined in terms of the old g-coefficients as follows:

pbi(pn) pin

b (n) =
pbi(pn) + pijbj(n/p) p|n

(

( (5.24)
(%)

(

pei(Py pin

pn— nz) p]

pe; +ngcj( PN ) pln

for a certain matrix p;; which is completely determined by p. Finally the g-expansion can

(p) (p)

be recast in a standard form using coefficients ¢;"’, obtained from b, using eq. (5.21).

The Hecke images (T,x); will be admissible according to our definition for certain

(

values of p which ensure that the cip ) determined by the above procedure are non-negative.

For Hecke images of £ = 0 theories, the case predominantly considered in [39], the ¢-value
of the resulting characters is found by applying the Riemann-Roch theorem:

(=1 ( (p’+a(~”)) (5.25)
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Inserting eq. (5.23), one finds:
(®) =146 |pay| —p (5.26)

From this one can derive that:

(P =0mod 6 — p=1mod6

(5.27)
() =2 mod 6 — p =5 mod 6

The main virtue of the Hecke image procedure is that we can easily generate infinite sets
of admissible characters with arbitrarily large values of £ as well as c.

However this procedure has a limitation. If we want to find ¢) = 4 mod 6 starting
from an £ = 0 theory, then we must have p = 3 mod 6. But this is never realised, because
p has to be co-prime to the conductor N, and in two-character theories the conductor is
always a multiple of 3. Therefore in particular one can never get an ¢ = 4 theory as a Hecke
image of something with ¢ = 0. This point was noted in [39] but incorrectly attributed to
the fact that [37] did not find any such theory. As we have seen in section 3.5, there are
indeed admissible characters with £ = 4 that escaped the notice of several previous works.
Yet, they are not Hecke images of £ = 0 objects.

This leaves open the possibility that for £ = 0,2 mod 6, Hecke images of a finite set
of £ = 0 admissible characters, together with their linear combinations, span the space of
quasi-characters. Let us examine this for the special case of £ = 6. We start by classifying
all primes p such that starting from an ¢ = 0 CFT, we generate £ = 6. Starting from the
f{ = 0 Lee-Yang CFT, the only primes p that generate an admissible £ = 6 Hecke image
are p = 61,67,73,79.19 If we start with the £ = 0 Ay theory, the primes are p = 25, 31.
On the Ay theory one can use the prime p = 13. Finally on D4 one can use p = 7.
These exhaust all the cases leading to admissible ¢ = 6 characters using Hecke images. The
central charge and conformal dimension of these characters are given in table 5.

We will now show that there is a sum of £ = 0 quasi-characters that reproduces each
of these cases (this is a special case of the general theorem proved in subsection 5.3). In
fact, all one has to do is set k = § for each entry in the table, and then consider the sum:

X+ Ny 12 (5.28)

We have verified that for some value of Nj in each case, this set precisely reproduces all the
Hecke images in table 5. Moreover, as explained in [39], one is allowed to consider sums
of Hecke images. Likewise, we can consider varying the coefficient Ni. One finds that the
two procedures agree. For example, for the first entry in table 5 one has:

f=61
To1 xry + (N1 —244) xoy = X" 5 + N1 xiy (5.29)

. 1
where of course yry is the same as y*=5.

Two of these, 61 and 79, do not obey the more stringent criteria in [39] because the first has non-unitary
fusion rules and the second is of IVOA type. However we have consistently included both types of cases
within our broader definition of admissibility.
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No. | Description | ¢ | h
1 To1 XLy 122 1 8
2 Te7 XLY B
3 Trsxiy | 48|32
4 T79 XLY 188 )9
5 | Tsxa, | 253
6 Tsixa,, | 31 |7
7 | Tizxa,, | 26 |3
8 Trxp,, | 28 |3

Table 5. Admissible Hecke images with ¢ = 6.

The Lh.s. is the sum of a Hecke image and a character, while the r.h.s. should be seen
as the sum of two quasi-characters, the second one being in fact an admissible character.
For the remaining entries of the table, one has the general result:

X+ Nix* 12 =T, x + Njx (5.30)

for suitably chosen Nj, where on the right-hand side, one has to adjust p according to
the value of k (this can be read off from the table). We conclude that the space of (sums
of) Hecke images at ¢ = 6 is precisely equal to the space of sums of quasi-characters.
We conjecture that this equivalence, between sums of Hecke images and sums of quasi-
characters, is true more generally for £ = 0,2 mod 6.

The relation between Hecke images and linear sums of quasi-characters, for two-
character theories, is reminiscent of a well-known phenomenon in the study of Hecke images
of modular functions. If we act with a Hecke operator on j(7), the result is a sum of j-
functions evaluated at (shifted) multiples of 7 of the form n7 and TT'H On the other hand,
the result of this action can be written as a polynomial in j(7) using meromorphy of j.
Comparing coefficients on both sides, one finds that linear combinations of the g-coefficients
of j are equated to sums of powers of the same coefficients. For the present case, the Hecke
image of a particular character y as defined in [39] provides an analogue of the left-hand
side of this relation, since its g-coefficients are linear combinations of the g-coefficients of
X- Meanwhile, recall that our quasi-characters can be written as polynomials of characters
(see for example the discussion in subsection eq. (4.3)). Thus on the r.h.s. we encounter
powers of coefficients of the same character y. Our conjectured equivalence then becomes
a nice analogue of the famous result for modular functions.

6 Conclusions and discussion

In this paper we introduced the concept of quasi-characters that have all g-coefficients
integer, but are allowed to be positive or negative. The complete family of quasi-characters
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for £ = 0 and £ = 2 was presented. A complete family of £ = 4 quasi-characters is obtained
by multiplying those of ¢ = 0 by j%.

Quasi-characters are naturally labelled by a rational number k = %c where ¢ would be
the central charge in the admissible case. We have argued that quasi-characters of Type 1
(the asymptotic degeneracy is positive) can be used to generate admissible characters by
addition. One takes rational linear combinations of these objects for sets of values of &
differing by 12, choosing the coefficients such that the result is admissible. In this way £
is increased in multiples of 6. Repeating the process for the three “base” sets of quasi-
characters (¢ = 0,2,4) gives us the possibility of generating admissible characters for every
even £. We proved that this procedure generates all possible admissible pairs of characters.

We have conjectured that for £ = 0,2 mod 6, the addition of quasi-characters yields
exactly the same family of admissible characters provided by taking linear combinations
of Hecke images following [39]. Our procedure may be simpler because we have an explicit
formula for every quasi-character, namely egs. (3.20), (3.29), (3.34) with ¢ = 2k and the
values of k being read off from table 4. These then have to simply be inserted into the
summation formula eq. (5.10). We noted that this postulated equivalence between Hecke
images and linear combinations is an interesting analogue of well-known facts for standard
Hecke operators and modular functions.

In this work we have provided a precise algorithm to classify all admissible characters
in the two-character case. This is the analogue of the well-known result for one-character
RCFT, that admissible characters are classified by weakly holomorphic modular functions
for SL(2,7Z) with non-negative coefficients and are given by suitable polynomials of j mul-
tiplied by possible powers of j 3. The next step would be to carry out a programme on the
lines of [10] to identify which of this large set of characters can actually describe consistent
conformal field theories.

Acknowledgments

RC acknowledges the support of an INSPIRE Scholarship for Higher Education, Gov-
ernment of India. We thank Ashoke Sen for a helpful suggestion on how to prove the
completeness of our classification, and for discussions.

A Rademacher series for vector-valued modular functions

In this appendix we briefly review the generalised Rademacher series for Fourier coefficients
of vector-valued modular forms. This method, for the case of the modular function j(7) was
pioneered by Rademacher [52]. It was reviewed and generalised to vector-valued modular
forms in [51, 53, 54]. For a vector-valued modular function, x; = ¢% Y ° a;(n)q", the
coefficients are given by

aj(n) =Y > Knjmiai(m) (A1)
i=0,1 m+a; <0

The sum on the right side involves coefficients only of the singular (or polar) part. The
infinite x finite matrix KCy, j.;n; encodes the modular properties of the ;. The above series
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can be written using generalised Kloosterman sums. In our case of weight zero modular
functions, this reduces to:

’Cn,j;m,i _ (27_‘_)2 Z 0—26%[(n+a]~)D+(m+ai)A] M(V);i1|m+ Oli’
0<-D/C<1

<h|gyimralnra)| @)

Here the summation is over all coprime numbers C, D and v = (é B) e SL(2,Z). The
matrix M () is the modular transformation of y; correspoding to v and I, is a modified
Bessel function. Since we want to analyse the asymptotic behaviour of a;(n), we can
consider just the leading term in the series corresponding to C' = 1,D = 0, and also
approximate I, with its asymptotic expansion. In this case, M(y) will just be the S-
transformation matrix of y;. Now, the above expression reduces to

TOEDIDY (Sj—ilezm/|m+a¢\(n+aj>+...) ai(m) (A3)

1=0,1 m+a; <0

For two character theories only the vacuum character is singular, having m + ap < 0,
while the other character always has m 4+ a1 > 0 (note that m, being the argument of the
g-coefficient a;(m), starts from 0). Thus, the leading behaviour in the sum arises from the
¢ = 0 term and when m + ag < 0 is most negative, i.e, m = 0 and we have:

a;j(n) = S35 ag(0) e*"Vaa (o) 4. (A.4)

where we have replaced ap with —57. In the asymptotic large n limit all the corrections
are subleading, and thus do not affect the sign of a;(n). Thus the asymptotic sign of
the coefficients is solely determined by the sign of Sj_ol ap(0). From this, the asymptotic
behaviour of type I and type II quasi-characters described in eq. (4.44) follows immediately.

B Examples of quasi-characters

In this appendix we list several indicative examples of quasi-characters in all four classes:
Lee-Yang, Ay, Ay and Dy, for £ = 0 and 2. These examples help us identify patterns in the
occurrence of positive and negative signs. In every case ¢ = 2k, as explained in the main
body of the paper, and k is given by a different formula in terms of an integer n for every
class. These examples are restricted up to order ¢® in every case for brevity of presentation
only. We have in fact examined them to much higher orders, and in particular have verified
that in all the given examples, no sign changes occur beyond the order quoted.

B.1 Lee-Yang class, £ =0
Here k = 6"5“, n # 4 mod 5.

n = 0,1,2,3 mod 10 (Type I). The cases n = 0,1,2,3 correspond to admissible

characters and were already described in the text. For n = 10, corresponding to ¢ = %,

the g-expansion of the quasi-characters behaves like:

X0 = ¢~ 0 (1 — 244q + 169641¢> + 198698964 + 835603132¢" + 202728319884
+ 343661522389¢° 4 4500821047844¢" + 48387640292495¢° + - - -)
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X1 = o0 (310124 + 27523505¢ + 1012864984¢ + 22618816409¢° + 3618442398244
+ 45372977434204° + 47139386040008¢° 4 421093613229509¢"
+ 3320308929521868¢° + - - -) (B.1)

Notice that xo has one negative coefficient, at level 1, while y is entirely positive. We find
that the same feature holds for n = 11,12, 13.

Next we list the identity quasi-character for n = 20, 30, 40:

n=20:
X0 = q 0 (4 — 1331g + 312224¢2 — 88167211¢° + 1123650436484
+ 29255027806796¢° + 2928616139511040¢° + 169826714738872785¢"
+ 6732306371343381004¢% + - - -) (B.2)

n=30:
Xo = g~ 6 (13 — 5792¢ + 1562573¢2 — 363356957¢° + 91523408571¢"
— 33856651489245¢° + 63239825698520008¢°

+ 25767972729505769158¢" + 4186462633071570762411¢% + - - ) (B.3)

n =40 :
Yo =q (93 — 52297¢ + 16786373¢> — 4226980217¢> + 9797436397464
— 237470167054347¢° + 69820655915636751¢°

— 32441367481781802004¢" + 79958952250135225220894¢° + ---)  (B.4)

We see that negative coefficients occur at levels 1,3 for n = 20, at levels 1,3,5 for n = 30
and at levels 1,3,5,7 for n = 40. From what we have said previously, the properties for
n = 10p also carry over identically to n = 10p + 1, 10p + 2, 10p + 3.

n =5,6,7,8 mod 10 (Type II). For n =5, corresponding to ¢ = %, the g-expansion
of the quasi-characters is:

Xo = q 00 (1 — 434q — 21979¢2 — 381114¢® — 4097983¢* — 328268304°
— 214422474¢° — 1202009624¢" — 5975933643¢° — - - -)
X1 = g0 (682 + 25420q + 390197¢2 + 3917222¢° + 29953657¢* + 1891414464
+ 1032826039¢° + 5027747958q" + 22278884080¢° + - - -) (B.5)

Here xo has one positive coefficient, at level 0, and the remaining coefficients are all
negative integers. Meanwhile x; is still positive. We find that the same features hold for
n==6,7,8.
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Next we list the identity quasi-character for n = 15, 25, 35:

n=15:
Xo = ¢~ 6 (11 — 3094q + 767221¢% — 752877034¢° — 1414599789334

—9933052272234¢° — 400991441361238¢°% — 11102490443045248¢"
— 232430316159124902¢% — - - -) (B.6)

n=25:

151

Xo = ¢~ 60 (14 — 5436q + 1349789¢* — 319951786¢> + 103851231953¢*
— 163094441135962¢° — 54419561760181373¢°
— 7127842239228463298¢" — 545687937386371719084¢% — - --) (B.7)

n=235:

211

Yo = ¢~ (403 — 202982¢ + 59785373¢> — 14330896762¢° + 3353464036546
— 911150391733816¢° + 379798015344511387¢°
— 822664458350625757698¢" — 396163375086525572637995¢% — ---)  (B.8)

In these cases of type II, positive coefficients occur at levels 0,2 for n = 15, at levels 0,2,4
for n = 25, and at levels 0,2,4,6 for n = 35. As we have said previously, the properties for
n = 10p + 5 also carry over identically to n = 10p + 6,10p + 7, 10p + 8.

We see that type I and type II solutions in this family have distinctive signatures of
how their positive and negative signs occur, as expected from the modular behaviour. The
pattern is that for the identity character, the first 5] odd-level coefficients are negative
in the type I case, while the first |{5| 4 1 even-level coefficients are positive in the type II
case. Meanwhile the second character has all positive integral coefficients.

B.2 Dual Lee-Yang class: £ =2
Here k = 6”5_1, n # 1 mod 5.

n=17,89,0 mod 10 (type I). Here n =7,8,9,10 corresponds to admissible charac-

ters. The remaining cases of this kind are all Type I quasi-characters. As a first example,

for n = 20, corresponding to ¢ = %, the g-expansion is as follows:

119

xo = ¢ o (1 — 136¢ — 7905¢> + 164162204> + 31847544099¢"
+ 6795085533988¢° + 628571364597532¢° + 34547890520944536¢"
+ 1311257024182478785¢% + - - -)
X1 = ¢ (5726299516 + 1560416618110¢ + 164844563835924¢>
4 9904949268352194¢> + 4014466615021328204*
4 12094697551326910394¢° + 288285213735532329520¢°
+ 5675240014977817967176¢" + 95198705239902059605416¢° + - --)  (B.9)
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Here, xo has two negative coefficients at levels 1 and 2, while y; is all positive. The
same feature holds for n = 17,18,19. As n is increased, the number of negative coefficients
increases in o, while x1 is always positive. Note that unlike the previous cases, the negative
signs do not always alternate.

Examples of the identity character are given below for n = 30,40, 50:

n=230:
X0 = ¢~ 6 (38 — 10203¢ + 1172450¢2 + 67967195¢% — 1096717537984
+ 98221874676687¢° + 236681250333480608¢°

+ 75431777433505457548¢" + 11185497932632172427260¢° + - - - ) (B.10)

n=140:
X0 = ¢~ 60 (493 — 194068 + 38451515¢2 — 4194122570¢° — 2429120038634
+ 364642005616530¢° — 218068693037881270¢°

+ 201481497955252539938¢" + 596568299271483093895235¢° + ---)  (B.11)

n =150 :
Yo =q 5 (5423 — 2800733¢ + 749451205¢2 — 132408241035¢°
4 14114193629547¢* 4 817113659718383¢°
— 1189034266534646178q6 + 617639990945491239758(]7
— 348610492187897163472770¢% + - - ) (B.12)
n = 2,3,4,5 mod 10 (type II). For the case of n = 15, corresponding to ¢ = %, the
g-expansions are as follows
X0 = q*%(B — 178¢ — 117035¢% — 215987870¢> — 34326866748¢*
— 2230125889140(]5 — 84929896858225(]6 — 2239096669123902q7
— 44900813135469340¢° - - -)

X1 = q% (40506214 + 8421028700q + 6288824233164 + 26206218083976¢>
+ 736919256033870¢" + 15521985292325428¢°
+ 261309104707682010¢° + 3672723060854041492¢"
+ 44455408845153799482¢% + - - ) (B.13)
The cases of n = 12,13, 14 are similar, with all negative coefficients in xq, while y; remain-
ing positive.
As n increases, the number of positive signs increases in Yo, as can be seen in the

following examples:

n=25:
X0 = g~ 60 (19 — 3874q + 213815¢2 + 122840070¢® — 124228171284¢*
— 267787826986436¢° — 71350964443224149¢°

— 8587600018833259326¢" — 623564032958632850035¢% — - - -) (B.14)
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n=35:
X0 = ¢ 60 (29 — 9614¢ + 1534060¢2 — = 83113800¢ — 46246756149¢*
+ 33325629324218¢° — 29723660952695853¢°

— 79681996220033722306¢" — 29516739316725781789515¢5 — - - -)  (B.15)

n =45 :
X0 = ¢~ 60 (6409 — 2917574¢ + 681846405¢2 — 99899345070¢°
+ 5372523175666¢" + 2952275928321152¢°
— 1907584898687122697¢% + 10809197914985907462744"
— 1050486606203669559554785¢% — - - -) (B.16)
As in the Lee-Yang series, the dual Lee-Yang series exhibits a pattern of signs, though
in this case the negative signs do not necessarily alternate.

B.3 Ajclass, £=0

Here k:3n+% with n € Z.

n = 0,1 mod 4 (type I). The values n = 0,1 correspond to admissible characters, in
fact they describe the A1 and E7; WZW models.

For the case of n = 4, corresponding to ¢ = 25, the g-expansions of the characters are
as follows

n=4
Xo = ¢ 2t (1 — 245¢ + 142640¢2 + 18615395¢° + 837384535¢" + 214125781257
+ 3793896403455 + 5165089068645¢" + 57498950829715¢% + - - - )
X1 = 21 (1105 + 101065¢ + 3838295¢ + 88358360¢° + 14546965214
+ 18742858160¢° + 199800669415¢°
+ 1829051591175¢ + 14763322626790¢° + - - -) (B.17)

Here, only the first level coefficient in yg is negative, and the rest are positive. For
higher values of n, there are more negative coefficients. For a given n in type I, there are
precisely |7 | negative values at the odd levels in the vacuum characters. This is illustrated
in the examples below for n = 8,12, 16 and the behaviour is similar for all n = 4p,4p + 1.

n=~8:
Xo = 21 (13 — 4361q + 10244924 — 284433485¢% + 2068437975654
+ 84306237909803¢° + 8867059968079425¢° + 534104386666020723¢"
+ 21861967373053966060¢° + - - ) (B.18)

n=12:
X0 = q_g (119 — 53363q + 14459256q2 - 3364790387q3 + 842188593869q4
— 303881533638137q5 + 461207383305660887q6
+ 203501875932273013375(]7 + 34505840401212977669887(]8 +---) (B.19)
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n=106:
Yo = ¢~ 21 (145 — 81965¢ + 26420084¢ — 6670923673¢% + 154688840778 14"
— 373699489005685¢° + 1087380129829780454°
— 49082940350350362621¢" + 97914872285239426268650¢° + ---)  (B.20)

n = 2,3 mod 4 (type II). The case of n =2 and ¢ = 13, falls into type II, where all
the coefficients except for the vacuum are negative:

n=2
Yo = q 2 (1 — 377q — 22126¢% — 422123¢® — 4875624¢" — 414906184
— 285717887¢° — 16797918804 — 8723632242¢°% — - - )
X1 = q21 (39 + 1547q + 25211¢2 + 266578¢% + 2136914¢” + 140889454
+ 80086188¢° + 404806883¢" + 18586881564 + - - - ) (B.21)

For higher values of n, we encounter more positive signs in the vacuum character, precisely
|4] + 1 of them at the even levels. This is illustrated below for the cases of n = 6,10, 14:

n==~6:
Xo = ¢~ 2£(3 — 851q + 209050¢% — 169280365¢° — 349462250904

— 25944754936564° — 109380991074777¢° — 3141479177618210¢"
— 67917756796632125¢° — - - ) (B.22)

n=10:

Yo = 21 (221 — 86437q + 215448344 — 5090957703¢% + 16169684104604"
— 2069802001023406¢° — 750078047818898331¢°
— 102812695519515951892¢" — 8147214212409700602408¢° — ---)  (B.23)

n=14:
Xo = ¢ 21 (5 — 2533q + 7493264 — 180005107¢% + 420563318944
— 11328519230340¢° + 45953621909359134°
— 8069868314474265562¢" — 4199337514335816874209¢° — - - -) (B.24)
B.4 A class, £ =2
Herek::?)n—%withnez.

n = 0,3 mod 4 (type I). Here n = 3,4 correspond to the coset duals of the E7; and
A1 1 models respectively [9]. For n =7 (¢ = 41) the quasi-characters are given below. Here
we see that there are two negative signs in the vacuum character:

n="7:

+ 6045179171835¢° + 340384709166307¢° + 12471532745472243¢"
+ 333677615118993343¢% + - - -)
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Y1 = q21 (101065 + 23976185q + 2123762075¢> + 1058381834284
1 3554218649463¢* + 88989323742226¢° + 1770817971299169¢°
+ 29251787099757535¢7 + 413852859565527255¢5 + - - ) (B.25)

As n is increased, the number of negative signs increases. In this series we seem to find
that the number of negative signs is always even, as can be seen in the following examples:

n=12:
Xo = ¢~ 2(19 — 5041q + 566651¢2 + 38160654¢° — 564994129804
+ 52579037361787¢° + 993642908110356184°
+ 29871659956022280223¢" + 4261546679660911313493¢% + - - -) (B.26)

n=16:
Xo = ¢~ 21(207 — 80845¢ + 15869275¢% — 16961661504 — 1140919649704
+ 156251968750821¢° — 94027345456493560¢°
+ 91205434114115358075¢" + 213053501796912535951850¢° + ---)  (B.27)

n=20:
Xo = q'2% (10695 — 5490813¢ + 1460144535¢2 — 255920115650¢°
+ 26754714308000¢* + 1798681240371035¢°
— 2382791816599607114¢° + 1236015561687952418675¢"
— 707972941827895495970625¢° + - - -) (B.28)

n = 1,2 mod 4 (type II). The type II examples in the dual A; series occur for n = 1,2
mod 4. For n = 1(c = 5), the characters are as follows

n=1:
xo = ¢~ 21(1 — 65q — 450¢% — 2175¢® — 8510¢" — 28672¢° — 86915¢° — 242750¢"
— 634875¢5% — - - -)
X1 = q21 (5 + 49 + 345¢2 + 1550¢% + 5850¢* + 19055¢° + 56624¢° + 155145¢"
+400250¢% 4 - - -) (B.29)

This time the number of positive signs seems to be odd. As usual it increases for higher
values of n, as seen in the following examples:

n=>5:
Xo = ¢ 21 (5 — 29¢ — 656270¢% — 177609775¢° — 125999867004
— 456878461590¢° — 10830369716387¢° — 190029360086300¢"
— 2655330347867300¢° — - - -) (B.30)
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n=9:
Yo = ¢34 (13 — 2173 + 12190¢ + 133562597¢% — 2841934807384
— 123295059352316¢° — 176838516325195514°
— 1367597195527452370¢7 — 69235287860164540405¢° — - - - ) (B.31)

n=13:
Xo = ¢~ 21 (17 — 5049¢ + 687170¢% — 3826075¢° — 379233654804
+ 27798273601142¢° — 639703831084054554°
— 38088966597755021960¢" — 8187834816976242242650¢° — ---)  (B.32)
B.5 Ajclass, £=0
Here k = 2n + 1 with n # 2 mod 3.

n = 0,1 mod 6 (type I). For this class, we have type I behaviour when n = 0,1 mod 6.
The A1 and Fg; theories correspond to n = 0,1 and fall in this class. For n = 6, we have
the following set of quasi-characters with one negative entry at level one.

n==~06:
Xo = q 2t (1 — 247q + 116129¢2 + 18301257¢% + 921566178¢* + 257187675944
+ 490350941379¢% + 7117968193843 + 83938299826212¢% + - - - )
X1 = 11 (13 + 1248¢ + 49869¢2 + 1205867¢% + 20800611¢* + 2800997554
+ 31136674404¢° + 29664423126¢" + 248750927451¢% + - - ) (B.33)

As n is increased in this range, the negative entries alternate, occurring only at the odd
levels. For a given n, there are precisely | & | of them:

n=12:
Xo = ¢~ 13 (1 — 340q + 80105¢2 — 216823604 + 176344826204

+ 5846038644500¢° + 6686057088861654¢°
4 42923909261295140¢" + 1853480375280258255¢° + - - - ) (B.34)

n=18:
Xo = ¢~ 12 (52 — 23569 + 6432068¢> — 1499192825¢% + 3716048616804
— 129048719603388¢° + 1507166663539862004°
+ 76703504401244920667¢" + 13988895420513457657460¢° + ---)  (B.35)

n=24:
Xo = ¢ 12(209 — 119168¢ + 38681041¢% — 9811365207¢> + 22771018752094"
— 547287474661207¢° + 156658488649829082¢°
— 67610903724358072750¢" + 103126878462658278760707¢% + ---)  (B.36)
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n = 3,4 mod 6 (type II). For the value n = 3 (¢ = 14), only the vacuum entry is
positive:
n=3:
Xo = q 12 (1 — 322 — 24241¢2 — 541534¢® — 7036757¢* — 661039544
— 496234060¢° — 3152862124¢7 — 17578786722¢° — - - )
X1 = q1(7 + 306q + 5481¢% + 62958¢> + 544194¢" + 3845016¢°

+ 23310567¢° + 125168022¢" + 608508153¢° + - - -) (B.37)

For higher values of n, there are |§| + 1 positive signs at even levels, including the vac-
uum entry.
n=9:

Yo = ¢~ 12 (7 — 2014q + 488243¢% — 3119304864° — 760438699934
— 6202403199426¢° — 2811579241881344°
— 8583041575115560¢" — 195761991550130269¢% — - - ) (B.38)

n=15:
X0 = qiﬁ (13 — 51469 + 1290995q2 — 303673830(]3 + 93315484365q4
— 92386057658726q5 — 388()2289774810842q6

— 5746129347161728640¢" — 482524744679511189450¢° — - - -) (B.39)

n=21:
X0 = q_% (38 — 19436q + 5791627 — 1396413734¢> + 325517062535¢"
— 86505247171718¢° + 33645934235543257¢°
— 45301120823031339926¢" — 27095462854127103760224¢° — ---)  (B.40)

B.6 Ajclass, £ =2
Here k = 2n — 1 with n # 1 mod 3.

n = 0,5 mod 6 (type I). We have type I behaviour of the coefficients for n =
0,5 mod 6, where n = 5,6 correspond to the coset duals of Ap; and Fpg; theories [9].
For n =11 (¢ = 42) we there are two negative signs in the vacuum characters:
n=11:
X0 = q’g(l — 102q — 18765¢° 4 39795950¢° + 16740216360¢* + 1978900454556¢°
+119922178727975¢° + 4670316757961370¢"
+ 131761565175644100¢° + - - -)
X1 = q% (26 4 6308¢q + 575035¢% 4 295403504 + 1022588135¢* + 26376065902¢°
+ 540255185558¢5 + 9177898529280¢" + 133419906570575¢5 + ---)  (B.41)
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Below we list the vacuum quasi-characters for higher values of n in this series. As n
increases, we have more negative signs but unlike in previous examples of Type I, they do
not alternate with even signs:

n=17:
Yo = ¢~ 1 (13 — 3102 + 279081¢> + 50102074¢% — 509731325404
+ 86221671859620¢° + 516641456783747574°
+ 10030512140941003998¢" + 1051763462636893412373¢% +---)  (B.42)

n=23:
Xo = g~ % (38 — 13860q + 2503575¢% — 217281450¢° — 387248431054
+ 34045263974574¢° — 225551837630209504°
+ 43103803430683690200¢" + 33569193336853134282975¢°% + ---)  (B.43)

n=29:
X0 = q_léT9 (275 — 134178¢ + 33804135¢> — 5516807450¢> + 4715612723254
— 69594770512954544¢5 + 36491781286887210900¢"
— 24537479677596020190825¢° + - - -) (B.44)

n = 2,3 mod 6 (type II). For the case of n =8 (¢ = 30), we have the following set of
quasi-characters:

n==8:
Xo = q 1(1 — 15q — 98325¢2 — 32772425¢° — 2612032635¢"* — 103365035847¢°
— 2633413278190¢° — 49181248094250¢" — 726558198198750¢% — - - - )
X1 = q12 (5 + 884q + 53395¢ + 1788675¢% + 406418504* + 6972207054

+ 9639433801¢° + 112149321915¢" + 1131934954100¢° + - - -) (B.45)

B.7 Djclass, £ =0
Here k =6n+2, n € N.
n = 0 mod 2 (type I). For even values of n in this series, the quasi-characters show

type I behaviour. We can see that for n = 0 we have ¢ = 4, corresponding to the Dy 1
theory. For the next few values of n in this series, the g-series of characters are as follows:

n=2:
Xo = ¢ 6 (1 — 252 + 90874¢> + 2185775243 + 1383626251¢" + 45982062532¢°
+1013991773438¢° + 16709119013720¢ + 220747101927933¢% + - - -

(7 + 7364 4 32368¢> + 859264¢> + 16200632¢* + 237387584¢°
+ 28597080964° + 29416423680¢" + 265458970876¢° + - - - ) (B.46)

4
3

X1 =4
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n==4%:
X0 = q_%3 (7 —2444q + 580034q2 — 150594808(]3 + 87983521 171q4
+ 41793851571836q5 + 5687776756674922q6
+ 415537010749335384(]7 + 19979493668449934710(]8 +--4) (B.47)

n==~06:
X0 = qf%(ll —5092¢q + 1410294(]2 — 329893048(]3 + 80413387013(]4
— 26136369675316q5 + 21403663588413994q6
+ 15254:38505')(’)035’)958248(]7 + 3241331580669093203257(]8 +--4) (B.48)

n=2~8:
Xo = ¢ 6 (13 — 7540¢ + 2481630¢2 — 635301160¢® + 1477777478454
— 35198967511500¢° + 97816143733389904°
— 39010083005524191604" + 4120778511289519255280¢° + - - - ) (B.49)

n = 1 mod 2 (type II). For n =1 we have the first type II quasi-character in the Dy
series, with a single positive sign at the vacuum:

n=1:
Xo = ¢ 3(1 — 272¢ — 34696¢> — 1058368¢% — 17332196¢" — 1972394564
— 174954809645 — 12908725632¢7 — 82505654138¢% — - - -)

Y1 = 6 (1 + 52¢ + 1106¢% + 14808¢> + 147239¢" + 1183780¢°
+ 8095998¢° + 48688888¢" + 263508351¢% + - - -) (B.50)

n=3:
X0 = —q 3 (—1 + 296¢ — 7041242 + 33070784¢> + 11808560322¢"
+ 11687608075204° + 613192164140244¢° + 21149151349283844"
+ 53664123564854403¢% + - - -) (B.51)

n=>5:
Xo = q 3 (3 — 12164 + 309152¢2 — 72227072¢® + 209814993444
— 14708653418112¢° — 8731984857406080¢°
— 1519633405899254272¢" — 143608090423354740376¢% — - - -) (B.52)

7

n

q

11
3

(13 — 67764 4 2048612¢> — 497748224¢> + 115628448138¢"
— 29998031865984¢° + 10841096859722744¢°
— 10162853918989450240¢" — 8455290382256521734421¢% —---)  (B.53)

X0

— 56 —



B.8 Dy class, £ =2

Here k =6n —2, n € N.

n = 0 mod 2 (type I). For the value n =2, ¢ = 20, we get the coset dual of the Dy,
theory [9]. For the next value n = 4, there characters are as follows:

n=4:
X0 = qf%(f) — 572¢ — 72710¢° + 131993400¢> + 83188045875¢"
+ 120200968507404° + 8450627683805344°
+ 37194188193978200¢" + 1166609230664059875¢° + - - - )
X1 = q% (33 + 8360q + 805300¢2 + 43859200¢> + 1609921170¢* + 439864592644°
+ 9529255564404¢° 4 17093841177600¢" + 261962497543175¢° + - - - ) (B.54)

n==~06:
Xo = q 6 (3 — 748q + 74290¢° + 9327016¢° — 104535841894
+ 12828238152012¢° + 10966314857286386¢°
+ 2513243971214727960¢" + 297247121423718739700¢% 4 - - -) (B.55)

n=2~8:
Xo = g6 (143 — 53636¢ + 10028230¢% — 955277400¢° — 1194691843954
+119516080787708¢° — 75409367064392350¢°
+ 101326663640492021160¢" 4 110324231485901166793675¢° + ---)  (B.56)

n=10:
Xo = ¢ 6 (17 — 8468¢ + 2180974¢ — 366652104¢> + 343059613654
+ 4283099167460¢° — 4092115890878682¢° + 21261672646020315924"
— 1328680727438606492958¢5 + - - - ) (B.57)

n = 1 mod 2 (type II). For n = 3, ¢ = 32, we have type II behaviour of the quasi-
characters as follows

n=3:
X0 = ¢~ 3(1 — 32¢ — 65040¢% — 34608000¢> — 3498536840q"
— 165008330944¢° — 4853582772800¢° — 102602094503680¢"
— 1692346088880100¢° — - - -)
(14 188¢ + 12310¢> 4 447800¢> + 11022585¢* + 204181636¢°
+ 3038074790¢° + 379227093204" 4 409497231200¢° + - - - ) (B.58)

7
6

X1=4q
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For higher values of n, one finds odd numbers of positive signs that increase with n:

n=>5:
xo = ¢ 3(1 — 184q + 5636¢2 + 8297344¢% — 106021911104
— 7850068006464¢° — 1468949083484200¢° — 1382838938853790724"

— 8234555571519717877¢% — - - ) (B.59)
n="7:
Xo = ¢~ 3 (11 — 3440¢ + 505800¢2 — 15332800¢® — 212237328604
+ 15046714114208¢° — 19090416939480640¢°
— 18542226132988176000¢" — 5021426414672893297750¢% —---)  (B.60)
n=9:

Yo = q 5 (5 — 2184q + 487580¢> — 664624004° + 20066965504
+ 2715768684960¢° — 1644490529243752¢% + 1013680299336947200¢"
— 1454063638609646721175¢% — - - - ) (B.61)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] A.A. Belavin, A.M. Polyakov and A.B. Zamolodchikov, Infinite conformal symmetry in
two-dimensional quantum field theory, Nucl. Phys. B 241 (1984) 333 [INSPIRE].

[2] V.G. Knizhnik and A.B. Zamolodchikov, Current algebra and Wess-Zumino model in
two-dimensions, Nucl. Phys. B 247 (1984) 83 [INSPIRE].

[3] P. Di Francesco, P. Mathieu and D. Senechal, Conformal field theory, Graduate Texts in
Contemporary Physics, Springer, Germany (1997).

[4] P.H. Ginsparg, Curiosities at ¢ =1, Nucl. Phys. B 295 (1988) 153 [INSPIRE].

[5] R. Dijkgraaf, E.P. Verlinde and H.L. Verlinde, Conformal field theory at ¢ = 1, in the
proceedings of the NATO Advanced Summer Institute on Nonperturbative Quantum Field
Theory (Cargese Summer Institute), July 16-30, Cargese, France (1987).

[6] P. Goddard and D. I. Olive, Algebras, lattices and strings, in Kac-Moody And Virasoro
Algebras, P. GOddard and D. Olive ed., World Scientific, Singapore (1983).

[7] M.P. Tuite, Ezceptional vertex operator algebras and the Virasoro algebra, Contemp. Math.
497 (2009) 213 [arXiv:0811.4523] [INSPIRE].

[8] H.R. Hampapura and S. Mukhi, Two-dimensional RCFT’s without Kac-Moody symmetry,
JHEP 07 (2016) 138 [arXiv:1605.03314] [NSPIRE].

[9] M.R. Gaberdiel, H.R. Hampapura and S. Mukhi, Cosets of meromorphic cfts and modular
differential equations, JHEP 04 (2016) 156 [arXiv:1602.01022| [INSPIRE].

— H8 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0550-3213(84)90052-X
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B241,333%22
https://doi.org/10.1016/0550-3213(84)90374-2
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B247,83%22
https://doi.org/10.1007/978-1-4612-2256-9
https://doi.org/10.1007/978-1-4612-2256-9
https://doi.org/10.1016/0550-3213(88)90249-0
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B295,153%22
https://arxiv.org/abs/0811.4523
https://inspirehep.net/search?p=find+EPRINT+arXiv:0811.4523
https://doi.org/10.1007/JHEP07(2016)138
https://arxiv.org/abs/1605.03314
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.03314
https://doi.org/10.1007/JHEP04(2016)156
https://arxiv.org/abs/1602.01022
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.01022

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

A N. Schellekens, Meromorphic ¢ = 24 conformal field theories, Commun. Math. Phys. 153
(1993) 159 [hep-th/9205072] INSPIRE].

S.D. Mathur, S. Mukhi and A. Sen, On the classification of rational conformal field theories,
Phys. Lett. B 213 (1988) 303 [INSPIRE].

S.G. Naculich, Differential equations for rational conformal characters, Nucl. Phys. B 323
(1989) 423 [INSPIRE].

C. Beem et al., Infinite chiral symmetry in four dimensions, Commun. Math. Phys. 336
(2015) 1359 [arXiv:1312.5344] [INSPIRE].

C. Beem and L. Rastelli, Verter operator algebras, Higgs branches and modular differential
equations, JHEP 08 (2018) 114 [arXiv:1707.07679] [INSPIRE].

M. Buican and Z. Laczko, Nonunitary Lagrangians and unitary non-Lagrangian conformal
field theories, Phys. Rev. Lett. 120 (2018) 081601 [arXiv:1711.09949] [INSPIRE].

T. Eguchi and H. Ooguri, Differential equations for characters of Virasoro and affine Lie
algebras, Nucl. Phys. B 313 (1989) 492 [NnSPIRE].

E.P. Verlinde, Fusion rules and modular transformations in 2D conformal field theory, Nucl.
Phys. B 300 (1988) 360 [INSPIRE].

S.D. Mathur, S. Mukhi and A. Sen, Reconstruction of conformal field theories from modular
geometry on the torus, Nucl. Phys. B 318 (1989) 483 [INSPIRE].

S. Mukhi and G. Muralidhara, Universal RCFT correlators from the holomorphic bootstrap,
JHEP 02 (2018) 028 [arXiv:1708.06772] [iNSPIRE].

P. Bantay and T. Gannon, Conformal characters and the modular representation, JHEP 02
(2006) 005 [hep-th/0512011] [INSPIRE].

G. Mason, Vector-valued modular forms and linear differential operators, Int. J. Number
Theor. 03 (2007) 377.

P. Bantay and T. Gannon, Vector-valued modular functions for the modular group and the
hypergeometric equation, Commun. Num. Theor. Phys. 1 (2007) 651 [INSPIRE].

P. Bantay, Modular differential equations for characters of RCFT, JHEP 06 (2010) 021
[arXiv:1004.2579] [INSPIRE].

C. Marks, Irreducible vector-valued modular forms of dimension less than six, Illinois J.
Math. 55 (2011) 1267.

T. Gannon, The theory of vector-modular forms for the modular group, Contrib. Math.
Comput. Sci. 8 (2014) 247 [arXiv:1310.4458].

T. Arakawa and K. Kawasetsu, Quasi-lisse vertex algebras and modular linear differential
equations, arXiv:1610.05865 [INSPIRE].

Y. Arike, M. Kaneko, K. Nagatomo and Y. Sakai, Affine vertex operator algebras and
modular linear differential equations, Lett. Math. Phys. 106 (2016) 693 nSPIRE].

C. Franc and G. Mason, Hypergeometric series, modular linear differential equations, and
vector-valued modular forms, Ramanujan J. 41 (2016) 233.

K. Kawasetsu, The intermediate vertex subalgebras of the lattice vertex operator algebras,
Lett. Math. Phys. 104 (2014) 157.

J. M. Landsberg and L. Manivel, The sextonions and E7%, math/0402157.

— 59 —


https://doi.org/10.1007/BF02099044
https://doi.org/10.1007/BF02099044
https://arxiv.org/abs/hep-th/9205072
https://inspirehep.net/search?p=find+EPRINT+hep-th/9205072
https://doi.org/10.1016/0370-2693(88)91765-0
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B213,303%22
https://doi.org/10.1016/0550-3213(89)90150-8
https://doi.org/10.1016/0550-3213(89)90150-8
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B323,423%22
https://doi.org/10.1007/s00220-014-2272-x
https://doi.org/10.1007/s00220-014-2272-x
https://arxiv.org/abs/1312.5344
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5344
https://doi.org/10.1007/JHEP08(2018)114
https://arxiv.org/abs/1707.07679
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.07679
https://doi.org/10.1103/PhysRevLett.120.081601
https://arxiv.org/abs/1711.09949
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.09949
https://doi.org/10.1016/0550-3213(89)90330-1
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B313,492%22
https://doi.org/10.1016/0550-3213(88)90603-7
https://doi.org/10.1016/0550-3213(88)90603-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B300,360%22
https://doi.org/10.1016/0550-3213(89)90615-9
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B318,483%22
https://doi.org/10.1007/JHEP02(2018)028
https://arxiv.org/abs/1708.06772
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.06772
https://doi.org/10.1088/1126-6708/2006/02/005
https://doi.org/10.1088/1126-6708/2006/02/005
https://arxiv.org/abs/hep-th/0512011
https://inspirehep.net/search?p=find+EPRINT+hep-th/0512011
https://doi.org/10.1142/S1793042107000973
https://doi.org/10.1142/S1793042107000973
https://doi.org/10.4310/CNTP.2007.v1.n4.a2
https://inspirehep.net/search?p=find+%22Num.Theor.Phys.,1,651%22
https://doi.org/10.1007/JHEP06(2010)021
https://arxiv.org/abs/1004.2579
https://inspirehep.net/search?p=find+EPRINT+arXiv:1004.2579
https://doi.org/10.1007/978-3-662-43831-2_9
https://doi.org/10.1007/978-3-662-43831-2_9
https://arxiv.org/abs/1310.4458
https://arxiv.org/abs/1610.05865
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.05865
https://doi.org/10.1007/s11005-016-0837-7
https://inspirehep.net/search?p=find+J+%22Lett.Math.Phys.,106,693%22
https://doi.org/10.1007/s11005-013-0658-x
https://arxiv.org/abs/math/0402157

[31]

32]

M. Kaneko and D. Zagier, Supersingular j-invariants, hypergeometric series, and Atkin’s
orthogonal polynomials, AMS/IP Studies Adv. Math. 7 (1998) 97.

M. Kaneko and M. Koike, On modular forms arising from a differential equation of
hypergeometric type, Ramanujan J. 7 (2003) 145.

M. Kaneko, On modular forms of weight (6n + 1)/5 satisfying a certain differential equation,
in Number Theory, W. Zhang and Y. Tanigawa eds., Springer, Germany (2006).

G. Mason, 2-dimensional vector-valued modular forms, Ramanujan J. 17 (2008) 405.

M. Kaneko, K. Nagatomo and Y. Sakai, Modular forms and second order ordinary
differential equations: applications to vertex operator algebras, Lett. Math. Phys. 103 (2013)
439 [INSPIRE].

G. Mason, K. Nagatomo and Y. Sakai, Vertex operator algebras with two simple modules —
The Mathur-Mukhi-Sen theorem revisited, arXiv:1803.11281].

H.R. Hampapura and S. Mukhi, On 2d conformal field theories with two characters, JHEP
01 (2016) 005 [arXiv:1510.04478] [INSPIRE].

J.E. Tener and Z. Wang, On classification of extremal non-holomorphic conformal field
theories, J. Phys. A 50 (2017) 115204 [arXiv:1611.04071] INSPIRE].

J.A. Harvey and Y. Wu, Hecke relations in rational conformal field theory, JHEP 09 (2018)
032 [arXiv:1804.06860] [INSPIRE].

A R. Chandra and S. Mukhi, Curiosities above ¢ = 24, arXiv:1812.05109 [INSPIRE].

I. Frenkel, J. Lepowsky and A. Meurman, Vertex operator algebras and the Monster,
Academic Press, Boston, U.S.A. (1988).

R.E. Borcherds, Monstrous moonshine and monstrous Lie superalgebras, Inv. Math. 109
(1992) 405.

V. Kac and A. Raina, Bombay lectures on highest weight representations of infinite
dimensional Lie algebras, Advanced series in mathematical physics, World Scientific,
Singapore (1987).

P. Deligne, La série exceptionnelle des groupes de Lie, C. R. Acad. Sci. 322 (1996) 321.

P. Cvitanovic, Group theory: birdtracks, Lie’s and exceptional groups, Princeton University
Press, Princeton U.S.A. (2008).

M.A.L Flohr, On modular invariant partition functions of conformal field theories with
logarithmic operators, Int. J. Mod. Phys. A 11 (1996) 4147 [hep-th/9509166] [INSPIRE].

M.A.L Flohr, On fusion rules in logarithmic conformal field theories, Int. J. Mod. Phys. A
12 (1997) 1943 [hep-th/9605151] [INSPIRE].

E.B. Kiritsis, Fuchsian differential equations for characters on the torus: a classification,
Nucl. Phys. B 324 (1989) 475 [iInSPIRE].

P. Christe and F. Ravanini, A new tool in the classification of rational conformal field
theories, Phys. Lett. B 217 (1989) 252 [INSPIRE].

S.D. Mathur and A. Sen, Group theoretic classification of rotational conformal field theories
with algebraic characters, Nucl. Phys. B 327 (1989) 725 [INSPIRE].

R. Dijkgraaf, J.M. Maldacena, G.W. Moore and E.P. Verlinde, A black hole Farey tail,
hep-th/0005003 [INSPIRE].

— 60 —


https://doi.org/10.1023/A:1026291027692
https://doi.org/10.1007/s11139-007-9054-4
https://doi.org/10.1007/s11005-012-0602-5
https://doi.org/10.1007/s11005-012-0602-5
https://inspirehep.net/search?p=find+J+%22Lett.Math.Phys.,103,439%22
https://arxiv.org/abs/1803.11281
https://doi.org/10.1007/JHEP01(2016)005
https://doi.org/10.1007/JHEP01(2016)005
https://arxiv.org/abs/1510.04478
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.04478
https://doi.org/10.1088/1751-8121/aa59cd
https://arxiv.org/abs/1611.04071
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.04071
https://doi.org/10.1007/JHEP09(2018)032
https://doi.org/10.1007/JHEP09(2018)032
https://arxiv.org/abs/1804.06860
https://inspirehep.net/search?p=find+EPRINT+arXiv:1804.06860
https://arxiv.org/abs/1812.05109
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.05109
https://doi.org/10.1007/BF01232032
https://doi.org/10.1007/BF01232032
https://doi.org/10.1142/S0217751X96001954
https://arxiv.org/abs/hep-th/9509166
https://inspirehep.net/search?p=find+EPRINT+hep-th/9509166
https://doi.org/10.1142/S0217751X97001225
https://doi.org/10.1142/S0217751X97001225
https://arxiv.org/abs/hep-th/9605151
https://inspirehep.net/search?p=find+EPRINT+hep-th/9605151
https://doi.org/10.1016/0550-3213(89)90475-6
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B324,475%22
https://doi.org/10.1016/0370-2693(89)90861-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B217,252%22
https://doi.org/10.1016/0550-3213(89)90312-X
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B327,725%22
https://arxiv.org/abs/hep-th/0005003
https://inspirehep.net/search?p=find+EPRINT+hep-th/0005003

[52] H. Rademacher, The Fourier series and the functional equation of the absolute modular
invariant j(t), Amer. J. Math. 61 (1939) 237.

[63] J. Manschot and G. W. Moore, A modern Fareytail, Commun. Number Theor. Phys. 4
(2010) 103.

[54] M.C. Cheng and J.F. Duncan, Rademacher sums and Rademacher series, in Conformal field
theory, automorphic forms and related topics, W. Kohnen and R. Weissauer eds., Springer,
Germany (2014).

— 61 —



	Introduction
	One-character CFT
	Basic features
	Modular linear differential equations

	Two characters: complete classification for ell<6
	The general theory and the map to hypergeometric equations
	The case of ell=1,3,5
	The case of ell=0
	The case of ell=2
	The case of ell=4
	Fusion rules
	Comparison to previous work

	Quasi-characters
	How characters fail
	Kaneko-Zagier parametrisation
	Lee-Yang series and its dual
	A(1) series and its dual
	A(2) series and its dual
	D(4) series and its dual
	General approach to recursion relations
	Modular transformations for quasi-characters
	Coset relations among quasi-characters
	Summary of the properties of quasi-characters

	Generating characters for ell >= 6
	Multiplicative method
	Additive method
	Completeness of the additive method
	Relation to Hecke images

	Conclusions and discussion
	Rademacher series for vector-valued modular functions
	Examples of quasi-characters
	Lee-Yang class, ell=0
	Dual Lee-Yang class: ell=2
	A(1) class, ell=0
	A(1) class, ell=2
	A(2) class, ell=0
	A(2) class, ell=2
	D(4) class, ell=0
	D(4) class, ell=2


