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Abstract

When is a g-hypergeometric series a modular form? The connection between these two objects
dates back to 1913 in Ramanujan’s first letter to Hardy. In general, this is a deep question and
out of reach at present. In 1994, Nahm conjectured a criterion for this phenomenon that has
become a guiding principle in this area of research. The conjecture connects the modularity of a
family of Eulerian series to torsion elements in Bloch groups of number fields determined by the
Eulerian series. In 2011, Vlasenko and Zwegers exhibited counter-examples to this conjecture.
Despite this, a theorem of Lee in 2013 provides strong evidence the conjecture is true in a
special case related to models in conformal field theory. These models are parameterised by a
pair (X, X’), where X and X’ are Dynkin diagrams of ADET type. When ged ((n — 1), k) =
1, we prove Nahm’s conjecture holds in the case (X, X’) = (A,-1,Ax—1). We make use of
string functions coming from the representation theory of affine Kac—-Moody algebras. This
complements previous results pertaining to (X, X’) = (Asp, Tx—1) due to Feigin—-Stoyanovsky
(n = 1) and Stoyanovsky, and (X, X') = (Ag,—1,T71) due to Warnaar—Zudulin. We also conduct
computational investigations in classical Andrews—Gordon case i.e. when (X, X') = (Ay, Tx_1).
In particular, Keegan and Nahm ask whether a special family of modular B-vectors are the

only ones giving rise to a modular Eulerian series. We confirm this for £ = 3 and k& = 4.

Chapter 2 will introduce the basic objects needed to state Nahm’s conjecture. This will include

details on modular forms, dilogarithms and the Bloch group.

In Chapter 3 we will provide a statement of Nahm’s conjecture, its asymptotic motivation and

counter-examples due to Vlasenko and Zwegers.

In Chapter 4 we adopt a less number theoretic point of view and first discuss affine Kac—
Moody algebras and some of their representation theory. From this theory we have access to
the string functions, their modularity properties and the Virasoro algebra. The end of this

chapter contains the original work of the author.
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Chapter 1
Introduction

An important problem in number theory is to understand the intersection between basic or
g-hypergeometric series and modular functions. In his first letter to Hardy [Har59, p. 9],

Ramanujan wrote down the striking identity

1 5 5 541
(1.0.1) — +v5 — V5 + e2m/5
e—2m 2 2
—47

1+
(§
1+ —

One can witness a beautiful interaction between ¢-series and modular functions by looking
at the origins of this identity. In particular, (1.0.1) is obtained using the Rogers—Ramanujan
identities

TL2 o0

(1.0.2a) G(q) ;ZE%(q - II 5 !

n= Q)n n==1 (mod 5) —q"
00 qn2+n 00 1
(1.0.2b) H(q):=) o 1T —
n=0 Un n==+2 (mod 5) q

lg| < 1. The left hand sides of (1.0.2) are g-hypergeometric series. These are series of the form
Yoo An(g) where Ay(q) =1, An(q) = R(q,q")An—1(q) for all n > 1 where R(z,y) is a rational
function with lim, o R(x,y) = 0. These types of series have long been studied in connection
with the theory of integer partitions and combinatorics [Mac60, And86, And98, GR04]. Writing
q = €™ with 7 € H, the right hand sides of (1.0.2) are modular functions up to a rational

power of q. These are functions characterized by the invariance under 7 +— (ar + b)/(cT + d)

b
for all ¢ y belonging to a finite-index subgroup of SLy(Z). Modular functions and their
c

generalisations have been studied extensively in number theory and complex analysis [Ono04].

The main point is that the Rogers—Ramanujan identities appear in an unstructured list of ¢-
hypergeometric series that are modular [Sla52]. The problem of describing the phenomenon of

when a ¢-hypergeometric series is modular is both deep, and out of reach at present.

9
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Nahm’s conjecture provides a guiding principle for a special case of this problem. He conjectured

a criterion for the modularity of the r-fold Eulerian series

InT An+Bn+C

2 .
(103> FA,B,C(Q) = E q—, q= e2mT7 TE ]HL
E(Z )7‘ (q)nl U (q>nr
n >0

where A € M,.(Q) is an r x r positive-definite symmetric matrix, B € Q" and C' € Q. Here
(2;q)n = Z;é(l — 2¢*) and (q), := (¢;q)n. For the exact statement of the conjecture see
Section 3.1. Notice G(¢) and H(q) are of the form (1.0.3) with A = (2) and B = (0),(1)
respectively. We say (A, B,C) is a modular triple if F)y p(q) is modular function for some

integer weight.

Nahm'’s conjecture draws upon concepts from number theory, algebraic K-theory, conformal
field theory, cluster algebras and the representation theory of Kac-Moody algebras. Here we
attempt to illustrate this claim with the toy ¢-hypergeometric series

an?+bn

(1.0.4) Fupol) =S Q(T

The asymptotic behaviour of modular forms as ¢ approaches a root a unity is well understood.

n=0

In particular, if F(q) is a modular form of weight k& with respect to some congruence subgroup

[ of SLy(Z) and ¢ = ¢, then
(1.0.5) F(q) ~e ™ me as 2 \,0,

for some r € Q. In order for F,;(q) to be a modular function for some weight, its asymptotics

as ¢ — 1~ must necessarily match those of modular forms. For (a,b) € Q. x Q we have
b
(1.0.6) Z L el as e\ 0,

where z is the unique positive solution to the equation z = (1 — z)* and L(x) is the Rogers
dilogarithm defined in Section 2.3. Comparing (1.0.6) and (1.0.5), L(z) is constrained to be
a rational multiple of L(1) = 7?/6 and the weight of F,;(q) must be k& = 0. This suggests
a connection to the Bloch group of the number field F = Q(z), denoted B(F'). The linear
combinations of arguments in (2.4.1) are used to describe the main functional equations for
L(z) in (2.3.3), where the right hand side has values that are rational multiples of 72/6. This
provides evidence that [x] € B(F') is a torsion element. Nahm’s conjecture largely generalises

this idea, linking the modularity of F4 pc(q) to torsion elements in Bloch groups determined

by A.

Aside from asymptotics and algebraic K-theory, Nahm largely motived his conjecture using
integrable perturbations of conformal field theories. In fact, all of the modular triples of rank
one (g-hypergeometric series of the form (1.0.6) up to a rational power of q) classified in Theorem

3.2.1 correspond to characters coming from representations of the Virasoro algebra. For example
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in the Rogers—Ramanujan case we have the modular triples (2,0, —1/60) and (2,1,11/60). In
these cases, the unique positive solution to x = (1 — z)? is (3 — /5)/2 and

L(3 _2\/3) = gL(1).

The number 2/5 corresponds to the effective central charge of the corresponding minimal model

coming from conformal field theory. These aspects will be explained more in Section 4.7.

Certain integrable systems in mathematical physics can be described by a pair of Dynkin
diagrams (X,Y) where X and Y are of ADE or T type (i.e. tadpole). Letting Cy denote
the Cartan matrix of X, such models are described by the equations Q = (1 — Q)* where
A=Cx®Cy 1. The effective central charge of each model is given by

rxTyhx
Ceff(Xa Y) = m;

where rx and hx denote the rank and Coxeter number of the semi-simple Lie algebra with
Dynkin diagram X [KN11]. It has been conjectured that choosing any A of the above form
will yield at least one B and C' such that (A, B,C) is a modular triple [Leel3]. A theorem of
Lee [Leel3, Theorem 1.3] shows that when A is chosen of the above form, the first condition of
Nahm'’s Conjecture 3.1.5 is satisfied. This provides strong evidence that there is at least one
modular (A, B, C') in each case. In this spirit, it is interesting to ask whether Nahm’s conjecture
is true when we restrict to matrices of the form A = Cx ® C'y/? We will consider part of this
question in Chapter 4 in connection with the representation theory of Kac-Moody algebras.
In particular, we show Nahm’s conjecture holds when (X, X’) = (A,,_1, Ax_1) subject to the
condition ged((n — 1)!, k) = 1, see Proposition 4.0.1. For this choice of X and X’ there is a
rich structure to the modular B-vectors related to the columns of the matrix —O;kl_l. This
structure can be witnessed in Georgiev’s formula for the string functions of a specific family
of highest weight A,,_j-modules of level k [Geo94]. We make use of Georgiev’s formula in the
proof of Proposition 4.0.1 in Section 4.10.

We also investigate the modular B-vectors of the classical Andrews—Gordon series i.e. when
(X, X") = (A1, Ty_1). Modularity for a simple family of B-vectors may be established by
comparing the appropriate Nahm-type series to characters arising from the M (2, 2k+1)-minimal
model. Keegan and Nahm in [KN11] ask whether these are the only modular B-vectors? For
small values of k, they carry out a computational search in [KN11] for all modular B-vectors
within the range —8 < b; < 8 and only vectors in the simple family were obtained. We are able
to confirm that this phenomenon happens with no restrictions on the b; when £ = 3 and k = 4,

see Section 4.9.



Chapter 2
Preliminaries and Background

We first cover the basic ideas from number theory and related areas needed to motivate and

state Nahm’s conjecture in Section 3.1.

2.1 Modular functions and forms

We follow the exposition given in [Ste07]. As usual, denote the special linear group by

b
SLy(Z) :z{(a d> ca,b,c,d €7, ad—bc:l},

C

and the complex upper half plane
H:={r € C:Im7 > 0}.

We will refer to PSLy(Z) := SLo(Z)/{£1} as the modular group. This group acts on H by

b
THV(T)_Z:C[, € PSLy(Z), 7eH.

The modular group has presentation (S, T]5% = (ST)? = 1) where
0 -1 11
S = and T = .
1 0 01
These correspond to the mappings of H
1
T —— and 7—T7+1,

T

respectively.

Figure 2.1 shows the fundamental domain F of the action of PSLy(Z) on H. It is given by

1
f:{TGH:|T|Zland|ReT|§§}.

12
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—1 -1/2 /2 1

Figure 2.1: The fundamental domain F.

Definition 2.1.1. Let k € Z~(. A function f : H — C is weakly modular of weight k if it is

meromorphic on H and satisfies
b
f(y(1) = (et +d)ff(r) forall ~= (a d) € PSLy(Z).
c

Since PSLy(Z) is generated by S and T, to show that a meromorphic function f is weakly

modular of weight k it is sufficient to establish

Fr+1)= f(r) and f(—%):ka(T).

Suppose f is weakly modular of weight k. If a Fourier expansion of f exists, it takes the form

[e.e]
f(r) = Z ane®™ 7 e H.
n=m

2miT

Define the holomorphic function ¢(7) := ¢ =e on C and let D be the punctured open unit
disk with origin removed. Observe that ¢ restricts to the map ¢ : HH — D. Since f(7+1) = f(71),
there is a function F' such that F'(¢(7)) = f(7). Suppose that F' is well-behaved at 0, in the

sense that it permits a Laurent expansion about 0,

[e.9]

F(q) =) aud"

n=m

If this is the case, we say f is meromorphic at oo. If m > 0, we say f is holomorphic at infinity.

Definition 2.1.2. A weakly modular function of weight k is called modular function of weight

k if it is meromorphic at infinity.
Remark 2.1.3. We say a function is modular if it is a modular function of weight 0.

Definition 2.1.4. A modular function of weight % is a called a modular form of weight k if it

is holomorphic everywhere including infinity.
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When f is a modular form, there exist a,, such that

f(r) = Zanq" for all 7€ H.
n=0

We have defined modular forms with respect to the full modular group. We now wish to define
modular forms with respect to special subgroups of PSLy(Z), called congruence subgroups. A

congruence subgroup I' of PSLy(7Z) is any subgroup that contains
['(N) = ker (PSLQ(Z) — PSLQ(Z/NZ)),

for some positive integer N. The minimum N is called the level of T'.

We define a weight-k right action of GLy(Q) on the set of all functions f : H — C by

FO(T) = det(7)*H(er +d) " f(y(7)),

V= (Z Z) € GL(Q).

This induces a right action of GLy(Z) on the same set of functions. This restricted action has

where

the the property
f[’Yl’Yz]k — (f[’h]k)hﬂk ’

for all Y1, V2 € GLQ(Z)

Definition 2.1.5. A weakly modular function of weight & with respect to a congruence sub-

group ' is a meromorphic function f : H — C such that

f[’Y]k = f
for all v € T

Lemma 2.1.6. Let f : H — C be a weakly modular function of weight k for a congruence
subgroup I' and § € PSLy(Z). Then fI%% is a weakly modular function for §~'T'6.

We are now ready to define a modular form with respect to an arbitrary congruence subgroup
.

Definition 2.1.7. A holomorphic function f : H — C is a modular form of weight k with

respect to a congruence subgroup I' if

(a) f is weakly modular with respect I'

(b) fPlr is meromorphic at oo for all v € PSLy(Z) i.e. it has a Fourier expansion of the form

o0

fh]k(T) _ Z anq”/H

n=m

for some integers (m, H) € Z X Z~y.
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Remark 2.1.8. We denote by M(I") the C-vector space of modular forms with respect to I' .

Example 2.1.9. A famous modular function that will frequently appear in the rest of this

thesis is the Dedekind n-function given by

— g/ H = ¢/ (g) .
It has the modular transformation properties
n(r +1) = e™/(r)
n(—%) = V/—ir (7).

with respect to the full modular group. Note n(7)?* is thus a modular form of weight 12.

2.2 Asymptotics of modular forms

The number theoretic motivation for Nahm’s conjecture is a comparison of asymptotics between
F4pc(q) and a modular form. Modular forms have a special type of asymptotic expansion

used in Chapter 3, and this expansion is given in the following lemma.

Lemma 2.2.1. Let F(q) # 0 be a modular form of weight & with respect to a congruence
subgroup I'. Then there exist a € 72Q and 0 # b € C such that

(2.2.1) eV F(e™®) ~be F 4 o(eV) forall N >0.

Proof  Since F(q) € My(T), the function 77*F (e7*/7) € M;(ST'S) by Lemma 2.1.6. This

function has g-expansion

1 —271'1/7'
(2.2.2) —F Z (n g™
where a,, € Q and «,, < ay,11. Substituting 7 = 27i/e we obtain

—& 2mi ‘ —4n%ag /e —4n%aq [e
F(e ): — (aoe "+ ae ! —l—)
€
2mi ’ —4n2ag /e N

(2.2.3) =|— ) ape /5 (1+o(e")),

3

for all N > 0.

2.3 Dilogarithms

The dilogarithm is one of the simplest transcendental functions. It appears ubiquitously in
conformal field theory, hyperbolic geometry and algebraic K-theory. In terms of Nahm’s con-

jecture, the dilogarithm and variants of it appear naturally in the study of ¢-hypergeometric
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series. It is also used to detect torsion elements in the Bloch group of a number field, as seen

in Section 2.4.

In this section we follow the exposition in [Lew81, Kir95, Zag07]. The dilogarithm is defined

by the power series
oo

. 2"
Lip(z) = ) = <1

n=1

We can analytically extend this to a function on C \ [1, 00) via the integral representation

Lis(2) = —/OZ log(1 — u)du—u

Example 2.3.1. For 0 < ¢ < 1 consider the g-shifted factorial
(2.3.1) (@n=1=a)(1=¢")(1—¢").

Taking the logarithm of both sides of (2.3.1) we obtain
(2.3.2) log(q)n = Zlog(l —q").
k=1

For sufficiently large n we can approximate the right hand side of (2.3.2) with the integral

n

/q log(1 — x)d?x = loéq (Lig(q) — Lig(qn)).

log(1 — ¢")dt =
/1 ( ) log ¢

We next define the Rogers dilogarithm function. This variant of the dilogarithm is defined on
the interval (0,1) and given by

L(z) = Lig(x) + % log(z) log(1 — z).

We can extend this to a monotone increasing continuous real-valued function on all of R by

setting
—L(z/(z—1)) z<0
0 z=0
L(z) = ,
/6 r=1

\2L(1) —L(1/x) x>1.

It is also real analytic on R\ {0,1}. For any z,y € [0, 1], the Rogers dilogarithm satisfies the
functional equations

7T2

(2.3.3a) L(zx)+ L(1 —x) = 5= L(1) for zeR,
(2.3.3b) L(z) + L(y) + L(1 — zy) + L <11__xyy) +L (11—_:2/) = %2 = 3L(1),

for x > 0 and y < 1. The last variant of the dilogarithm we introduce is the Bloch—Wigner
dilogarithm, defined by

(2.3.4) D(z) = Im (Liy(2)) + arg(l — z) log|z],
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and is real analytic on C\ {0, 1}, but still continuous at z = 0, 1. Since D(z) = —D(Z) we have
D(z) =0 for all z € R. The Bloch-Wigner dilogarithm also satisfies the functional equations

(2.3.5a) D(z)+ D(1 —z) =0,
(2.3.5b) D(z)+ D (é) =0,
(2.3.5¢) D(x) + D(y) + D(1 — xy) + D (11__53,) +D (11__;;) = 0.

2.4 Bloch group

The Bloch group is a cohomology group that is related to algebraic K-theory, hyperbolic geom-
etry and the polylogarithm. Given A € M,.(Q) positive definite and symmetric, Nahm’s conjec-
ture links torsion elements of Bloch groups determined by A to the existence of (B,C) € Q" xQ
such that (A, B, () is a modular triple. Here we introduce the definition of the Bloch group in

enough generality to state the conjecture.

Let F denote a field and F* = F'\ {0}. Let A*F* denote the group of formal abelian sums of
x Ay with z,y € F* modulo the relations

1.z2Ax=0
2. (mxe) Ny=mz1 ANy + 22 N\ Y.

Let Z[F] denote the set of formal abelian linear combinations of symbols [z] where x € F.
Suppose O : Z[F*\{1}] — A?F* is a Z-linear map defined by d([z]) = z A (1 — z). Let
A(F) = ker 0 and C(F') be the subgroup of A(F') generated by elements of the form

(2.4.1a) 2] + E
(2.4.1D) (=] +[1 — 2]
(2.4.1¢) V(w,y) = [o] + [1 = ay] + [y] + 11__;2} * {11—_;;} |

Remark 2.4.1. Note that we may view the five-term relation (2.4.1c) as Y _[x;] where {z;} is

a cyclic 5-tuple of numbers satisfying the recursion 1 — x; = x;_12,1.
Remark 2.4.2. The fact that C(F') is a subgroup of A(F') follows from
1
o(lal + [-]) = o) + 11 — a]) = 8(V(w,9)) = 0.

This is seen in the following easy computations:

o+ [H]) =ena-n e 2 (1-1)

a a

:$/\(1_$)+§/\<x;1>

=zAN(1l—2)—zAN(1l—-2x)

?
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Oz +[1—a))=zA(l-2)+(1-2)Az

and

) ==m Ay =9 a2+ =)A=+ (=) rv

—I—(l_lxy)/\(l—x).

Interchanging = and y in (2.4.2) to obtain 8([11_%]), it is clear that 0(V (z,y)) = 0.

l1—2z

(2.4.2) a([

11—y

By convention we set [0] = [1] = [oo] = 0 in A(F). The Bloch group is B(F) := A(F)/C(F).
Notice that (2.4.1) describe the main functional equations for the Rogers and Bloch-Wigner
dilogarithms given in (2.3.3) and (2.3.5) respectively.

We will now define a map D : B(C) — R using the Bloch-Wigner dilogarithm. Setting
€= 1 ,nz] € B(C) we have

D(§) = Z n;D(z;).

We are interested in the case when F' is a number field or C. Suppose [F' : Q] = 1 + 21y
where 71 denotes the number of real embeddings of F' and ry denotes the number of complex
conjugate non-real embeddings. Suppose the conjugate non-real embeddings are oy, ..., 0,,. It
is well known that & € B(F) is a torsion element (element of finite order) if and only if it lies

in the kernel of the map
5 = (D(Ul(é))v s 7D(UT2(£)))'
By a result of Borel we have B(F)/{torsion} is isomorphic to Z" [Bor80, Zag07].

Example 2.4.3. [Zag07] Consider the algebraic number

| -1+V5
o= —

£ =la]+ [HL&} € Z[F).

Observe that x = o and y = 1/(1 + «) satisfy

Setting F' = Q(«), we define

l—z=2' and 1-—y=ay.
The above equalities are used to verify & € B(F') in the following computation,
o) =azN(4x+y)+yA(z+y) =0
Moreover, £ is a torsion element in B(F'). Using the five term relation we compute

1—\/3}

11—«
1—0a?

V(a,a):2[a]+2[ 5

}+[1—@2]:25+{
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We claim [(1 — +/5)/2] is 5-torsion in B(F). To see this, set z; = 3 in the recursion contained
in Remark 2.4.1. We obtain the equation 1 — 3 = 32, so 3 = (—1 £+/5)/2. Thus

=)

is 5-torsion in B(Q(v/5)) C B(F), and we see that ¢ is indeed 10-torsion.



Chapter 3

Nahm’s conjecture

3.1 Motivation and statement of Nahm’s conjecture

Recall ¢ = e*™" where 7 € H. Suppose A = (a;;) € M,(Q) is positive definite and symmetric,
B = (b;) € Q" and C € Q. Consider the Eulerian series

q%nTAn—i-Bn-‘rC
(3.1.1) Fapclg) = Z

(@ny - (@,

nE(Zzo)T

which converges absolutely for |¢| < 1. In 1994 Nahm has posed the problem of listing all
modular triples (A, B, C') [Nah94, Nah95, Nah07]. He also conjectured conditions on the matrix
A such that there exist some B and C such that (A, B,C) is a modular triple.

Let the general summand of (3.1.1) be denoted by a,(q) = an,
n; — oo so that ¢"i — @Q; ¢ {0,1}. Then

n)(q). Suppose ¢ — 17 and

.....

bl
nsenlq) _ gOimtisios

1 o o
3].2 — — Q'U‘
(3.1.2) ) T T 1_@]111 j

The following well known lemma motivated by (3.1.2) is important to the study of Nahm’s

conjecture.

Lemma 3.1.1 ([VZ11] ). Let A be as above. Then the system of equations
(3.1.3) 1—Q7;:HQ;“J'7 i=1,...,r,

J
has a unique solution Q° := (QY,...,Q% € (0,1)".

The starting point for Nahm’s conjecture is to first search for the triples (A, B, C') such that
F4 pc(q) is a modular function with respect to any congruence subgroup I'" and weight k. In
order for F4 g ¢(q) to be modular we need the asymptotic expansion of F4 g ¢(e™) to match the

form given in (2.2.1). Comparing (2.2.1) and (3.1.4) yields the following well known corollary.

20
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Theorem 3.1.2 ([VZ11, Theorem 2.3]). There is an asymptotic expansion
(3.1.4) Fape(e™)e /s ~ Bee (1 + Z cpap) e N0
p=1

with @ € Rog and 3,7,¢, € Q, p > 1.

Remark 3.1.3 ([VZ11, Theorem 2.3]). One can be more explicit with the constants in (3.1.4).
Writing

] Qv
A=A+ diag{G}icic,, G = 1_—ZQQ>

we have

Z L(QY)) >

1 H (@)
Videt Ay V1 - QY

B 1 1+ Q]
’y—C—FﬂZl_Q?

8=

Corollary 3.1.4 ([VZ11, Corollary 3.2]). If F4 pc(q) is a modular function of weight k& then

(a) it has weight k£ =0,
(b) a € 7*Q if and only if >°;_, L(QY) € 7*Q

(c) e (1 + D 1 cp&tp) = 1if and only if ¢, = plT for all p.

We will explain why the condition (b) in Corollary 3.1.4 is important in motivating Nahm’s
conjecture. Consider an arbitrary solution @ = (Q1,...,Q,) € Q to (3.1.3) and set F =
Q(Q1,...,Qy). Set &g = [Q1] + -+ [Qr] € Z[F*\{1}]. The following computation in
A2(F™) proves that &g € B(F):

(3.1.5) = ZZ%’(@' A Qj).

Since A = (a;;) is symmetric and @; A @), is antisymmetric in ¢ and j, we see that (3.1.5)
is 0 in A%(F*). Thus every solution to (3.1.3) defines an element in the Bloch group of the

corresponding number field.
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Since the exponents in (3.1.3) are rational, we need to be careful when determining powers
Q7. For the determination of rational powers to be consistent we require that Q; = €% and
1 —Q; = e¥ for some u,v € C" such that v = Au. This will define the minimal number field
for which (3.1.1) is defined.

If (3.1.1) is modular then we must have >, | L(Q?) € 7?Q. The Rogers dilogarithm takes
values in 72Q for combinations of real arguments of the form in (2.4.1a) and (2.4.1b). These
are the main functional equations for L(z). Thus it would be natural to expect that g =

QY]+ -+ [QY] is a torsion element in B(F'). This led Nahm to make the following conjecture.

Conjecture 3.1.5 (Nahm). Given a positive definite symmetric A € M,.(Q), the following are

equivalent:

(a) Every solution Q = (Q1,...,Q,) to (3.1.3), {g = [Q1] + -+ + [Q,] € B(F) is a torsion
element, where F' = Q(Q1,...,Q,).

(b) There exist (B,C) € Q" x Q such that Fs p(q) is modular.

Let us now consider the implications of condition (c¢) in Corollary 3.1.4. Since ¢, € Q[B, (, fl_l],
we have infinitely many polynomial equations that the modular triple (A, B, C') must satisfy.
These are given by
1 P
(cp—ﬁc}f)(B,C,A =0 for p=23,...

We refer the reader to [VZ11] for more details on this. It is crucial to point out that once A
is fixed, so is ¢, and we obtain polynomials in Q(QY,...,Q%[by,...,b,] of which the entries of

modular B must be a root. We extensively use this observation in Section 4.9.

3.2 Rank one

Nahm'’s conjecture holds for r = 1, see [Zag07]. Moreover, Zagier and Terhoeven proved the

following stronger result.

Theorem 3.2.1 ([NRT93, Ter94, Zag07]). Let r = 1 and view A as a scalar. The only
(A, B,C) € Q4 x Q x Q for which F4 5 c(¢g) is modular are the ones given in the following
table.

A B C Fupc(q)
5 0 —1/60 05 1(7)/n(T)
1 11/60 05 2(7)/n(T)
0 | =1/48 | n(1)*/n(r/2)n(27)
1 1/2 1/24 n(27)/n(7)
—1/2| 1/24 2n(27)/n(7)
12 0 —1/40 | 051(7/4)/0s(7)
1/2 1/40 Os,2(7/4)/0s(7)
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Here,
— 8\ 25 n(m)n(4r)
98(7)_Z(E)q t=Ten
05,4(1) = ST (myelgr,

Remark 3.2.2. The first two lines in the table are just the Rogers—Ramanujan identities as

discussed in the introduction.

The main idea behind the proof of Theorem 3.2.1 is again a comparison of asymptotics. If
f(r) = F(q) € My(T"), then g(7) = 77%f (%) € M (STS), and thus g has an expansion of
the form occurring on the right hand side of (2.2.2). Taking the logarithm of the right hand
side of (2.2.3) we obtain

2
47 o

(3.2.1) log F (e7¢) = — kloge + log ((2mi)*ag) + O(")

3

for all N > 0. Zagier compares (2.2.2) to the asymptotics of log Fu g (e7%) as € \, 0 and
derives consequences (although for rank 1) similar to Corollary 3.1.4. See [Zag07] for more
details.

3.3 Counterexamples

Nahm'’s conjecture is false for r > 2. Vlasenko and Zwegers in [VZ11] provide matrices A* that
do not satisfy condition (a) of Conjecture 3.1.5 but corresponding modular function Fa« g+« ¢ (q)
exists [VZ11]. The main idea is to build modular triples (A*, B*,C*) from modular triples
(A, B, C) in such a way that the solutions of (3.1.3) corresponding to A* do not satisfy condition
(a) of Conjecture 3.1.5. For any m € Z-, the following result constructs a rank mr modular

triple from one of rank r, see Theorem [VZ11, Theorem 4.2]. They apply this theorem to obtain

3/4 —1/4)

A=1/2~ A" = (
-1/4  3/4

The system of algebraic equations determined by this matrix has both torsion and non-torsion
solutions in the Bloch group. However, it is still expected that if a modular triple (A, B, C)
exists, then the solution Q° € (0,1)" is torsion. The other direction of Nahm’s conjecture is still
open i.e. if the system of algebraic equations determined by general A specified in Conjecture
3.1.5 has only torsion solutions in the Bloch group, then this guarantees the existence of at
least one modular triple (A, B, C).
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3.4 Zagier’s experiments

In [Zag07] Zagier experimented with modifying condition (a) of Conjecture 3.1.5 and proved
that his modifications do not lead to a true statement. First he asked whether all solutions to

(3.1.3) must be torsion? In particular, is it sufficient to require that just {go = [QY]+---+[QY] €
B(QNR) be torsion in B(C)? To address this question, consider the matrix

)

Q° = (¢7 ', 9" — &™)

In this case

where

1 1++v2v6—1
d):\/52+ and = Lt 2\/_ |

The element {go = [p 1] + [¢* — ¢34)] is torsion since L£(£) = 2L(1) for both {go and its real

5
conjugate, and D(§) = 0 for both £go and its complex conjugate. However the equations

1 - Qi =QQ3
1— Qo= Q7Q5

have a Galois orbit of four solutions (Qq,@2) that belong to a different quartic field where
D(&) # 0. His computer search yielded no (B,C) € Q? x Q making F4 p ¢(q) modular.

Zagier also showed that replacing condition (a) of Conjecture 3.1.5 with the stronger but more
elementary requirement that all solutions to (3.1.3) must be real does not work. To see this,

consider the matrix appearing on Zagier’s list

4 1
A= :
11
The corresponding algebraic system of equations is

1—Q1=Q1Q2
1 — Q2 = Q1Qo.
This has two real and two complex solutions, all of which correspond to torsion elements in

B(C). If the assumption is made that all solutions to (3.1.3) must be real then there should be
no (B,C) € Q% x Q which would result in Fyy 5 (q) being modular. However,

_ 051(27) o :95,2(27)
Fan. (o) an® = T aad Frany (2),1m(0) = =057

So total reality is too strong an assumption.




Chapter 4
Representation theory and modularity

Let A=Cx® C)_(,l where (X, X’) is a pair of Dynkin diagrams of ADE or T type and Cyx is
the Cartan matrix of X. For each matrix in this family it has been conjectured that there is at
least one B and C' such that (A4, B, C) is a modular triple [Leel3]. There are several specialised
conjectures and partial results in the literature related to this problem. Modularity up to a
rational power of ¢ is conjectured for the generalized Andrews-Gordon series yy;(q) defined in
[BCFK14, Conjecture 4.1, Section 4.5] i.e. when A =Cy, , ® C’i{l. The B-vector occurring
in xx.(q) is determined by the value of 1 <1 < k. Thus to prove the above conjecture when
A=Ch, , ® C’fkl_l, it suffices to produce for each n,k > 2 at least one value of [ for which
Xk.1(q) is modular up to a rational power of g. Warnaar and Zudilin originally studied x,(q)
in relation to A,,_; root systems [WZ12]. Modularity of x21(¢) when n is odd follows from an
identity in their paper [WZ12, Theorem 2.3]. They have conjectured a more general identity
for xx.1(q) when n is odd [WZ12, Conjecture 2.2], inspired by the Feigin-Stoyanovsky Theorem,
an identity xxx(¢) when n odd [FS94, Sto98]. Subsequently Bringmann et al. studied the
modular properties of the graded dimensions of principal subspaces of level one A;l_)l—modules
in [BCFK14]. Modularity of xxx(¢) when n is odd and x2,(¢) when n is even follows from their
work, see [BCFK14, Theorem 1.1].

In this chapter we consider modularity conjecture in [Leel3] when A = Cx ® C’Zklil, where X
is Dynkin diagram of ADE type. Let Ca, , := (Cuv)i<uwv<n—1 and Ca, | := (Cst)1<s<k—1. We

prove the following proposition in Section 4.10.

Proposition 4.0.1. Suppose ged((n — 1)!,k) = 1. Choosing (ko,7) € {1,2,...,k — 1} X
{1,...,n — 1} and setting k; = k — ko, the following series
(4.0.1)
> (Ca, oxl ) mBPm ,
qT(n,k,ko,j) Z q ( A l)u'u]E Ak—l)st ng;;0+1(s_k0)m§5)_% lec;ll sm§.s>
n—1 —1 ;
1T Hs:1(Q)mz(s)

(mgs))EM(k—nx(n—m (Z>0)

=

is a modular function for some T'(n, k, ko, j) € Q with respect to I'(s), where s = lem{k,n,n +
k,n—1}.

25
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In terms of Nahm language, it is clear that A = Cy, | ® C_Ij_l in (4.0.1). The modular B-
(»S)) € M(k_l)x(n_l)(Zzo), the modular

vectors in (4.0.1) have a beautiful structure. Viewing (ml

B-“vectors” in M;_1)x(n-1)(Z>0) have jth column as —Cgklflekﬂ and Os elsewhere. Setting
n = 2 in Proposition 4.0.1 proves a claim of Keegan and Nahm in [KN11]. This case has stong
ties to conformal field theory and was studied experimentally in [KN11]. In particular, Keegan
and Nahm considered the case when B is any column vector of _C/gqu‘ For k = 2,...,12,
they decomposed the corresponding Nahm type sum into coset characters in order to establish

modularity, but higher level cases were not considered in their paper.

The main idea behind the proof Proposition 4.0.1 is to write (4.0.1) as a sum of string func-
tions arising from the irreducible A;l_)l—module of level k, with highest weight A = koAo +k; A,
ko + k; = k > 2. There are two main ingredients. The first being that string functions of an
affine Kac-Moody algebra g of rank [ + 1 are modular forms of weight —%l, see Theorem 4.6.3.
The second, a formula due to Georgiev for the string functions of an irreducible A;l_)l—module
of highest weight A taking the form above [Geo94]. The formula of Georgiev is packaged as
a Nahm-type sum of the form featured in (4.9) with the summation over a system of congru-
ences involving the columns of (mgs)) modulo k. The proof mainly invloves checking there is
sufficiently many string functions to sum in order to hit every congruence class modulo k& and

hence obtain (4.0.1), see Section 4.10 for more details.

We conjecture the trick used in the proof of Proposition 4.0.1 will generalise to proving the
modularity when X is a Dynkin diagram of DE type and B the trivial vector. Hatayama et al.
in [HKK™99, Conjecture 6.1] have conjectural formulae for the string functions coming from
tensor product of vacuum modules of an arbitrary non-twisted affine Lie algebra XU, These

formulae are of Nahm-type, similar to the formula of Georgiev (4.10.1).

Before proceeding to the work mentioned above, we first develop some basics on the represen-
tation theory of affine Kac-Moody algebras. From this we are able to access characters, string
functions and their modularity properties. At some points we will discuss topics in the context

of general Kac—Moody algebras, we will be explicit when this happens.

In this chapter we also investigate the modular B-vectors of the classical Andrews—Gordon
series i.e. xx:(¢) when n = 2, or see the left hand side of (4.9.1). One may establish modularity
for the simple family of B-vectors corresponding to [ = 1,...,k by comparing the series to
characters arising from the M (2, 2k 4+ 1)-minimal model [BPZ84, DFMS97]. Keegan and Nahm
ask whether these are the only modular B-vectors? For small values of k, they carry out a
computational search in [KN11] for all modular B-vectors within the range —8 < b; < 8. Only
vectors in the simple family were obtained. We are able to confirm that this phenomenon
happens with no restrictions on the b; when k = 3 and k£ = 4 in Section 4.9 using Magma and
the asymptotics developed in Section 3.1. A brief note will be made on the Virasoro algebra,

minimal models and their characters in order to present this work.
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4.1 Preliminaries for affine Kac—-Moody algebras

We follow the notation set out in [Kac90, Chap 6]. Let A be a generalized Cartan matrix
(GCM) of affine type having rank [. Let a = (ag,a1,...,q;) € (Z>0)l+1 be the unique vector
such that Aa = 0 with ged(ag, as, ..., a;) = 1. The sequence ag, ay, ..., a; are the Dynkin labels
of the Dynkin diagram S(A) associated to A. We have ay = 1 unless A = A(;), in which case
ap = 2. Denote by a; the labels of the Dynkin diagram S(A’) of the dual algebra. This is
obtained from S(A) be reversing all of the arrows and preserving the labelling of the vertices.

In all cases we have aj = 1. Let

l

!
h = Zai and h':= Za;/,
i=0

=0
denote the Coxeter and dual Coxeter numbers respectively.

Let g := g (A) be the Kac-Moody algebra associated to affine GCM A = (a;;) (columns and
rows indexed by the labels 0,1,...,1). Let h be the Cartan subalgebra of g and h* the dual of

h. Suppose g has generators e; and f;, @ =0, ..., [, satisfying the Serre relations
(
ei, fi] = 0ij0r) ifi,7=0,1,...,1
h,hW] =0 if h,h' € b

h,e;] = (a;, h)e; ifhebp
h,fi] = —{a;,h) ifhebh
ad(e;)'"%i(e;) =0 ifi,j=0,1,...,1
ad(fi)= % (f;)) =0 if4,7=0,1,...,1.

where IIY = {ag,...,a)} C b and II = {ay,...,aq} C h* are the sets of simple coroots and

[
[
[
[

\

simple roots respectively.

By [Kac90, Lem. 4.6], any matrix A of affine type is symmetrizable. Moreover
(4.1.1) A = diag (ag/ay, ..., a1/a)) B,

where B is a symmetric matrix.

Fix the scaling element d € b such that

(ag,dy =1 and (a;,d)=0 for i=1,...,1

The af,...,a,d form a basis for . We define a non-degenerate symmetric C-bilinear form
(+-) on b by

(a;/|ozjv) = (aj/a;-/)aw ifi,7=0,1,...,1

(af]d) =0 ife=1,...,1
(4.1.2)

(ag|d) = ag

(dld) =0
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This can be extended uniquely to a non-degenerate symmetric bilinear form on all of g, called

the normalized invariant form.
We now describe the induced C-bilinear form (-|-) on h*. First define an element Ag € h* by
<A0,d> =0 and <A0,0él\-/> :5()1' for Z:O,l,,l

Then ay, ..., aq, A is a basis for h* and the bilinear form (-]-) on b induces an isomorphism

v : b — b*. The isomorphism has relations
v(ef) = (ai/aj) ai, v(c)=0 and v(d)=aoh,

(2

where
(o @]
0= E a; 0
=0

is the null root. Moreover the form on (-|-) on h* can be described by

(@,
(4.1.3) (o
(
L(

The forms defined by (4.1.2) and (4.1.3) can be used to deduce the following useful formulae
(0]Ao) =1 (8]9)

(clag) = a0 (cle)

I
[eo i )
~ o~
S =
e —
o O
— =
g =
~ ~
o O
—_ =
v :N

where

is the canonical central element.

Let g be the classical part of g, b its Cartan subalgebra and []* the dual of h. Noticing

h= spanc{ay, ..., )} and h* = spanc{aj, ..., q;}, we have the orthogonal direct sum decom-
positions
(4.1.4) h=hHa (Cc+Cd) and b* =h* @ (CI+ CAy).

With (4.1.4) in mind, let = h* denote the orthogonal projection of A € h*. Writing
)\—X:U1A0+U25
for some uy,us € C, we compute the coefficients u; and us in terms of X\. Thus

w = (A= XI8) = (AI8) — (XI8) = (A, <)
us = (A= XAo) = (A[Ao) — (NAg) = (AlAo).

This results in the useful projection formula

(4.1.5) A =X+ (A Ao + (A[Ag)d.
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4.2 Roots

Let A be the root system attached to the affine Kac-Moody algebra g and A the root system
of g. The root system controls the structure of g(A) through its root space decomposition.

Suppose g(A) has such a decomposition, given by

g(A)=ho <EBga),

a€EA

where

9o = {z €g:[hz] =a(h)z for all h € bh}.

We give an explicit description of the root system A when A is non-twisted. We also give an

explicit description of the root spaces g, in the loop realisation ﬁ(g)

Definition 4.2.1. If g € A and S is of the form 22:0 Z>o0y;, then B is called a positive root.

Let A, denote the set of positive roots.

Definition 4.2.2. A root o € A is called real if it is in the W-orbit (W is the Weyl group
defined in Section 4.3) of the simple roots of g. Let A™ and A’ denote the set of real and real

positive roots respectively.

Definition 4.2.3. A root which is not real is called imaginary. Let A™ denote the set of

imaginary roots.

Thus A**NA™ = & and A = AUA™. We have the following existence theorem for imaginary

roots.

Theorem 4.2.4 ([Kac90, Theorem 5.6]). Let A be an indecomposable GCM.

(a) If A is of finite type then A™ = &.

(b) If A has affine type, then

A = (k5 ke Z\{0}} A™ = {kd: k€ Zoo).

The next proposition describes A% and AL in terms of A and § in the non-twisted affine case.

Proposition 4.2.5 ([Kac90, Proposition 6.3]). Let g(A) be a Lie algebra associated to a matrix
of type A = Xl(l). Then

A" = {a+ndla € A,n e Z}

and
A = {a € Ayn > 0} UA™
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The loop realisation ﬁ(g) is a concrete way of constructing the affine Kac—Moody algebra
g(A). We refer the reader [Kac90, Chapter 7] for more details on this. Considering an explicit
description of the root spaces of £(g) gives a useful corollary on the dimension of the imaginary

root spaces.

Example 4.2.6 ([Kac90, Section 7.4]). We give the root space decomposition of £ (g) with
respect to fh. By Proposition 4.2.5,

A={a+nd:neZaecAtU{ni:jeZ\{0}}.

Writing

L@ =ve (@c(é)a),

a€A
the root spaces are given by

‘C (ﬁ)a+n6 = tn ® ﬁoa /C (é)m; == tn X [Oj

Corollary 4.2.7 ([Kac90, Corollary 7.4]). Let g (A) be a non-twisted Lie algebra of rank [+ 1.
Then the multiplicity of every imaginary root of g (A) is (.

4.3 Affine Weyl group

The affine Weyl group of an affine Kac-Moody algebra can be used to describe much of the
structure of the algebra and its highest weight representations. For this see Sections 4.2, 4.5
and 4.6. We give details on the affine Weyl group and its properties in this section that we use

later in this thesis.

For each integer 0 < <[ we introduce the fundamental reflection r; on h* defined by
ri(A)=X—(\a)a; for \eb*.

Each r; is a reflection in the hyperplane orthogonal to the simple root «; since its fixed-point
set is
T, = {)‘ € h*|<)‘7 ai) = 0}7

and r;(a;) = —a.

Definition 4.3.1. The subgroup of GL(h*) generated by the r; is called the affine Weyl group
of A or g(A), denoted W.

The subgroup of W generated by r; for 1 <1 <[, denoted W, is the finite Weyl group attached
to g. The group W has a simple description in terms of W. To give this description we first

need to define a special lattice in f)* that parametrizes a family of endomorphisms of h*.

Remark 4.3.2. Note that if & € A™, then o = w(q;) for some i and the reflection r, =
wryw™! € W. Explicitly,
o (N) = A= {\,a")a for \e b
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Lemma 4.3.3 ([Kac90, Lemma 6.5]). Let o € A’¢ such that 3 := § — aa € A for some a.
Then

rars (A) = A+ (X, o)v (8Y) — <<)\,BV> + %|5v\2<)\, c)) 5,
for A\ € h*.

Specialising Lemma 4.3.3 to a = ap and =0 := 22:1 a;cy;, we obtain the equation

(4.3.1) TagTo (N) = X+ (N, c)v (0Y) — (()\7 0v) + %|0V|2()\, c)) J.

Consider the family of endomorphisms ¢, : h* — b* for each o € h* given by
1

(4.3.2) ta(A) = A4+ (N, c)a — (()\|a) + §|oz\2()\, c)) J.

It is an elementary computation to verify additivity and normality properties of the t, in the

following lemma.

Lemma 4.3.4. The following hold:

(a) tatg =tagp for o, B € b*

(b) wtaw™ =ty for w € W and a € b*.
After inspecting (4.3.1), consider the lattice M := U(Z[W -0Y]) C b. In particular,

Q if A is symmetric or r > ag

v (QV) otherwise,

M=

where z l
Q = ZZO@ and Q = ZZ%’-
i=0 i=1
Note (@ is referred to as the root lattice and Q as the classical root lattice.

By formula (4.3.2), M considered as an abelian group acts faithfully on h*. Denote the cor-
responding subgroup in GL (h*) by 7. We call this the group of translations. Any element
w € W can be uniquely written as the composition of a translation from 7" and a reflection

from W as seen in the next proposition.
Proposition 4.3.5 ([Kac90, Proposition 6.5]). We have W = W x T.

Remark 4.3.6. The semi-product structure of W will be employed primarily to simplify char-

acters in Section 4.5.
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The Weyl group W can be used to build an alcove geometry in 61’{{ that is necessary to understand
the structure of the weights in highest weight representations of affine Kac—Moody algebras.
For each a € A and k € 7, define the following family of hyperplanes in fo)]’{%

Loy :={)€bs: (\a) =k},

and the hyperplane
Loy ={\eby:(\f) =1}

The generators ro, 71, ...,r; of W act on hﬁ‘{ as reflections in the hyperplanes Ly 1, Lo, 0, - -, Lo, 0
respectively. We will introduce a collection of affine hyperplanes, €2, whose corresponding affine
reflections will lie in W by Proposition 4.2.5 and Remark 4.3.2. When g is non-twisted we have
the simple description

Q={Lox:a el kel}.

It turns out that W permutes the affine hyperplanes of €2. Since W is generated by rg, 71, ..., 17,

this is sufficient to note the following lemma.

Lemma 4.3.7 ([Car05, Lemma 17.29]). The following hold:

(2) 73 (Lag) = Lyjayx fori=1,...,1,

(b> Ty (La,k> = Lm(a),lc—i—(aw)a

(C) if Loy € Q) then Lro(a)7k+(a‘9) e (.

Naturally this leads to a group action of W on the set of alcoves.

Definition 4.3.8. The connected components of

6]?%_ U La,k
L

a,keQ

are called alcoves. Let A be the set of alcoves.

Proposition 4.3.9 ([Car05, Proposition 17.28]). The set
C:={ ebi:(Na)>0fori=1,...,land (\|§) <1}

is an alcove.

The fundamental region for the action of W on Gﬁ‘{ is called the affine alcove. The affine alcove
is important because it can be used to compute the maximal dominant weights, and hence all

strings of weights for any affine Kac—-Moody algebra.

Definition 4.3.10. The affine alcove is defined as

Cap=C ={Aebh}: (M) >0fori=1,...,land (A0) <1}.
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(651

Figure 4.1: The shaded region is the alcove C' for Ag).

4.4 Irreducible modules for affine algebras

We introduce the basic representation theory of affine Kac—-Moody algebras. We must restrict
our attention to a certain category of representations (or modules) with a well-defined character.
These are precisely the representations that are h-diagonalisable with finite dimensional weight

spaces.

We start by considering any Kac-Moody algebra g of rank n. We have the usual triangular

decomposition
(4.4.1) g=n_dhdn,,
where n, and n_ are generated by the Serre generators e; and f; respectively for i = 1,... n.

The corresponding decomposition of the universal enveloping algebra
(4.4.2) U(g) =Um_)@U(h) @ U(ny).

Applying the Poincaré-Birkhoff-Witt Theorem [Mil13, Theorem 1.30], a basis for U(n_) is the

Tn

set of monomials e}’ - - - e

where 1; € Z>o. Similarly f™ --- " is a basis for U(n;) where

m; € Zzo.

Definition 4.4.1 (BGG category O). The objects in category O are the g-modules V' that
satisfy

(a) V =@y Va where Vi :={v €V :h-v=A(h)v for all h € b},
(b) dim V) < o0,

(c) There exists a finite set {Aq,..., A} such that for each A with V) # 0 satisfies A < \; for

some i € {1,...,s}, where < is the partial order on h* defined below.

Definition 4.4.2. For A\, u € b*, u < X if and only if A — 1 is a non-negative linear combination

of simple roots.
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Definition 4.4.3. Any \ € h* with V) # 0 is called a weight of V. Let P(V) denotes the set
of weights of V.

The morphisms in O are homomorphisms of g-modules. Any submodule or quotient of a module
from O is another module in O. A direct sum or tensor product of a finite number of modules

from O is another module in O.

We now explain how to obtain the g-module whose character is of interest in Section 4.5 and
allows us to introduce string functions in Section 4.6. A starting point is a class of g-modules

in category O called highest weight modules.
Definition 4.4.4. A g-module V is called a highest weight module of highest weight A € h* if
there exists a non-zero vector vy € V' (called the highest weight vector) such that

(a’> ny (UA) - 07

(b) h-vy = Ah)vy for all h € b,

(¢) Ulg)(va) = V.
In light of conditions (a) and (b) in Definition 4.4.4, we may replace condition (c¢) with
Un_)(vy) =WV
Thus V is spanned by vectors of the form f{"'--. fi""vy where m; € Z>, and for h € b
h(F™ - fmoa) = (maan = - = mnon ) () 1™ - - [ or-

Thus it follows that
(4.4.3) P(V) C {A—Zmiai:izl,...,n},
i=1

and moreover

V=@PVs, Va=Cuy and dimV, < oc.
A<A
This will be important when discussing characters of highest weight modules in Section 4.5.

Definition 4.4.5. A g-module M(A) of highest weight A is called a Verma module if every
g-module of highest weight A is a quotient of M (A).
We have the following existence and uniqueness theorem for Verma modules.
Proposition 4.4.6 ([Kac90, Proposition 9.2]). For any Kac-Moody algebra g the following
hold:

(a) For every A € h* there exists a unique up to isomorphism Verma module M (A).

(b) M(A) contains a unique proper maximal submodule M’(A).

Thus it is clear from Proposition 4.4.6 that among g-modules of highest weight A € h*, there

is a unique irreducible one
L(A) := M(A)/M'(A).
The irreducible g-module L(A) is the one interest for the rest of this thesis.
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4.5 Characters of affine algebras and string functions

We will now introduce four important lattices P, P, , P, and P needed to study characters of
representations of an affine Kac-Moody algebra g(A). These lattices, referred to as the weight
lattice, the set of integral weights, set of of dominant weights respectively and classical weight

lattice, are defined by
P={ ebh :(\o/)eZfori=0,...,0}

l
Py ={AeP:(\a))>0fori=0,...1}=>Y Z,\+Cs
=0
P++:{)\€P+:<A,Oél\~/>>0f0rl.:(),...,l},

l
=1

where Ay, ..., A; denote the fundamental weights of g(A) and A;,...,A; denote the fundamental
weights of g. Note the relationship A; = A; + a) A,.

Representation theory of affine Kac—-Moody algebras is a rich source of functions with modular
properties. For example, the linear span of the normalized characters of highest weight g(A)-
modules of fixed positive level is invariant under the action of SLy(Z). This gives rise to the

well-known modular S-matrix, see [Kac90, Theorem 13.8].

For a general Kac-Moody algebra g, formal characters of g-modules V' in category O record the
dimensions of the weight spaces of V. One can then turn formal characters into holomorphic
functions on b, and in the affine case develop their modularity properties referred to above with

the use of theta functions.

For a highest weight g(A)-module L(A), string functions are introduced to simplify the compu-
tation of its character. This is because the weights of an irreducible highest weight g(A)-module
occur in strings. For each maximal weight, there is a corresponding string function that serves
as a formal generating series for the weight spaces that belong to that string. These functions
can then turned into holomorphic functions on H. We are interested in string functions because
they are modular forms whose congruence subgroup and weight is controlled entirely by data
coming from g(A) and level of the g(A)-module L(A). We make use of string functions in
Section in 4.10.

We first make some statements for a general Kac-Moody algebra g. In order for a character of
a g-module V' to make sense, the dimensions of the weight spaces must be finite, so we restrict

our attention to the category O.

Definition 4.5.1. Let V be a g-module in category O. The formal character of V' is a function
chy : b* — Z given by
Chv()\) = dim V)\.
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Let Z[P] denote the group algebra of P with Z-basis given by the e for A € P. The multipli-
cation is given by

A

et = M,

Then we can regard formal character chy as a formal (possibly infinite) sum in Z[P] given by

chy = ) mult(\)e € Z[P].

AeP(V)
From (4.4.3) it follows that
e Achy € Clle™™, ..., e ]],
or alternatively
e chy € Clle™, e, ... e o]

We now restrict attention to integrable g-modules in category O.

Definition 4.5.2. A g-module V in category O is integrable if e; and f; are locally nilpotent

onV fori=1,...,n.

Integrability ensures that the dimensions of the weight spaces are well behaved under the action

of W. In other words, if V' is an integrable g-module, then

dim V)\ = dim Vw()\)
for all w € W and A € h*. Furthermore, P(V) is invariant under the action of W, see [Kac90,
Proposition 3.7].

The g-module L(A) is integrable if and only if A € P,. Much is known in this case about chy,,).
Kac devised an analogue of the classical Weyl character formula in the setting of symmetrisable

Kac—Moody algebras.

Theorem 4.5.3 (Weyl-Kac [Kac90, Theorem 10.4]). Let g be a symmetrisable Kac-Moody
algebra, and let L(A) be an irreducible g-module of highest weight A € P,. Then

e E(w)e
Moca, (1= c )@

Remark 4.5.4. Recall from (4.1.1) that g(A) is symmetrisable when A is affine. In this
case, characters of the g(A)-modules L(A) for A € P, may be computed using the Weyl-Kac

(4.5.1) ChL(A) =

character formula.

We now specialise to an affine algebra g(A). An important integer attached to a g(A)-module
is its level. The canonical central element ¢ acts on g(A) by the scalar operator (A, c)Ir ).
Moreover, (A, ¢) = (A,c) for all A € P(A) by (4.4.3). We call k := (A, c) € Z~ the level of
L(A).

When A € P, P(A) is highly structured in the affine case. All weights occur in so-called
0-strings, with each string in correspondence to a unique maximal weight. The weights also lie

within a paraboloid on the weight lattice. These are consequences of Proposition 4.5.5.
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Proposition 4.5.5 ([Kac90, Proposition 12.5] ). Let L(A) be an integrable highest weight

module of positive level k£ over an affine Kac Moody-algebra. Then

(a) P(A) = W-{Ae Py h <A},
(b) P(A) = (A+ Q)N convex hull of W - A,
(¢) P(A) lies in the paraboloid
{A € bz s A+ 26(A[Ao) < AP (N ¢) = &}
The intersection of P(A) with the boundary of this paraboloid is W - A

(d) For A € P(A), the set of t € Z for which A — t6 € P(A), is an interval [—p, o0) where
p > 0.

Definition 4.5.6. A weight A € P(A) is called maximal if A + ¢ ¢ P(A). Let max(A) denote
the set of maximal weights in P(A).

Since P(A) is invariant and wd = ¢ for all w € W, it is clear that max(A) is W-invariant. If
A € P,, then condition (a) of Proposition 4.5.5 says that any A € P(A) is W-equivalent to
a unique dominant weight. It follows from condition (d) of Proposition 4.5.5 that for every
p € P(A) there exists a unique A € max(A) such that = A —nd for some integer n > 0. Thus

cach A € P(A) is W-equivalent to a unique dominant maximal weight.

Remark 4.5.7. See Figure 4.5.10 to see the weights of the Agl)—module L(Ay).

The following two results assist in the computation of characters.

Proposition 4.5.8 ([Kac90, Proposition 12.6]). The map A ~ X defines a bijection from
max(\) N Py onto kCy N (A + Q). Moreover, the set of dominant maximal weights is finite.

Lemma 4.5.9 ([Kac90, Lemma 12.6]). Let A = Xl(r) where X = A;D or E. Let A € P, have
level 1. Then
max(A) =W -A=T-A=T-A.

Example 4.5.10 ([Car05, Section 20.4]). We wish to compute the characters of the Agl)—
modules L(Ag) and L(A;). We have the GCM

By symmetry it is sufficient to consider L(Ag). In this case,

52&0—}—&1, 9:(1/1,
Q = Zag + Zaoy, Q = Zay,
W = (ro, 1), W ={1,r}.
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Figure 4.2: The root lattice, weight lattice and cone of dominant weights for Agl).

In addition,
Ca=1{N€ bi’i 10 < (May) <1} and h* = Co;.

Now,
(KngCo)) N Car = {mag : m € Z,0 <2m < 1} = {0}.

Thus L(Ao) has a unique dominant maximal weight by Proposition 4.5.8. This must be the
highest weight Ag. Applying Lemma 4.5.9,

max (Ag) = W - Ay.
The action of W on the basis Ag, ay,d of h* is given by

(4.5.2) ro(Ag) = Ao+ o — 6, ro(an) = —ay + 20, ro(0) =4
(4.5.3) r1(Ao) = Ao, ri(ag) = —ay r1(9) = 4.
Using (4.3.2) we compute the following family of translations for m € Z

tma, (Ao) = Ag + may — m?9,

tmay (1) = a1 — 2md,

tmay (6) = 6.
Thus
max (Ag) = {AO +ma; —m25:m € Z} .

We deduce
Ao) = {A0+ma1 —m2—kd:me Z,k € Zzo}.

We now compute chys,) using the Weyl-Kac character formula. A good approach is to
compute the numerator and denominator of (4.5.1) separately. Using Proposition 4.3.5 we

split the numerator of (4.5.1) into a double sum,

Z e(w)e” w(Ao+p)—p _ Z Z “’tu(AOJrP)

weW WeW MEZLan

(4.5.4) = Z e(w) Z gbtnoy (hotp)=p,

weW nez
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Ag—a1—90 Ao Ag+a1—90
Aog+2a1—40

Ag—3a1—99 Aog+3a1—99

Figure 4.3: The é-strings of weights for the fundamental module L(Aq) of A(ll). Weights A of
L(A) lie in the parabola |A|? 4 2(A\|Ag) < 0 with (\,¢) = 1 by condition (c) of Proposition
4.5.5.

Consider the following computations,

tnay (Mo +p) =3Mo+ (Bn+ 1) ay — (3n® +n)d
= Ao+ 3nag — (3n* +n)d
Sitpay =300 — (3n+ 1) s — (3n* +n)d
= Ao — (3n + 1)y — (3n* +n)d.
Equation (4.5.4) becomes
Z €(w>ew(A0+p)fp _ eA() Z (e3na1 _ e(3n+1)a1) efn(3n+1)6
weW nez
Writing 2 := e™® and e~ = ¢ yields
(455) er Z (2—371 o Z3n+1) qn(3n+1).
neL

Factorising (4.5.5) using Watson’s quintuple identity [GR04, Exercise 5.6], and then applying
the Jacobi triple product identity [GR04, Section 1.6] yields

—n 'n»2
(2,4/2 Q)oo(@*, =02, =/ % oo = € (2, 0/ % Doe Y 27"¢" -
neL

The denominator of (4.5.1) with the use of Proposition 4.2.5 is written as

(¢:2,9/2; q) oo
Recalling that (q; ¢)7! is the generating function for partitions we see

Ag —-n,n
€ ZneZ < q

(¢:9)oo

— Z prf)erJrnalanéfké'

neZ k>0

2

ChL(Ao) =
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Since all of the weights of the integrable module L(A) come in d-stings, the computation of its

character can be reduced to computing the so called string functions.

Definition 4.5.11. Suppose A € P, and A € max(A). The string function through A, denoted

by, is the generating series

= ZmultL(A)(/\ —nd)q",

n=0

where ¢ := e,

The string functions are invariant under the W-action on P(A). In particular, bg(/\) = by for
all w € W. Since every A € P(A) belongs to a unique d-string, stab(A) N7T" = {1} and the

symmetry above, we have the equality

(4.5.6) chypy = > bet= > bﬁ( > et(’\)).
A€max (A) A€max(A) teT
A mod T

This naturally leads to classical theta functions.

Definition 4.5.12. For A € h* of level (A, ¢) = k > 0 define

O, = e’%‘; Z et

teT

For A € P¥ and X € P(A) introduce the numbers

/\ 2
and  mp ) = my — u

2k

o Al el
ATk + hY)  2hY

These are used to normalize the characters and string functions respectively so they have
modular properties, but this is not our concern at present (as we have not introduced these

functions on the upper half-plane yet). The normalizations are given by

. —mpd
XA =€ A ChL(A)
cf\X = e_m"’*‘;bf\\.
The normalized string function ¢} has some useful symmetries. Again we have ci\u(/\) = ¢} for

all w € W. Furthermore,
C?U(AH,WM& —cy forall \¢ W.,ve M,aeC.

It follows that there are finitely many distinct string functions for a given highest weight.

Combining (4.5.6) and the definitions of ©) and ¢}, we can write

XA = Z O

AeP* mod C§
A mod T

(4.5.7) = > A0,

AePk  mod kM+C§
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Example 4.5.13 ([Wak01, Example 2.1.5]). Consider the problem of computing the string
functions for the Agl)—module L(2Ay).

Noting for each m € Z we have
tmay (200) = 2A¢ + 2ma; — 2m?6,

the Weyl-orbit of A is
WA= {2Ag + 2ma; — 2m?*6 : m € Z}.

Considering the convex hull of W - A and applying Proposition 4.5.5b we see the weights are
given by

1
P(A) = {A+pa1+q5:p,q€Z,q§ —§p2}~

Thus the maximal weights are

2 2 1
max(2A0):{2A0+ma1—m75:m62Z}U{2A0—|—ma1— (m ; >6zm€1+2Z}.

Hence max(2A,) is the image of two Weyl-orbits,

maX(QAO) =W- <2A0) uw - <2A0 + o — 5)

There are two string functions bgf\g and bgﬁgﬂo to compute. We first compute the following
translations

(4.5.8a) tman (200 + p) = 200 + p + dmay — (4m* 4+ m)é,

(4.5.8b) by (201 4 p) = 200 + p + (4m + 1)y — % <4m2+ 2) 5+ %5,

(4.5.8¢) Fitmas (200 + p) = 200 + p — (4m + 1oy — % (4’”; 1) s,

(4.5.84) Pibmen (201 + p) = 209 + p — % (4m2+ 3> 5+ %5.

Substituting the equations from (4.5.8) into the numerator of the Weyl-Kac character formula,

and then applying Jacobi triple product identity twice we have
(¢"% 2,42 /24"%)o0
(¢:2,4/7 4)o0

= (¢, 2¢"*,¢"% /2, ¢)

1/2

€

“220 (chpong) — ql/QChL(QAl)) =

_ (@70
(¢: @)oo
1/2.

(4.5.9) — (€% 9)x Z(—l)jzjqj2/2.

(¢,26"%, 0"/ 2 q)oo

(¢:9)
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The sum over j is alternating in (4.5.9). When j is even, this corresponds to a contribution of

1/2

bgﬁg from chraay) t0 (4% ¢)/(¢; @)oo and no contribution from ¢'/2chy2a,). When j is odd,

this is a contribution from ¢'/2622* . Noticing the symmetry b22° = p2d  we obtain
2A1—an 2Ap—ag 21—
(@2 q)oe
(4.5.10) by — a2 Do oy =~
2o om0 (g5 g)ee
Letting ¢*/? — —q'/? yields
_1/2.
A A (=¢"% D)oo
(4511) bgAg + q1/2 . bgl\g—ao = W

Solving (4.5.10) and (4.5.11) yields

b2/\o _ 1 (ql/Z; Q)oo + (_q1/2§ Q)oo
2o "9 (¢:9) o
pre L (200w — (6" 0)
2hozeo T 9 (45 @)oo

4.6 String functions on H and modularity

We outline how holomorphic functions on the complex upper half plane are built from formal
characters. We describe their regions of absolute convergence and give details on a modularity

result concerning the string functions that we use in Section 4.10.

We can regard e* € Z[P] in the previous section as functions on b or h* to C. For any h € b
or 1 € b*, define e*(h) := e™ and e* (i) := e?¥ respectively. Now that we are starting to

consider characters as C-valued functions, we need to consider issues of convergence.

Definition 4.6.1. Let Y (L(A)) C b be the set where chy(a) converges absolutely. For h €
Y (L(A)) we may write

hes chpy(h) = ) mult(A)e™"
AEP(A)

From the easy estimate
A (M) < [xa ()] = ™™ M- [chy (R)],
both ¢} and ya both absolutely converge on Y (L(A)). Define the following subset of b

Yi={heb: Y (mult(e))l]e " < oo},

aEAT

Geometrically speaking, Y (L(A)) is convex since |e*| : h — C is convex function. It is important

to note that chys), xa and ¢} are holomorphic functions on Y (L(A)).
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Proposition 4.6.2 ([Kac90, Proposition 11.10]). Let A be an indecomposable symmetrisable
Cartan matrix and let L(A) be an irreducible g(A)-module with highest weight A € Py, such
that (A, a;) # 0 for some i. Then Y(L(A)) = Y and chy() is a holomorphic function on
Y (L(A)).

Applying Proposition 4.2.5 and Corollary 4.2.7 we obtain the second equality in
(4.6.1) Y(L(A) =Y ={h€b:Re(d,h) >0},

the latter set being a much simpler description. We now are able to view the normalized string

functions ¢} as functions on H. Consider the identification
h2 b =b"® Cho& C5,
and write h € b as
h =2mi(z — TAg + td) for some =z € h*, 7.t € C.
Then by (4.6.1),
Y(L(A)) = {(r,2,t) : z € b*,7,t € C with Im7 > 0},

and we write -
N (T) 1= g7 Z mult(A — nd)¢" for ¢=e*"", 7 c H.
n=0
After a long story that involves studying the modular transformation properties of ©,(h) =
Ou(T, 2,t) (see Proposition 13.7 in [Kac90]) and the modular S-matrix, one can prove that the
ci (1) are modular forms whose congruence subgroup and weight depend only data coming from
the affine algebra g(A) and the level of the module.

Theorem 4.6.3 ([Kac90, Theorem 13.12]). Let g(A) be an affine algebra of type X}J) and rank
[+1, and let A € P¥ with & > 0. Let s = lem{k,h",k + LY, N}. Then the string functions

i (1) are modular forms of weight —1! with multiplier system (41), with respect to I'(s).

4.7 Virasoro algebra

We make a brief note on the Virasoro algebra, its highest weight representations and minimal
models. We follow the short summary given in [Leel2] The characters arising from minimal
models in a special case will be related to the modularity of Fs g c(q) when A = Cx, ® C’i}_l,

considered in Section 4.9.

Definition 4.7.1. The Virasoro algebra Vir is a complex Lie algebra spanned by the elements

L,, n € Z and the central element c satisfying the commutation relations

c
[Lin, L] = (m —n) Ly + ﬁ(m?’ — M) 0400
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Similar to Definition 4.4.4, we call p : Vir — End(V) a highest weight representation with
highest weight (c,h) € C? if there exists a non-zero vy € V' such that the following conditions

are satisfied

(a) p(Lo)vo = huvo,
(b) p(c)vg = cuy,
(c) p(Ln)vo =10 >0,

(d) V is spanned by elements of the form p(L_,,,)p(L—_n,) - p(L_pn,)vo with ny > ng > --- >
ng > 0.

Remark 4.7.2. Note that on the left hand side of p(c)vy = cvy, ¢ denotes the central element
in the algebra and on the right it denotes the central charge, the scalar occurring in (c, h) € C2.

This abuse of notation is standard.

Each highest weight representation of the Virasoro algebra is parametrised by (c, h) € C% We

V=V,

n>0

have the direct sum decomposition

where Vi = Cuy and V,, is spanned by p(L_,,)p(L_p,) - p(L_,,)vo subject to the condition
ni+---+ng =n and n; € Z. The character of the highest weight module V is defined by

trVqLO_c/24 _ Z(dlm Vn)qh—c/24+n'

n=0

For each (c, h) € C? there is a unique irreducible module of the Virasoro algebra. For a pair of
relatively prime positive integers (p,p’) with 2 < p < p/, the minimal model M (p, p’) consists of
the irreducible highest weight Virasoro modules parameterised by (c, hm), where 1 <r <p—1,
1<s<p—1,

(p'r —ps)* — (p' —p)
4pp’

(p' — p)?
P'p

2
c=1-6 and h, s = .

The salient point is that the character X,(f g ) of the unique representation corresponding to

(¢, hys) is given by the Rocha-Caridi formula [FF84, RC85]. In particular, for 1 <r <p—1
and 1 < s <p' — 1 we have

W) _cjoq oo

/ q /.2 /I /
(4.7.1) X7(nps,p) = <qpp n?+(rp'—sp)n _ q(pn+r)(p n+s)> ’
T
together with the useful symmetry
(4.7.2) Xg’s,p/) — Xg/)fr?pfy

In particular, the M (2,2k + 1) minimal model has a family of characters naturally arise in the

study of Nahm’s conjecture in Section 4.9.
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4.8 A Theorem of Lee

Using Y-systems and dilogarithms, Lee in [Leel3] proved that the solutions to Q = (1 — Q)4
are all torsion, providing strong evidence that there is at least one modular triple for any choice

of A =Cx® C;(,l. Suppose I is an index set and we write any solution to Q = (1 — Q)* as
Q= (Qi)ie[-

Theorem 4.8.1 ([Leel3, Theorem 1.3]). Let A = Cy ® Cys where (X, X’) is a pair of Dynkin
diagrams of ADE or T type. For every solution Q = (Q;),.; of @ = (1 —Q)*, &0 = >,,/1Qi] €
B(F) is a torsion element where F' = Q((Q)ier)-

Interestingly, the following dilogarithm identity links the unique solution in (0, 1)/l of Q =
(1 — Q)* to the effective central charge.

Theorem 4.8.2 ([Leel2, Theorem 4.2.5]). The unique solution @ = (Q;) € (0, 1)/l with for
alli € I to Q = (1 — Q)* satisfies the following dilogarithm identity

h ,
3 L) DXTXTX 1 1),

e hx+hx/

4.9 Andrews—Gordon experiments

In this section we consider the family of matrices A = Cx, ® C”Ekl,l‘ These occur in the famous

Andrews—Gordon identity, which generalise the Rogers-Ramanujan identity to arbitrary level.

Theorem 4.9.1 (Andrews—Gordon). For two integers k and [ such that £ > 2 and 1 < <k,

NZ+4NZ_ | +N++Ng_1 1

(4.9.1) yo e —~ 1T

>0 (@ (D r20,4i (mod 2k+1)

1—q
where N; =n; +---+ng_y for j <k —1 and N, := 0.

Expanding the quadratic from in the exponent of ¢ in (4.9.1) for each 1 <1 < k yields

N12+---+N,3_1+Nz+ +Nk1_2mm{r5}nrns+z —i)n

r,s=1

Thus we see the occurence of

A=Cy,0Cpl =2

e e
N N NN =
W W W N =
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and the family of B-vectors B;, defined by
1 ) 1
B, = §A(ek,1 —e¢) for i=1,2,....k—1 and By= §Aek,1.

The right hand side of (4.9.1) is related to the characters of the minimal model M (2,2k + 1)
given by the Rocha-Caridi formula in (4.7.1). This is seen by employing the Jacobi triple
product identity to re-write the right hand side of (4.7.1) in the form occurring in the right
hand side of (4.9.1) up to a rational power of ¢. In particular, we are considering the family of

characters

h§2;2k+1)—c/24 0o

X(2,2k+1)(q) _a Z (q2(2k+1)n2+(2k+1—23)n_q(2n+1)((2k+1)n+s)) for 1< s<2k+1,

1,s (Q)oo S~
where 2k + 1 — 25)? 2k +1—25)% — (2k — 1)?
c:1—3( +1 - 2) and hlS:( F1-2s7 - (k- 1)
2% + 1 ! 8(2k + 1)
Since x1.5(q9) = X12k+1-s(q) by (4.7.2), there are exactly k characters, each modular. Thus

qMrr-ime/2 % (4.9.1) matches with X§2k2f1+_12) (q¢). Thus each of the B; are modular B-vectors for

A. Are these the only possible modular B-vectors? In other words, we are asking whether the
only modular B-vectors for A the ones that correspond to characters arising from the M (2, 2k+
1) minimal model. For small ranks, Keegan and Nahm in [KN11] investigate this question
with computational experiments. For computational reasons they restrict their searches to the

domain —8 < b; < 8. All of their searches return only the family B; of modular B-vectors.

We describe an alternative general approach that does not require restrictions on the b; for
computations involving small rank examples. Recall from Section 3.1 that modular (A, B, C)

must satisfy the infinite number of polynomial equations

1 ~_
(cp—ﬁc@(B,C,A =0 for p=2,3,...,
where the ¢, € Q[B, ¢, A™"] are defined in [VZ11], and originate from the asymptotics of
Fapc(q). Once A is fixed, so is ¢, and we obtain polynomials in Q(QY,...,Q%)[bi,...,b.] of
which the entries of modular B must be a root. We use Magma to compute these polynomials
when A = Cy, ® C’f; and A =C)y, ® C’fgl. Magma is then used confirm the only B vectors are

the ones above.

Example 4.9.2. Consider when A = Cy, ® C’;;. All solutions lie in the totally real number
field Q(«) where the minimal polynomial of « is 23+ 222 —x — 1. Using the asymptotic method

described above, we computed the following polynomials in Q(«a)[by, ba],

1 1 1
o — §c§ = M(_QWO‘Q — 3720cx + 4634)b} + E(68702 +991a — 1236)b2by

1
+ot %(104002 + 1503cc — 1866)bs,
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1 1 1
c3— écff = m(—ngs?&f — 2599040+ 324095)b° + 5058 (24263302 4- 350568 — 437166)b1by
1
o4+ ———(612981a2 200 — 1104094)b,.
+ +49392(6 981a” + 886032c 04094)b,

Using Magma, the only (by,by) € Q? that are roots of both polynomials are (0,0),(0,1) and
(1,2).

Example 4.9.3. Consider when A = Cy, ® Cfgl. All solutions lie in the totally real number
field Q(c) where the minimal polynomial of « is 23 — 2% — 2x + 1. We computed the following

polynomials in Q(a)[by, ba, bs],

1 1 1
cy — 503 = @(—16537042 — 27329a + 36810)b3 + %(14152042 + 23388a — 31509)b2b,

1
4+ .4 ﬁ<69&2 + 116 — 141)b3,

1 1 1
c3—§c~} = %(—3076243a2—5084107a+6849779)b§’+M(4594124a2+7592717a—10229635)17‘1%2
4+ 209%2(24045a2 + 414520 — 49275)bs,
1 4 1 2 7
e = 56 = 944784( 17173149470 — 28382125200 4 3823913286)b]

1
e ——— (134 2199 200 — 2 bs.
+ee 4 T 480( 3408589a” + 22587752cr — 28773033)b3

Using Magma, the only vectors (b, b, b3) € Q? that are roots of both polynomials are

(0,0,0),(0,0,1),(0,1,2) and (1,2,3).

4.10 Modularity in the A=Cy,_ , ® C’;ifl case

In this section we prove Proposition 4.0.1. Recall that we wish to consider string functions of
the unique irreducible Alezl—module of highest weight A = kgAg+ k;A; , j € {1,...,n—1}. To

state Georgiev’s formula more compactly we define the rational constant

o (AtplAtp) (plp)  (AJA)
T(n,k, ko, j) = 2(k + h) 2Ry 2k

Theorem 4.10.1. [Geo94] Let A be as above and A € P. The normalised string functions i
of the AlV-module L(A) are

n . Z C - C—l mg’s)mi(]t) .
(4101) Cé\\ _ qT( k.ko,j) Z q ( A 1)1“;]5 Ak—l)st ‘ ;;;;0+1(S_k0)m;s)_%21;;11 Sm;s)
(q>go ° H?:_ll Hs;% <Q) ’

k3

N|=

where the ), is taken over (mgs)) € M—1)x(n—1)(Z>0) satisfying

(4.10.2) A—X= Z (Z sml(-s))ai (mod kQ).
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Example 4.10.2. It is also interesting to note that Georgiev’s formula (4.10.1) specialised to
n = 2 was first obtained by Lepowsky and Primc in [LP85].

Writing A = 37" | \;A; and observing

n

_1 ~u(n —u)
S (G ), = M),

v=1

we compute

K-A=S (ks - Z )=,

i=1 i=1
We have ¢} = 0 unless A — X € Q, so it is clear ¢} # 0 when dijk; — A = 0 (mod 2). The
condition (4.10.2) can be written as the system of congruences

E—1

1

(mod k) for i=1,...,n—1.

©
Il

We are now ready to prove Proposition 4.0.1.

Proof Fixany j=1,...,k—1 and suppose A = koA + k;A; for some ko, k; € Z>( such that
ko + k; = k > 2. The hypothesis guarantees i(n — i) is invertible in Z/kZ for i =1,...,n — 1.
Therefore i(n — )((5Uk Ai)/2 runs through every congruence class modulo k exactly once as
A runs through P subject to the conditions §;;k; — A\; = 0 (mod 2) and —k < §;;k; — \; < k.
Summing the left hand side of (4.10.1) over such A € P we obtain

(4.10.4)
q 1 Z Cuqutl (5>m1()t)

_ o ki g s
)" Dk =g 2 TS TS (), qzl‘;’%“(s fom = Tt om”
A (m <S>)EM(k Dx(n—1)(Z>

where Ty := T'(n, k, ko, j). The sum of string functions on the left hand side is a modular form
of weight (—1/2)" with respect to I'(s) where s = lem{k,n,n + k,n — 1} by Theorem 4.6.3.
Recalling Example 2.1.9, (1(7))" is a modular form of weight (1/2)" with respect to PSLy(Z)
we see the right hand side of (4.10.4) is a modular function with respect to I'(s).

Example 4.10.3. When n = 2, we are considering the string functions of the unique irreducible
Agl)—module of highest weight A = koAg + k1A;. The greatest common divisor condition is
satisfied for all k& > 2. The sum in (4.10.4) is simply over all A € P with k; — A\ =0 (mod 2)
and —k < k1 — A\ < k. It simplifies to

1
(CA1®CAk 1)71 nCAk,lekO

l
4" 1/12 "
DL S Y (@

nE(Zzo)k_l

(@i
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Appendix A

A.1 Cartan matrices of ADE and T type

Ca

Cr

n

Cr,

—1

o O O O

52

0 0
0
0
2 -1
-1 2
0 0
0 O
-1 -1
0
0 0
0
0
2 -1
-1 1
0
0
-1 0 -1
2 -1
-1
0
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-1 0 0 -1
-1 0 0

2
-1

2




APPENDIX A.

A.2 Indexed Dynkin diagrams of ADE and T type

A, o o
1 2 n—1 N
Tn
D, o o
1 2 n—2n-—1
T, O Q
1 2 n—1 N
O
6
Es O O 0
1 2 3 4 5
0
7
E, o} O O o
1 2 3 4 5 6

Figure A.1: Dynkin diagrams with indexed vertices.
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A.3 Non-twisted extended Dynkin diagrams of ADE type

Al 0<=0
1 1
1
AW (n > 2) OO/O\O
1 1 1 1
Dfll)(n > 4) o O O O O
1 2 2 2 1
1
2
Eél) O—0—0 o
1 2 3 2 1
Tz
E(71) O O O O O
1 2 3 4 3 2 1
Tg
Eél) O—0—0 O O
1 2 3 4 5 6 4 2

Figure A.2: Extended Dynkin diagrams with Dynkin labels.
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