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Abstract

Algebraic Structures in Modular ¢-hypergeometric Series
by
Chul-hee Lee
Doctor of Philosophy in Mathematics
University of California, Berkeley
Professor Richard E. Borcherds, Chair

We will discuss several questions related to g-hypergeometric series and modular functions.
Nahm'’s conjecture is an attempt to answer the question of when a certain g-hypergeometric
series can have modularity. With this conjecture as motivation, we will consider a few
closely related algebraic objects such as Bloch groups, Y-systems, T-systems, Q)-systems,
the dilogarithm function and its variants.



Dedicated to my parents, Sangok Lee and Younghee Oh

who gave me life and education



i

Contents

Contents ii
1 Introduction 1
1.1 Old identities of Ramanujan . . . . . . . .. .. ... ... L. 1
1.2 Outline of this thesis . . . . . . . . . . ... .. ... ... . ... . 3
2 Nahm’s conjecture 4
2.1 g-hypergeometric series . . . . . . . ..o 4
2.2 Modular forms and functions . . . . . . .. ... Lo 5
2.3 The dilogarithm function and its variants . . . . . . .. .. .. .. ... ... 8
2.4 Bloch groups . . . . . . 9
2.5 Properties of the equation x = (1 —x)4 . . . .. . ... ... ... ... ... 10
2.6 Asymptotic behavior of modular forms and g-hypergeometric series . . . . . 11
2.7 Nahm’s conjecture . . . . . . . . . .. 14
2.8 Nahm’s conjecture in rank 1 case . . . .. .. .. .. ... ... .. ..... 15
2.9 Nahm’s conjecture in rank 2 case . . . . . . . . ... ... L. 16
2.10 Counterexamples . . . . . . . . .. 16
3 ¢-hypergeometric series associated with a pair of Dynkin diagrams 18
3.1 The Rogers-Ramanujan continued fraction . . . . . . .. ... ... ... .. 18
3.2 Representations of the Virasoro algebra and their characters . . . . . . . .. 19
3.3 Pairs of Cartan matrices . . . . . . . . .. .. 22
34 CAN®C(T,) " case . . o oo 22
35 CT)QC(T,)  ease . . . o oo oo 24
3.6 The quantum dilogarithm and its application to Nahm’s conjecture . . . . . 26
3.7 g-hypergeometric series and functional dilogarithm identities . . . . . . . . . 29

4 Y-systems, T-systems, ()-systems and torsion elements of the Bloch group 31

4.1 Y-systems . . ... 31
4.2  Torsion elements of the Bloch group . . . . . .. .. .. ... ... ... ... 37
4.3 T-systems . . . ... 40

4.4 @Q-systems . . ... 43



5 On positive solutions of X(X, X'), Y.(X, X’) and Q(X, X’)

5.1
5.2
5.3
5.4
5.9

The principal positive solution of X(X, X") . . . . . ... ... ... ...
The positive solution of Y.(X, X") . . . . . ... ... ... 0.
The positive solution of Q(X, X") . . . . .. . ... ... L
Positive solutions of level restricted Q-systems . . . . . . . ... ... ..
Explicit expressions for positive solutions . . . . . . . . . ... ... ...

6 Level restricted ()-systems and generalized quantum dimensions

6.1 Review of Lie theory . . . . . . .. .. ... .
6.2 Realizations of (J-systems as characters of Lie algebras . . . . . .. . ..
6.3 Conjectures on positive solutions of level restricted @)-systems . . . . . .
6.4 Affinizations of weights and affine Weyl group actions . . . . . . . . . ..
6.5 Quantum dimensions . . . . . .. ... L
6.6 Generalized quantum dimensions . . . . . . .. .. ..o
6.7 Applications to level restricted Q-systems . . . . . . . . ... ... ..
6.8 Periodiciticies of Q-systems . . . . .. ..o
Bibliography

A Dynkin diagrams and Cartan matrices

A.1 Dynkin diagrams of ADET type and their Cartan matrices
A.2 Graph automorphisms of Dynkin diagrams

il

46
46
47
A7
50
ol

53
93
25
25
57
99
60
64
70

74



v

Acknowledgments

I wish to thank my advisor Richard E. Borcherds for his support and numerous enlightening
conversations during my graduate years at Berkeley. It has always been a great pleasure to
talk about mathematics with him. I am indebted to my friend An Huang for sharing his
knowledge and insights about the subject over the years. I also would like to thank Nicolai
Reshetikhin, Edward Frenkel, Don Zagier, Werner Nahm, Sander Zwegers, Bernhard Keller
and Tomoki Nakanishi for helpful discussions and the dissertation committee members for
their help. 1 am grateful to my sisters, Myung Hee and Hwan Hee for their patience and
support. Special thanks go to the Joo family: Fr. Joo, Miriam, Yohan and Hannah for their
warm friendship. I gratefully acknowledge financial support from Samsung Scholarship.



Chapter 1

Introduction

The theory of ¢g-hypergeometric series and theory of modular functions are both old and have
been studied for a long time. However, understanding the overlap between the two theories
is far from being complete. As Slater’s list [34] shows, there are many concrete examples
found without a general principle to organize them.

Nahm'’s conjecture is an attempt to provide a guiding principle in this area of study.
The conjecture is about the overlap of g-hypergeometric series and modular functions and it
provides a good meeting place of various kinds of mathematics like number theory, conformal
field theory and its integrable perturbations, algebraic K-theory, representation theory of
Kac-Moody algebras, the Virasoro algebra and so on. The development of the theory of
cluster algebras now seems to provide a fresh viewpoint on old partition identities and Nahm’s
conjecture.

1.1 Old identities of Ramanujan

Let us begin with a familiar example. We want to recall some old results of Ramanujan,
which are still sources of motivation and inspiration to many number theorists. This example
is a very representative one which captures many important ingredients of our study.

In a letter of Ramanujan to Hardy, Ramanujan presents an identity which amazed Hardy

(13, p. 9]:
1
[ [tV VBt s )
e 2 2

e—47r

1+
1+

1+...
This identity represents a beautiful interaction between the theory of ¢-series and the
theory of complex multiplication i.e. theory of modular functions. It can be derived from
the Rogers-Ramanujan identities :
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where (a;q), denotes the Pochhammer symbol defined in Section 2.1.

The continued fraction in the left-hand side of (1.1) can be explained by a recursion
formula (3.1) that the Rogers-Ramanujan identities satisfy, which is due to them being g-
hypergeometric series. The right-hand side can be obtained as singular moduli, the values
of modular functions at quadratic imaginary integers. See Section 3.1 for more about this.

There is another interesting identity involving the dilogarithm function which is again
due to this interaction of the two theories. The definition of the dilogarithm function is given
in Section 2.3. One virtue of modular functions is that the behavior at the points where ¢
is a root of unity can be nicely described. For example, a modular function f(q) behaves
asymptotically like exp(?) as t \, 0 for some rational number r where ¢ = e~*. More
precise statements and relevant results will be given in Section 2.6.

For a ¢-hypergeometric series to be modular, its asymptotic behavior as ¢ \, 0 must
match that of modular functions. For rational numbers a > 0 and b, we have the following

asymptotics
o An2ibn L
ST e (M) (13)

n=0 n

where x is the unique positive solution of the equation x = (1 — x)® such that 0 < z < 1
and L is the Rogers dilogarithm function. See (2.6.2) for this kind of asymptotics. One can

see that modularity puts a strong constraint on the possible values of a since L(z) must be

2

a rational multiple of L(1) = %-.

In the case of the Rogers-Ramanujan identities, the above asymptotics (1.3) gives

Gla. 1(0) ~ exp (1)

The number Z inside the exponential term is obtained from the identity

3—v5 w2 2
L < 5 ) == gL(l). (1.4)

Note that here the number (3 —+/5)/2 is a solution of z = (1 —x)?. Interestingly, the number
2/5 on the right-hand side of (1.4) predicts the appearance of 2 congruence classes modulo
5 on the infinite product side of the Rogers-Ramanujan identities (1.2).
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There is a way to understand (1.2) as characters of certain modules of the Virasoro
algebra as we can see in Section 3.2. In this context, the number 2/5 which has a purely
arithmetic meaning (counting congruence classes appearing in partition identities) becomes
the effective central charge of a corresponding minimal model in conformal field theory.
The fact that this number can be obtained from the evaluation of the Rogers dilogarithm
function is related to the integrable perturbation of conformal field theory which is regarded
as a physical background for Rogers-Ramanujan-like identities.

1.2 Outline of this thesis

In Chapter 2, Nahm’s conjecture will be introduced after defining a few necessary notions. In
particular, several results about the asymptotics of modular functions and ¢g-hypergeometric
series will be given. In Chapter 3, a few examples of r-fold g-hypergeometric series associated
with a pair of Dynkin diagrams will be presented. These examples are mainly intended to
give motivation to study the topics of the following chapters. A connection between Nahm’s
conjecture and quantum dilogarithm identities is also explored.

In Chapter 4, we introduce Y-systems, T-systems and ()-systems which are very closely
related to the asymptotics of an r-fold ¢g-hypergeometric series. In particular, we will prove
that solving the system of equations associated with a pair of Dynkin diagrams gives torsion
elements of Bloch groups in support of Nahm’s conjecture. In the following chapter, we focus
on positive solutions of various equations considered in the previous chapter and prove a few
of their properties.

In Chapter 6, we look for Lie algebraic solutions of equations considered in the previous
chapters. We will introduce the concept of quantum dimensions and its generalization to
understand some conjectured properties of level restricted @-systems given in Conjecture
6.3.2. The affine Weyl group will also be introduced to attack this problem. The conjecture,
if it is true, allows us to express positive solutions in terms of quantum dimensions quite
concretely. Within the setting suggested, several additional conjectures will be proposed.



Chapter 2

Nahm’s conjecture

The main goal of this chapter is to state Nahm’s conjecture. To achieve it, we define necessary
notions and review relevant results. This conjecture is discussed in detail in Nahm’s paper
[27] from the viewpoint of conformal field theory and in Zagier’s [38] from that of number
theory.

2.1 ¢-hypergeometric series

Let us begin with a few standard terminology. Set (a;q)o = 1 and

n—1

(a:9), = [[(1 —ag") = (1 = a)(1 —ag)--- (1 —ag" ™)

k=0

for a positive integer n. This expression is called the Pochhammer symbol. The special case
(¢; q)n, will be denoted by (q),. We also set

oo

(a5 @) = [[(1 — ag®) (2.1)
(@ = [J(1 ¢ (2.2)

The left-hand side of the following classical identity of Euler
n(n—1)/2

ZWZ = (=21 @)oo (2.3)

is an example of g-hypergeometric series. Another identity of Euler is

2" 1
2 @ ) (24)

n=0

n=0
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The ¢-binomial theorem states that

3 (C(l)qznzn _ (a219) (2.5)

CHI .

n=0 q

See Section 3.6 for an application of these identities.
Now we introduce the main object of this chapter.

Definition 2.1.1. Let A be a positive definite symmetric r xr matrix, B be a vector of length
r, and C a scalar, all three with rational entries. f4 p ¢ denotes an r-fold ¢g-hypergeometric

series defined by
Lt An+Btn+C

fapcolq) = Z =

n=(n1,...,n)€(Z>0)" (@ny - (Dn,

where ¢ € C with [¢| < 1.

2.2 Modular forms and functions

(¢ o

with coefficients in Z satisfying ad — bc = 1. This group acts on the upper half-plane defined

Let SL(2,Z) be group of 2 x 2 matrices

by H = {z € C|z = 2 +iy,y > 0} as linear fractional transformations. If o = (Z Z) €
SL(2,7Z), we set
az+b
az = )
cz+d
This defines a group action. Note that the element +1 act on H trivially.

Definition 2.2.1. We call the group SL(2,7Z) the modular group .

This group is generated by two elements S = (? _01) and T = ((1) D There are

important subgroups of finite index of the modular group called congruence subgroups. Let

I(N) = {(i 2) € SL(2,7)| (Z Z) _ (3 g’) (mod N)}.

We call a subgroup of SL(2,Z) a congruence subgroup of level N if it contains I'(/V). Let
' be a congruence subgroup of level N. Since I'(IV) is a normal subgroup, o 'Ta is also a
congruence subgroup of level N for any o € SL(2,Z).
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Definition 2.2.2. Let k be an integer. If a meromorphic function f on H satisfies

P55 = st

ct +d

for all (Z b) e I', we call f weakly modular of weight £ with respect to I

d

Let us put j(v,7) = cz +d for v = (CCL Z

) € SL(2,Z). If we adopt the notation

flalk = jla, 2) 7% f(az), f is weakly modular of weight & with respect to ' if f[a], = f for

all a € T
_ (a1 b _(az bo
Let g1 = (01 d1> and go = (02 d2> € SL(2,Z). Then

B _(as b3\ _ * ¥
g3 = g201 = cs ds)  \caay +dac; coby +dody )

From j(g1,7) = e17 + dy and

) aT+b c3T +d
J(g2, 1 7) = coqn (1) + do = Czcl L dy = E >
1

T+d1 017'—|‘d17

we can see that j(g291,7) = j(92,17)7 (g1, 7).

Lemma 2.2.3. Let [ be a weakly modular function of weight k with respect to T'. fla]y is

also weakly modular of weight k with respect to o 'Tav.

Proof. Define F(7) = (f[a]x)(7) = j(a,7) % f(ar). We want to prove that F[g], = F for

any g € a 'Ta. Let go € I and g = o tgpa.

Flgl(1) = 3(9,7)" '“F(gT)

(900, 7)™ (90, @7)" f(aT) = j(a, )" f(ar)

= F(7)

j
=j(g,7)7" (04 97) " f(agr) = j(gor, 7)7* f(goarT)
j

~—~~ ~~ —~
© o0 J O
—_— — ~— —

]

Definition 2.2.4. Let k£ be an integer. A holomorphic function f : H — C is a modular

form of weight k& with respect to I' if

1. f is weakly modular of weight k with respect to I,
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2. fla]g is meromorphic at oo for all @ € SL(2,Z) i.e. it has a Fourier expansion of the

form
o0

f[a]k = Z anqy

n=m

for some integer m € Z where gy = e2™7/N,

Example 2.2.5. The Dedekind eta function is defined by

o0

n(r) =¢"* ] - ") = ¢"* (@)

n=1

where ¢ = €?™7. Its behavior under the action of the modular group is given by

So A = n?* is an example of a holomorphic modular form of weight 12 with respect to the
full modular group SL(2,Z).

Theta functions

Many examples of modular ¢-hypergeometric series in our study will be expressed using theta
functions. See [30] for a systematic exposition of the theory.

Definition 2.2.6. Let L be a positive definite integral lattice of rank n and v € L ®z R.
Define

2miT

where g = ¢ as usual.

An important property of theta functions is their modularity. Instead of stating general
theorem, let us look at an example since this will be enough for our purpose.

Example 2.2.7. Let N be an even positive integer. Let L be the lattice (Z, Nz?) of rank
1 and L* = (xZ, N2?) its dual lattice. Define theta functions

(Nn+7")2
®N,T<T) = Z q 2N

neL
for r =0,1,--- , N — 1. Let us consider functions obtained by dividing theta functions by
the Dedekind eta function:
. @ N,r (7' )

Feel ) =20
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Their modular transformation properties are given by

Ko (1 +1) = 20?2124 gy (2.10)
N-1 1

Kve(=1/m) = 2 g™ Kova(m)
s=0

2.3 The dilogarithm function and its variants

Definition 2.3.1. The dilogarithm function is defined by

mwa:—lqﬁglﬁﬁ

t
for z € C —[1, 00).

For |z] < 1, we have the following power series for the dilogarithm function :

o0

LiQ(Z) =

n=1

oM
n2

It turns up in the study of g-hypergeometric series quite naturally. Consider the Pochham-
mer symbol (¢q), = (1—¢)(1—¢?)---(1—q"). For 0 < ¢ < 1, taking logarithm in both sides,

we get
log(q Z log(1 — ¢")

If n is big enough, we can approximate this sum by the integral

n

/ﬂoa—»wﬁ— ! /qb(l—@d$ 1 (Lis(g) - Lis(g"™)

Now we define a variant of the dilogarithm function.

Definition 2.3.2. The Rogers dilogarithm function is defined by

1 L 1% loa(1 — |
L(x):Lig(x)+§logmlog(1—x):_5/0 Og(y ?/)+ fg_(zgdy

for z € (0,1). We set L(0) = 0 and L(1) = 72/6 so that L is continuous on [0, 1].

There are functional identities satisfied by the Rogers dilogarithm function. It satisfies

the reflection property
L(z)+ L(1 —x) = L(1)
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for 0 < x < 1. The five-term relation is as follows :

L(z) + L(1 — zy) + L(y) + L( f:xyy) +L (11__;) = %2 = 3L(1) (2.11)

for 0 <z,y <1.
Let us define another variant of the dilogarithm function.

Definition 2.3.3. The Bloch-Wigner dilogarithm function is given by
D(z) = Im(Liy(2)) + log | 2| arg(1l — 2).

D(z) is a real analytic function on C except at 0 and 1, where it is continuous but

not differentiable. Since D(Z) = —D(Z), it vanishes on R. It satisfies following functional
equations :
D(z) + D(1 — 2y) + D(y) + D(——Y) + D(=—% ) — ¢ (2.12)
T —x = :
Y 4 1 -2y 1—2xy

1
D(z)+ D(1 —z) = D(x)+ D(=) = 0. (2.13)

T

This will be important in Section 2.4 where we discuss the Bloch group.

Remark 2.3.4. Note that the five numbers
11—y 1—2z

1’0:1’7%1:1—55%952:%333:1 y La =
—xy 1—2y

appearing in the functional identities (2.11) and (2.12) satisfy the relations

ZTo = T
) =y
Tm—1Tm+1 = I — 2,

with z,, = x,,.5. So the recurrence relation z,,_1x,,.1 = 1 — z,, defines a periodic sequence
which gives rise to a functional dilogarithm identity. In fact, there is a nice generalization
of this observation. Later in Chapter 4, we will see that there exists a family of recurrence
equations called Y-systems defined for each pair of Dynkin diagrams, having periodicities
and associated dilogarithm identities.

2.4 Bloch groups

In this section, we give a definition of the Bloch group for a field and explain the role of the
Bloch-Wigner dilogarithm function in its study. Nahm’s conjecture is formulated in terms
of Bloch groups. The Bloch-Wigner dilogarithm is a useful tool to study the Bloch group.
See [38] and [37] for a more thorough treatment.
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Definition 2.4.1. Let F be a field. A?F* denotes the abelian group of formal sums of
x ANy, z,y € F* modulo the relations x Az = 0, (x122) Ay = 21 Ay + 2o Ay and x A (y192) =
T Ay +x A ys.

Let 0 : Z[F*\{1}] — A*(F*) ®7z Q be a Z-linear map defined by d([z]) = 2 A (1 —x). Let
A(F) = ker 0 and C(F') the subgroup of A(F') generated by the elements

1—y 1l—x

o]+ (L= o] + o] + [ =] + [ (2.14)
2] + [1 — 4] (2.15)
(o] + ). (2.16)

It is convenient to set [0] = [1] = [oo] = 0 in A(F). We call (2.14) the five-term relation.
The Bloch group B(F') of F'is defined by B(F') = A(F)/C(F).

The Bloch-Wigner dilogarithm D(z) can be used to define a map from B(C) to R. For
& =Y .nfz;] € B(C), let D(&) = > .n;D(z;). By (2.12) and (2.13), it is well-defined.
Let I’ be a number field of degree r; + 2ry over Q where r; denotes the number of real
embeddings and ry denotes the number of pairs of complex conjugate non-real embeddings.
For an embedding o : F' — C and £ € B(F'), we may consider D(o(§)). If D(o(£)) =0
for all such embeddings o, then £ € B(F') is a torsion element in B(F"). This is because the
Bloch-Wigner dilogarithm function can be used to construct the regulator map from K3 to
R™. See [37, section 4].

Let C(y) be the field of rational functions in (y;);e; where [ is a finite set. For f € C(y),
f|a denotes the evaluation of f at (y;) =a = (a;) € C™.

Proposition 2.4.2. Suppose that we have a set S of rational functions f; € C(y) such that
dres (L= fi) A fi=0in A’C(y)*. Y, s D(filx) is independent of x € C™.

See [38, Chapter II. Section 2.A.] and references therein for a proof. If one wants to
obtain such a set of rational functions satisfying the condition of the above statement, one
should look at Y-systems. Y-systems are good suppliers for such rational functions. See
Proposition 4.1.12.

2.5 Properties of the equation x = (1 —x)*

When the asymptotic behavior of f4 p ¢ as z approaches to 0 is considered, one is led to a
system of equations associated to the matrix A = (a;;) given by

r

v = [ =), (i=1,..r) (2.17)

j=1
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This is a system of r equations of r variables xy,--- ,z,. When there is no confusion, this

system of equations (2.17) will be denoted by x = (1 — x)%.

Let us first consider solutions of x = (1 — x)# in the interval [0, 1].

Theorem 2.5.1. Let A be a positive definite symmetric v X r matriz. Then the equation
x = (1 —x)? has a unique real solution x = (x;) such that 0 < x; <1 for alli=1,---7r.

See [28] and [36] for proofs. This fact will play a very important role in Chapter 5.

Lemma 2.5.2. Let A be a positive definite symmetric r X r matriz. Then x = (x;) cannot
be a solution of x = (1 —x)A if x; is 0 or 1 for some i =1,---7.

Proof. Since A is a positive definite matrix, all diagonal entries are positive. So from the
equation (2.17) one can see that x; is neither 0 nor 1. O

For a complex solution x = (x;) of this equation, we will assume the existence of complex
r-tuples u = (u;) € C" and v = (v;) € C" satisfying the following system of equations

r .
V=D g aguy i=1,
et 4+ e =1 1=1,---,r

and then we can put z; = e".

Proposition 2.5.3. Let A be a positive definite symmetric v X r matriz with integer coeffi-
cients. Any solution of the equation x = (1 — x)4 in a number field F C C is an element of
B(F).

Proof. Let x = (x;) € F™ be a solution of

r

Ty = H(l - l’j)aij.

=1
If & =3 ] € ZIF\{1}], 0(&) = D01y awjas A (L — ) = D00 D75 agjws A xj. Since ayy
is symmetric, 9(§,;) = 0 and thus &, is an element of B(F). O

2.6 Asymptotic behavior of modular forms and
g-hypergeometric series

In Chapter 1, we mentioned that the equation z = (1 — x)? is important in the description

of the asymptotic behavior of the Rogers-Ramanujan identities. A similar kind of equation
also appears when the asymptotic behavior of f4 g (2) is considered. To see this, we review
a few results from [38, 36] about the asymptotics of modular forms and ¢-hypergeometric
series in this section.
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Asymptotic behavior of modular forms
Let us begin with the asymptotics of modular forms.

Theorem 2.6.1. Let f be a modular form of weight k with respect to a congruence subgroup
I'. For any positive integer N,
2

Fle) ~ bt exp(=-) (L4 o(tY)
for somer € Q and b€ C ast 0.
Proof. Let g(7) = 77%f(—1/7). Then g is also a modular form of weight k with respect to

ST'S by Lemma 2.2.3 where S = (? _01) We have
7) = 2 bl
where 7 = —1/7 and ¢ = €>™/! for some integer .
. A 2
If weset =2 wehave g=¢""" =¢ '/, 7=—-1/T=2 and §=¢ —* . This implies

£() = (7)g(F) ~ (2ri) bt kexp<’”;><1+o<tN>>

O
Asymptotic behavior of r-fold ¢g-hypergeometric series
Now we consider the asymptotics of an r-fold ¢-hypergeometric series
EntAn—i—Btn—i-C
fac(q) Z q Do
Theorem 2.6.2. [36, Theorem 2. 3’] Let x = (mz) be the unique positive solution of x =
(1 —x)* with0 < z; <1 fori=1,---,r. Let A be the matriz
11— 1—x,
A + diag( xl,---, $)
I Iy
and let
a=> Lz, (2.18)
i=1
J I
g = — , (2.19)
v det A E Vi
1 2 —x;
C+— - 2.20
1=C+g; Z - (2.20)

=1
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Ast ™0,
_t a =
fapc(e") ~ Bexp(? —t) (1 + mz::lcmt ) (2.21)
where ¢,,’s are certain numbers depending on A, B, C.

See [36] for a proof. For fs pc to be modular, the asymptotic behavior as ¢ \, 0 must
be consistent with that of modular functions. So by Theorem 2.6.1 and Theorem 2.6.2, we
obtain several constraints on f4 p ¢ as follows :

Corollary 2.6.3. If fapc is a modular form of weight k with respect to a congruence
subgroup, then the followings must be satisfied :

e the weight k of f is 0.
(] 2::1 L(l}) S 7T2Q.
. cm:%forallmZL

Theorem 2.6.2 is closely related to the asymptotic growth of coefficients of

Lt An+Btn4-C 0

fapcolq) = Z q(zq)— = Zr(n)q”
(Z>0)"

nl(q>n'r n=0

which is given by

log® 7(n) ~ 4n Z L(z;) + o(n).

i=1

Remark 2.6.4. Before we close this section, we consider the asymptotic behavior of a
function given by infinite products since these types of functions show up quite frequently
in this study. A theorem of Meinardus is about the asymptotics of an infinite product of the
form

fO = Ja-¢) ™ =1+ rn)g"
j=1 n=1
for a non-negative integer sequence (a,),cz>0. See [2] for a detailed exposition. Let us
consider a special case where aq, as, - - - defines a periodic sequence with period m such that
aj = Qp—j for j =1,--- ,m — 1. Consider a Dirichlet series defined by
) a,
L(s) = —.
n=1 n

If k denotes the residue of L at s = 1, then

li?'('2

log® r(n) ~ 4n7 + o(n).
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From this, one can see that if f4 g can be written as an infinite product of this particular

form, o = Y8 | L(z;) = 5%2 must hold.

Theorem 2.6.5. [16, Lemma 13.11.2.] Let (an)nez>0 be a periodic sequence of integers
with period m such that a; = ay,_j for j = 1, ,m —1. Let b= 37" a; and f.(7) =
q° H;’il(l —¢’)%. Then f.(7) is a modular form if and only if

This result can be useful to many examples discussed in Chapter 3.

2.7 Nahm’s conjecture

In [27], Nahm considered a question of when an r-fold ¢-hypergeometric series fa pc is
modular and made a conjecture relating this question to algebraic K-theory, motivated by
integrable perturbations of rational conformal field theories.

Definition 2.7.1. Consider an r-fold ¢-hypergeometric series

1ntAn+Btn+C

fasetn)= Y L

(@) (@),

where ¢ = e*™7. If f4 pc is a modular form, then we call (4, B,C) a modular triple and A
the matrix part of it.

Example 2.7.2. Simple examples of modular triples are provided by the Rogers-Ramanujan
identities:

0
i) =

and 9
¢V H(q) = =2
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where

(10k+1)2
b0 =Y (-D)fq o, (2.22)

k€EZ

(10k+3)2
Os5 =Y (-1)fq © . (2.23)

keZ
In this case, we have modular triples ((2), (0), —1/60) and ((2), (1), 11/60).

Let x = (21, ...,7,) € C" be a solution of x = (1 —x)%. Let F C C be a number field. If
x € F", we consider & = [z1] + ... + [z,] in Z[F*\{1}]. Nahm’s conjecture is as follows :

Conjecture 2.7.3. Let A be a positive definite symmetric v X r matriz with rational entries.
The followings are equivalent:

(i) For any solution x = (x1,...,x,) € F" of x = (1 — x)4, the element &, € B(F) is a
torsion element of B(F').

(i1) There exists a modular triple (A, B,C').

In addition to that we would expect that for such matrices A, there exist a finite number
of modular triples (A, B;, C;)icr indexed by a finite set I and (fa p, c,)ier Spans a vector
space which is invariant under the modular transformations.

Several counterexamples to the above conjecture have been found in [36]. This result is
discussed in Section 2.10. Thus the conjecture must be modified and reformulated.

2.8 Nahm’s conjecture in rank 1 case

The classification of rank 1 case is completed. See [35, 38]. Only three matrices are allowed

to be a matrix part of a modular triple : (3), (1) and (2). One interesting observation is that

A B C

2 | 0 |-1/60
2 | 1 |11/60
1 [ 0 |-1/48
1| 1/2 | 1/24
1 |-1/2] 1/24
172 0 | -1/40
1/2 | 1/2 | 1/40

Table 2.1: Classification of modular triples of rank 1

these are all of the form C(X) ® C(X’)~! where C(X) and C(X') are A; = (2) or T} = (1)
Cartan matrices.
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2.9 Nahm’s conjecture in rank 2 case

In the rank 2 case, many examples are also given in [38] and more examples are found in
[36]. In [14], Huang and Lee considered a matrix of rank 2 with integer entries as an initial
attempt to classify modular triples with rank 2 matrices and obtained the following result :

Theorem 2.9.1. If <Z d> is a positive definite symmetric matrix with integer entries such

that all complex solutions to the system of equations

_ _a.b
11—z =2z,

_ b.d
1 — 29 = 2775

i a b ] f21 11 4 2 2 2 1 -1 2 -1
are real, then | - o) equalsoneof | 1 1 1.\ 1 o) lo o) lo 4o\ 1 92 )01 1

G2) @62 606

Since a totally real field has its Bloch group consisting of only torsion elements, proving
all solutions are real is enough to conclude these solutions are all torsion in the Bloch group.
As in the rank 1 classification result, one can again observe a mysterious appearance of the
Cartan matrices. To be precise, all these matrices are of the form C(X) ® C(X’)~! where
(X, X’) is a pair of Dynkin diagram of type Ay, T, As, T or just direct sum of two rank 1
Cartan matrices C(A;) and C(T}).

Since it is known that the matrix (le D produces a modular triple and allows non-
real complex solutions, this result is not a complete one but it is believed that this list
contains a large part of all rank 2 integral matrices producing modular triples. This suggests
that instead of considering general matrices A without knowing where to look for, one may
consider matrices given by a tensor product of two Cartan matrices and see what is going in
more detail. This will be the topic of the following chapters.

2.10 Counterexamples

In [36], Zwegers and Vlasenko found counterexamples to Nahm’s conjecture. Here we briefly

describe one of them. Let A = (_31/;14 _31/{14), B =(1/4,-1/4) and C' = —1/80. Consider
the function 6. (2)n(2)
Fano(z) = 5,12 5
el =)

which is modular. One can see that

1-v-31-v=3
2 2 )

X = (21,72) = (
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is a solution of x = (1 — x)* and this is not a torsion element of the Bloch group B(C).

17
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Chapter 3

g-hypergeometric series associated
with a pair of Dynkin diagrams

In this chapter, we will see several examples of r-fold ¢-hypergeometric series f4 p ¢ with
its matrix part A obtained from a pair of Cartan matrices. They have been studied in the
theory of partitions and continued fraction representations of related series. We will also
see how they are related to the representation theory of the Virasoro algebra. In Section
3.6, we will define another variant of the dilogarithm, the quantum dilogarithm and see an
application of it to Nahm’s conjecture. This will show how one can use quantum dilogarithm
identities to construct a new modular triple from a known modular triple.

3.1 The Rogers-Ramanujan continued fraction

Consider a g-hypergeometric series
n TL2

Riz) = Z Z(qq)n .

n=0

The Rogers-Ramanujan identities are obtained as specializations H(q) = R(q) and G(q) =
R(1). An important result about the Rogers-Ramanujan identities is the following recursive
identity satisfied by R(z).

Theorem 3.1.1. R(z) satisfies the following :
R(2) = R(zq) + 2qR(2q?). (3.1)

See [2]. This recursive relation can be used to get the Rogers-Ramanujan continued

fraction. Since
R(q") — R(qn-H) + qn+1R(qn+2)
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we get
R(qn—i-l) B 1
R(gn - R n+2\"
(¢™) Lt (¢"*?)
R(g"+1)
By making use of this, one can get the Rogers-Ramanujan continued fraction
H(q) R(q) 1 B 1 B
G(g) R(1 2y N
W RO R i
R(q) - LB
T R(@)

From this identity, a curious looking identity

1
[V VB 2/ (32)
e—27r 2 2

1+

1+...

of Ramanujan mentioned in Chapter 1 can be deduced if one knows the value of the modular
function

at 7 = 1.

3.2 Representations of the Virasoro algebra and their
characters

In physics, our objects have been studied in the context of conformal field theory and the
representation theory of the Virasoro algebra.

Definition 3.2.1. The Virasoro algebra Vir is a complex Lie algebra spanned by L,,, n € Z

and the central element C' satisfying the following commutation relations :

C
[Lma Ln] = (m - n)Lm+n + E(mg) - m)ém—i-n,O

where d; ¢ denotes the Kronecker delta.
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Let ¢,h € C. For a complex vector space V', we call a representation p : Vir — End V'
a highest weight representation with highest weight (¢, h) if there exists a non-zero vector
vy € V and the followings are satisfied :

[} p(LO)UO = hUO
o p(Chuy = cuyg
e p(Ly)vg=0forn >0

e V is spanned by vy and the elements of the form p(L_,,) - p(L_p, )vo with ng > --- >
ng > 0 and n; € Z.

In this case, we have the direct sum decomposition

V=@,

n>0

with Vy = Cuy and V,, for n > 01is generated by p(L_,, ) - - - p(L_p, )vo satisfying ny+- - -+ny =
n, n; € Z. For v € V,,, we have p(Lo)v = (n+ h)v. The character of a highest weight module
V' is defined by

try qLo—c/24 _ Z(dlm Vn)qh_c/24+n-
n=0

For each ¢, h € C, we have an irreducible highest weight representation M (c, h) of the
Virasoro algebra. These two distinguished numbers ¢ and h play important roles in the
classification of representations. c is called the central charge and h is called the conformal
dimension or conformal weight.

A conformal field theory with a finite number of primary fields is called rational conformal
field theory. Here we simply assume that a finite number of closely related Virasoro modules
are given by a rational conformal field theory. It is a source of modular functions since the
characters of their modules may have modular invariant properties. Minimal models are
good examples of rational conformal field theory. See [8, Chapter 7-8].

Minimal models and their characters

Minimal models are parametrized by a pair of positive integers (p,p’) with p > 2 and
P > p. The minimal model ¢(p,p’) consists of the irreducible highest weight Virasoro
modules M (c, h%"") where the central charge is given by ¢ = 1 — 6% and their conformal
dimensions are

sy — P = ps)’ — (0 —p)’
4pp’
for1<r<p-1land1l<s<p —1. Note that h£?§p/) — pP?) The number ¢ — 24h i,

p—rp'—s
is called the effective central charge of the minimal model where h,;, is the minimum value
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among conformal dimensions hsffgp ). The characters are given by the Rocha-Caridi formula
as follows :

Theorem 3.2.2. [35]

(p P/) c
hr,é Y o

') — q > Z (qppln2+(7"p'—sp)n . q(pn-l—r)(p’n-i-s))

(p
XT‘ S
’ (@)oo

n=—oo

If we use the notations in Example 2.2.7,

Xgﬂ?s’p )(T> = Kopy prr—ps(T) — Kopy prr4ps(T)-

Their modular transformation properties can be obtained using (2.10).
In particular, the ¢(2,2k + 1) minimal model has characters which can be neatly written

as
2,2k+1 e ny—
XY (1) = ghame 11 (1—g¢m)" (3.3)
n#0,£(j+1) (mod 2k+1)

. 2,2k+1 2k+1-25)% — (2k+1-2)? 2k+1-2)2 :
where 1 < 5 < k, h; = hg’j ) = Gkt 4.;?(%(“)* S ande=1- 6%. The effective
central charge is ¢ — 24h, = (2k — 2)/(2k + 1). One may apply the Jacobi triple product

identity to get this infinite product (3.3) from Theorem 3.2.2.

Example 3.2.3. For example, consider the ¢(2,5) minimal model. Theorem 3.2.2 gives
characters

(2,5) _ q11/60 - 10n2+43n _ _(2n+1)(5n+4) 3.4
Xig = > (g q ) (3.4)
O
_ [e.e]
(25 4 1/60 Z ( 10n243n _  (2n+1)(5n+3) 3.5
X122 — q q ). (3.5)
O
One can notice that these are
(2,5) 11/60 q11/60
Xii o =q¢ T H(g) = 3.6
b @) (6% 4°)oo (6% ) (36)
25) /6
X1 =q "G(q) = (3.7)

(40°)0e (0% 0°) o0

Example 3.2.4. For another concrete example, let us consider the ¢(3,4) minimal model. It
is called the Ising minimal model because of its close relation to the Ising model in statistical
mechanics. Its central charge is ¢ = 1/2. There are three irreducible representations with
conformal dimensions 0,1/16,1/2 and their characters are
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(3,4) q '/ — 1 24 (3n+1)(dn+1)
&9 = gt g Bn n 3.8
M (49)w nz_:oo (3:8)
(3,4) 91/24 - 12n2-2 (3n+1)(4n+2)
X B — q n-—zn _ q n n 39
Y (60)w n:zoo (3.9
(3,4) q23/48 = 12n2-5 (3n+1)(4n+3)
Xi3 = g T =g ) (3.10)
Y (40 nz_:oo

See Example 3.5.1 for modular triples related to the above identities.

3.3 Pairs of Cartan matrices

It has been long known (and conjectured) that there is an interesting class of modular triples
whose matrix part is given by the Kronecker product of a pair of Cartan matrices of ADET
type.

If M, N are positive definite matrices, then M ® N is also positive definite, where ®
denotes the Kronecker product of matrices. Let us consider a matrix A = C(X) ® C(X')™!
where X and X' are one of ADET Dynkin diagrams and C(X) and C(X’) their Cartan
matrices. See Appendix A for definitions. Note that A = C(X)®C(X’)™! is positive definite
since both Cartan matrices are positive definite. For such matrices A, many modular triples
have been found.

3.4 C(A)®C(T,) " case

Now we will see some examples of modular ¢-hypergeometric series of the form f4 p o with
A =C(A)) ® C(T,,)"*. In the case of the Rogers-Ramanujan identities, the matrix part of
the modular triple is (2) which can be written as C(A;) ® C(T1)~'. The Andrews-Gordon
identities are generalizations of the Rogers-Ramanujan identities and they give modular
triples with matrix parts of the form A = C(A;) ® C(T,,)~!. Here, we state the Andrews-
Gordon identities.

Theorem 3.4.1. For two integers k,i such that k > 2 and 1 <1 <k,
Ni+-+Np_ +Nit+ Ny 1

> - I

N1, np_1>0 (@D r#0,4i (mod 2k+1)

1—q

where if j <k —1, Ny =mn;+---+mn_1 and if j =k, we set N; = 0.
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One can see that the right-hand side is nothing but a character of the ¢(2,2k+1) minimal
model, up to a fractional power of g. The left-hand side can be written in the form of f4 5 c.
So these identities can be a source of many modular triples. If we set n = k — 1, their matrix
part is A = C(A;) ® C(T;,)~!, or more concretely,

222 2 2
2 44 4 4
C(A)eC(T,) =246 6 6
2 46 ° :
246 -+ 2n
Example 3.4.2. When n = 1, we recover the Rogers-Ramanujan identities. For ¢ = 1, one
gets
> qn2+n 1
H(q) =
@ ; (@00 (0% 6°) (0% ¢°)
For ¢+ = 2,

(g (30°)eo(q%¢%)o0
Example 3.4.3. Let us look at more examples with n = 2. If i = 1,

qn%+2n1 no +2n% +n1+2n9

1 ;700 6;700 7;700
1  (¢4")0e(0% 4 ) ("5 47)

1—q" (@)oo

(D1 (s

ni,n2>0

For ¢+ = 2,

r#0,£1 (mod 7)

n1+2n1n2+2n2+n2 1

q _
Z (@)1 (@ a H

ni,n2>0 r#0,£2 (mod 7)

For i = 3,

_ (@%4N)x(6% 0007147
=g (@)oo

n1+2n1n2+2n2 1

[1

r#0,£3 (mod 7)

_ (@%4)0(d"14N) (074"
11— qr (Q)oo

q
m%:m ) (@)ns
So from these identities we obtain three modular triples

(A, (1,2),17/42) (3.11)
(4, (0,1),5/42) (3.12)
(4,(0,0), —1/42) (3.13)
(3.14)

where
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In [32], Richmond and Szekeres studied the asymptotic behavior of Andrews-Gordon
identity and proved the following dilogarithm identity

2n
ZL((Si) = o+ 3L(1)

=1

where x = (8;) is the unique solution of x = (1 — x)¢AVECT)™ guch that 0 < §; < 1.
We can obtain this identity also from the formula in Theorem 4.2.5 of the next chapter by
computing

ZL )(A”( Wiy = — 2 ray= 2,

Ay) + WT) 24+2n+1 2n+3

This dilogarithm identity gives the effective central charge ¢ — 24hy, = (2k — 2)/(2k + 1) of
the non-unitary ¢(2, 2k + 1) minimal models.

-1
3.5 C(T1)®C(T,)  case
We also have a few modular triples whose matrix part is of the form A = C(Ty) ® C(T,,)~".

Example 3.5.1. The matrix C (71) ® C (T})~' = (1) of rank 1 is related to the identity in

(2.3) of Euler,
0 n(n—1)/2

[T+ 20" = Z T~ . (3.15)
n=0 n=0 (Q)n
When 2z =1, it becomes
o0 . oo qn(n—l)/2
[[a+¢=> —— (3.16)
n=0 n=0 (Q)n

If we specialize z = ¢'/?, we get

o0 L o0 712/2
[Ja+q2)=>" q(q)n - (3.17)

Another specialization z = ¢ gives

nn+1 2

ﬁ (1+q") iq—. (3.18)

n=

Note that (3.16) and (3.18) are just scalar multiples of each other. In terms of minimal
model characters, we have

3,4 7727_) - m _3m?—m = qn(n+1
= ) gt 5% i g ST

m=—0oQ
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These are in fact, with a minor modification, known as Weber’s modular functions

e B () _ s n—1 s 4
f(r) = %Iq / Tl_[l(lJrq 2)=q Y ;q(qﬁ’ (3.19)
- % —1/48 ‘
h(r) = n( H (3.20)
. 00 n(n+1)/2
fo(1) = ﬁTfr]((T)> = V/2¢1/* H(l +q") =2 > KA (q; : (3.21)

From these considerations, we can obtain three modular triples

(1), (0), =1/48) (3.22)
(1), (1/2),1/24) (3.23)
((1),(=1/2),1/24). (3.24)

The equation # = 1 — x has the unique solution z = 1/2. From (3.21), one can derive
the identity

1 1 2
L(z)==-L(1) = —.
(5)=35L1) =3
Theorem 4.2.5 also gives the same dilogarithm identity
1 h(Tl)'l"(Tl)T’(Tl) 3 1
L(-) = L(1)=-=L(1) = -L(1).
(3) = Tt Ty 0 = §E = 3L

Example 3.5.2. For the matrix C(T}) ® C(Ty)™!, let us take a look at the g-series identity

k(k41)/2(_ 0. oo
q 24,49 m
( L = (—2¢* ¢%) H L+ 2¢*™)(1+¢™).
(@) it

flg,2) =

k>0
This is called the Lebesgue’s identity and the left-hand side of it can be rewritten as

O i i

2Dk _ Yo ’q2

£>0 (@) i7>0 (9)i(q);

gFEED/2(—

(3.25)

In [1, p.278-279], this identity was studied from the viewpoint of partition identities and
continued fractions. To prove (3.25), one can use the g-binomial identity

k
k rr ‘s
(=2 0)e =) H g,
q

r=0

where
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| o | | 11
Thus from this, one can produce modular triples with its matrix part given by (1 2) =

C(Ty) ® C(Ty)~! by specializing z appropriately. For example, z = 1 gives

i +27«]+2] +z+2j
Zq : (s Pl ) = LD 1
i720 q); ’ @0 (@5 d)e(e% 0 (@0
So
7 +217+27 1+2]
1/8 Z qg = T2 77(47)

= (7

gives a modular triple (C(T7) ® C(Ty)~!,(1/2,1),1/8). By solving the system of equations

{xl = (1 —21)(1 —x9)
To — (1—I1)(1—.T2)2 ’

we can get the corresponding dilogarithm identity
1 3
L(V2-1)+1L 52 V2) ) = L),

Note also that

3.6 The quantum dilogarithm and its application to
Nahm’s conjecture

Recall the identity (2.3)

n(n—1)/2

H1+zq Zq z".
n=0

This can be used to define the quantum dllogarlthm function as follows :

Definition 3.6.1. The quantum dilogarithm function is defined by
0 n n(n 1)/2

(2 0)e0 = [ [0 = 2" Z "
n=0

n=

Like other variants of the dilogarithm function, the quantum dilogarithm function also
satisfies the five-term relation whose semiclassical limit recovers the five-term relation of the
dilogarithm function.



CHAPTER 3. Q-HYPERGEOMETRIC SERIES ASSOCIATED WITH A PAIR OF
DYNKIN DIAGRAMS 27

Theorem 3.6.2. [5] (quantum five-term relation) Let u and v be noncommutative variables
satisfying the relation uv = quu where q s a central element. Then the following identity
holds :
(V5 @)oo (45 @)oo = (U3 Qoo (—VU; @)oo (V3 @)oo
In [38, Proposition 3], Zagier shows the following identity is equivalent to the quantum
five-term relation.

Theorem 3.6.3.

qrt B 1
zt;o (@r(@s(@)e  (@m(@)n (3.26)

r+s=m,s+t=n

Proof. We will use the identity (2.4)

= " 1
7; (@ (9)w

and (2.5)

nz‘g @n (@0

several times. We will prove (3.26) by showing their generating functions are equal. For the
right-hand side, we get the generating function

Myt 1
2 -

oy @Wm(@n (750)00 (Y3 @)oo

Now for the left-hand side,

Tt

q m, n
m%;O r,sz,t;O m oy (3'27)
r+s=m,s+t=n

_72;1520 <Q)7‘(q>s<q)t r7;0 <Q)T(Q)S(Q)t (328>
_ (Zﬁy)syt 1 B (xy)syt (x;q)t
- ;0 (@)s(0)e (20" D)oo A= (@)s(a)e () (3.29)
_ 1 1 (ziqwy' 1 1 (21: )
@) (10 S (@ (0% (#10)x (1:0)x (3.30)
gy (3.31)

(5 @)oo (Y5 @)oo
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An application of (3.26) to Nahm’s conjecture is the following identity between two ¢-

hypergeometric series.

Theorem 3.6.4. [40] ' Let fapc be an r-fold q-hypergeometric series with
a b
A= (40 -t

a b+1 a+b
A= 0b+1 ¢ b+c ,B' = (k,l,k+1),
a+b b+c a+2b+c

If we set

the equality fapc = fa.p c holds.
Proof.

(m,n)A(m,n)t+B-(m,n)

(@D)m(@)n

am?2+2bmn-+cn?)+B-(m,n) qrt

_C q%(
= 2 (@)r(0):(0):

m,n>0 s,r,t>0
r4+s=m,s+t=n

1
qz (a(r48)24-2b(r+5)(s+t)+c(s+1)?) qrtqk(r+s)+l(s+t)

fapc = q¢ Z !

m,n>0

5,7,t>0 (@)r(q)s(q)
Let us compute the exponent in the numerator :

a(r 4+ s)? +2b(r +s)(s +t) +c(s +1)* + 21t
= (a)r*+ (b+Drt+ (a+b)rs+ (b+ Dtr + (c)t?
+ (b4 c)ts + (a+b)rs + (b + c)ts + (a + 2b + ¢)s>.
Therefore, setting

a b+1 a+b
A= b+1 c b+c ,B' = (k,l,k+1),
a+b b+c a+2b+c

we obtain fapc = fap.c.

(3.32)

(3.33)

(3.34)

(3.35)
(3.36)
(3.37)

]

!This is an identity presented by S. Zwegers during a talk in the AIM workshop and may not have been

published.
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This shows that the quantum five-term relation allows us to construct new modular
triples from known ones. One can also write down a solution of x = (1 — x)4’ in terms of a
solution of x = (1 — x)A. If x = (21, 2) is a solution of x = (1 —x)4, z = (21, 22, 23) is a
solution of z = (1 — z)*" where

T (]_ — ZEQ)

== -4 3.38

A1 1-— T1T2 ( )
(1 — .’El) i)

=~ "=/ 3.39

2 1-— T1X2 ( )

zZ3 — T1T2. (340)

Recall Theorem 2.5.1. One can see that if 0 < x; < 1 for i« = 1,2, we have 0 < z; < 1 for
i = 1,2,3. This transformation preserves positive solutions in (0,1). Moreover, we get a
dilogarithm identity

L(xy) + L(z2) = L (M> + L (M) + L(x11)

1-— T1T9 1-— T1T9
which is nothing but the five-term relation (2.11).

Example 3.6.5. For example, let us apply this to the modular triples (3.11) considered
before. The construction gives

(A, (1,2),17/42) — (A',(1,2,3),17/42) (3.41)
(4,(0,1),5/42) = (A, (0,1,1),5/42) (3.42)
(A, (0,0),—1/42) — (A’,(0,0,0), —1/42) (3.43)
where _—
2 2
A= A =13 4 6
<2 4) 4 6 10

3.7 ¢-hypergeometric series and functional
dilogarithm identities

In [12], Gordon and McIntosh derive a few functional dilogarithm identities from well-known
identities involving g-hypergeometric series. Let us briefly review their results.
Let us look at the Euler’s identity (2.3)

n(n—1)/2
P

(-5 Q)= QT

n=0
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again. The asymptotic analysis of this identity leads to the functional dilogarithm identity
L(z)+ L(1/z) = L(1).

If we consider Y-systems and their associated functional dilogarithm identities as in Theorem
4.1.7, this corresponds to the case of (A1, A1)
Recall the g-binomial theorem (2.5)

()0, (a719)
2 e

n=0

The asymptotic analysis of this allows us to prove the functional dilogarithm identity

L(a) + L(b) = L(ab) + L (“(1 - b)) 4L (b(l - “)> |

1—ab 1—ab

The ¢-Gauss sum is another well-known g-series identity, which is given by

(@050, €y (¢/a30)00(c/b; @)oo
2 (¢ D)nla; @) @ = (¢; @)oo(c/(ab); @)oo’

It corresponds to the functional dilogarithm identity involving 9-terms :

n=0

L(a) + L(b) + L(c) + L (1 ; c>

—L(ac) + L(bc) + L <“(+l_c)) +L (Lﬁ) 4L ((1 - “C>d(1 - bc)) (3.44)

Remark 3.7.1. Recently, in [18] and [21], many new quantum dilogarithm identities asso-
ciated with pairs of Dynkin diagrams were obtained by exploiting quantum cluster algebras.
In this context, the quantum five-term relation is a special case corresponding to the Dynkin
pair (As, Ay).

From the study of wall-crossing invariants in [3], Cecotti, Neitzke and Vafa considered
the trace of quantum monodromy operators associated with a pair of Dynkin diagrams and
explained how one can produce g-hypergeometric series involving a tensor product of two
Cartan matrices. Based on the idea of wall-crossing invariance, they obtained new g-series
identities.

It is plausible that one might organize the huge list of partition identities appearing in
Slater’s list [34] in the context of more general mathematical theory based on a pair of Cartan
matrices along with the same line of quantum dilogarithm identities and trace of monodromy
operators.
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Chapter 4

Y-systems, T-systems, ()-systems and
torsion elements of the Bloch group

In this chapter, we study close relatives of the equation x = (1 — x)4. The definitions of Y-
systems, T-systems and ()-systems will be given in this chapter. It is quite remarkable that
this simple looking equation x = (1 —x)%, in fact, has a rich theory behind it. An extensive
and authoritative survey of this huge subject is given in [26]. It was mentioned that this
equation has a close relation to some topics of mathematical physics. From mathematical
sides, a good algebraic framework to deal with these objects is the theory of cluster algebras.

In Section 4.1, we will study Y-systems. Many properties of Y-systems will be used in the
following section. Recall that Nahm’s conjecture is formulated in terms of the Bloch group.
In Section 4.2, we will prove that solutions of x = (1 —x)“ are indeed torsion elements of the
Bloch group. In Section 4.3 and Section 4.4, T-systems and )-systems will be introduced.
T-systems and Q-systems are especially good when one wants to get solutions of x = (1—x)*
explicitly. @-systems will be central in Chapter 6.

4.1 Y-systems

The Y-system for a pair of ADFE Dynkin diagrams

In this section, we closely follow the notations of [29]. Let X be a Dynkin diagram of ADFE
type with the index set I. The rank and the Coxeter number of X will be denoted by r and
h. We write Cartan matrix of X as C(X) and the adjacency matrix Z(X) = 21, — C(X)
where I, denotes the r x r identity matrix. We call a decomposition I = I, U I_ bipartite if
Z(X);; = 1 implies (¢,7) € Iy x I_or (i,j) € I_ x I.

Now consider an ordered pair of Dynkin diagrams (X, X’). For another Dynkin diagram
X, I'=1 Ul +' ¢ C(X'), and Z(X') will be defined analogously.

We give an alternate bicoloring on the pair of Dynkin diagrams. Let us fix bipartite
decompositions of I and I". Let I =1 x ' and I =1, UI_ where I, = (I x I' )U (/- x I")
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and I_ = (I x I”)U ([ x I'). Let e : T — {1, =1} be the function defined by (i) = +1 for
iely and Py ={(i,u) € I x Z|e(i)(—1)* = £1}. Roughly speaking, we want our alternate
bicoloring interchanges their colors as u € Z changes by 1.

Definition 4.1.1. For a family of variables, {Yy(u)|i € I,7 € I')u € Z}, the Y-system
Y(X, X’) associated with a pair (X, X') of ADFE Dynkin diagrams is defined as a system of
recurrence relations as follows :

where a ~ b means a is adjacent to b.

Note that Y(X, X’) consists of two decoupled copies, {Y;(u)|(i,u) € Py} and {Y;(u)|(i,u) €
P_}. If (i,u) € Py, Yi(u) can be written as a rational function of variables {Y;(0)]i € I}
and {Yi(—1)[i € I_} whereas if (i,u) € P-, Yj(u) only depends on {Y;(0)]i € I_} and
V(-1 L}

Example 4.1.2. Let us consider the example of Y(Ay, Ay). Since the index set I” of the
A, Dynkin diagram consists of the single element 1, we just set Y;; =Y, for ¢« = 1,2. The
recurrence relation of the Y-system is

Yilu— D)Yi(u+1) = [ (1+Y(u)).

VI

If we write the sequence explicitly, we get the following :

u | Yi(u) Ya(u)
—1 é T
0 Y B
1 |a(B+1) ut
2 mytl g4 O“T“
3 atl z+1
af y
4 T é
5 B Yy
6| 2 af+1)
7 | g4 ol z+y+1
B Ty
8 z+1 o+l
Yy af
9 é x
10 Y 15}
11 |a(f+1) =




CHAPTER 4. Y-SYSTEMS, T-SYSTEMS, Q-SYSTEMS AND TORSION ELEMENTS
OF THE BLOCH GROUP 33

One can clearly observe the decoupling of the Y-system and that this sequence is periodic
with period 10. Another important thing to note is that all terms are Laurent polynomials
of initial conditions.

Definition 4.1.3. If a solution {Yi(u)|i € I,u € Z} of Y(X, X’) does not have any depen-
dence on u so that Yj(u) = y; for each i in a field, it must satisfy the following system of rr’
equations of rr’ variables :

> _ [T i (L + y50) |
B | PR Ty
We call it the constant Y-system and denote it by Y.(X, X').

(4.2)

One can see the importance of the constant Y-system in Proposition 4.2.4.

Properties of Y-systems

In fact, many conjectures about Y-systems such as periodicities and functional dilogarithm
identities, originated from the thermodynamic Bethe ansatz approach of conformal field
theory [39, 31, 11], had remained open for years but now have been proved rigorously due to
recent development of the theory of cluster algebras. (See [7] and [22]). One may hope that
a correct reformulation of Nahm’s conjecture incorporates this and it would help us find new
directions toward understanding modular triples and modular g-hypergeometric series.

Now we state several important results about Y-systems. They will be used in our proof
of theorem 4.2.1.

Theorem 4.1.4. [22]A solution {Y;i(u)]i € I,u € Z} of Y(X, X") is periodic and
Yi(u +2(h + 1)) = Yi(u). (4.3)

For all these theorems below, we assume that {Yj(u)|i € I, u € Z} satisfies the Y-system
Y(X, X’) associated to a pair of ADE Dynkin diagrams. Let (y;)ier be indeterminates and
set

Yi(0) = prie 1, (4.4)
Vi(=1) =y lie L. (4.5)

Then each Y;(u) with (i,u) € P, can be regarded as a rational function in y;’s. Let Q(y)
be the field of rational functions in y;’s.

Theorem 4.1.5. [29] Let (i,u) € Py. Then
Yi(u) = Gi(u)Ti(u) € Q(y) (4.6)

where Gi(u) € Q(y) satisfies Gi(u)| 0,00 = 1 and Ti(u) # 1 is a positive or negative mono-
mial in y;’s i.e. Ty(u) can be written as a product of y;’s or as a product of y; '’s.
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Let S4 = {(i,u)|0 <u <2(h+h")—1,(i,u) € P.}. We state a property of the Y-system
which Nakanishi called the constancy condition in [29].

Theorem 4.1.6. /29, Proposition 3.2 (i)]
ST Vilw) A1+ Yi(w) = 0 € A’Q(y)" (4.7)
(i,u)eS+
This theorem enables us to prove a class of functional dilogarithm identities associated

with Y-systems.
Theorem 4.1.7. [29, Theorem 2.8] The following functional dilogarithm identity holds :

Yi(w) \ _,
> L (m) = hrr' L(1). (4.8)

(i,u)esS+
To get the right-hand side of (4.8), one needs to count how many of f;(u)|,.. o) becomes

1 for each i € S where fi(u) = Y‘(,“) and this part is crucial in [29].
+ 1+Y; (u)

Example 4.1.8. In Example 4.1.2, Y(A,, A;) was explicitly worked out and we saw that
{ y+1x+y+1x+1}
S=q%.Y,

) Y

Ty Y
forms a half-period of Y(As, A1). So we have r = 2,h = 3 and ' = 1,h' = 2. They are all
Laurent polynomials in  and y. From this, one can get functional dilogarithm identities

x Y 1+y l+z+vy 1+x
=L +L( L)+ | —— |+ | —————— |+ L ————
(1+x) (1—|—y> (1:(1+H7y)) (my(1+1+;—yﬂ’)> ((1+H7x)y>
L Y

1 1 1
= +L(—>+L(—yjL )+L( Ty >+L(—x+ )
r+1 y+1 r+y+1 zy+r+y+1 r+y+1

ziutl -
tL(— )+l ———)+L =L +L(—4—
x+1 y+1 r+y+1 ry+r+y+1 r+y+1
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The Y-system for a pair of foldings of ADFE Dynkin diagrams

The results in the previous section can be extended to include all foldings of ADFE diagrams
without much effort.

First note that for a pair (X, X’) of directed graphs with the index sets I and I’, we can
redefine the Y-system in terms of their adjacency matrices of graphs as follows :

[Tjer (1 + Yo (u)F0u
[Tjer (14 Yy ()00

Let X be a Dynkin diagram of ADE type. We can regard it as a directed graph with
the adjacency matrix Z(X). For a group G of diagram automorphisms of X, we can define
a quotient diagram X = X/G as follows : X has the vertex set I, the orbit of I under G.
(i,7) is an edge of X if (4,7) is an edge of G and the multiplicity Z(X)z; is defined as the
number of preimages of j for a fixed representative i of 7. Let us call X the folding of X by
G.

Note that X is generally a directed graph and its adjacency matrix Z(X) may not be
symmetric. Let us call the matrix C(X) = 21, — Z(X) the Cartan matrix of X. If G is a
trivial group, we just get X = X. The Coxeter number of X is the same as the Coxeter
number of X.

The tadpole graph T, is obtained as the folding of X = A,, by the diagram automorphism
group of order 2. The Cartan matrix C(7}.) is the same as C(A,) except that a diagonal entry
corresponding to the vertex with a loop is 1 instead of 2. See Appendix A.

X inherits the bipartite decomposition I = I, U I_ of X except when X = T, because
T, diagram has a loop and cannot be bipartite, in which case, we just set I = I, = I_.

Let (X, X’) be a pair of foldings of ADE Dynkin diagrams. Let I = I x I’ and define a
decomposition T = I+ UL where I, = (Lr x YU xI")yand I_ = (I, x ' )U(I_ x I).
When X =T, or X' =T, wejust get I=1, =1_.

When X = T, or X’ = T,, we also set P, = P_ =1 x Z. Otherwise, we can define P,
similarly as in the previous section.

From a solution (Yi(u))uyerxz of Y(X, X'), one can obtain a solution (Yj(u)) g .)eixz of
the Y-system Y(X, X’) by just setting Y;(u) = Y;(u).

Now we restate Theorems in the previous section for Y(X, X’) associated to a pair of
foldings of ADFE Dynkin diagrams.

Yie(u — 1)V (u+1) = (4.9)

Theorem 4.1.9. Theorem 4.1.4 and Theorem 4.1.5 hold true for a solution of Y(X, X').

Let (y;); € I be indeterminates and set

Yi(0) = ypie L, (4.10)
Yi(—1) =y "iel. (4.11)

1

Then again each Yj(u) with (i,u) € Py can be regarded as an element of Q(y), the field
of rational functions in y;’s.
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Let us define dj(u) as the number of the preimages of (i,u) ‘under the quotient map
IXZ —1IxZandset Sy ={(i,u)|0 <u<2(h+h)—1,(i,u) € P;}. Then Theorem 4.1.6
can be restated as follows :

Theorem 4.1.10.

Y i) (Vi) A (14 Yi(w) = 0 € A°Q(y)". (4.12)

(i,u)eS+

In other words, the element

PRI (4.13)

(fu)eSy
of the group ring of Q(y) is an element of the Bloch group B(Q(y)).
Finally, Theorem 4.1.7 can be written as follows :
Theorem 4.1.11. The following functional dilogarithm identity holds :
Yi(u
; MZGSJF di(u <%Y())) = hrr'L(1).

Now we prove that Y-system produces a torsion element of the Bloch group.

Proposition 4.1.12. Let f;(u) = J)S“ € Q(y). Then

di(u) D(fi(u)lx) = 0 (4.14)
(iu)e‘§+
for any x = (z7) € C™ where n = rr'.
Proof. To employ Proposition 2.4.2, we check the following condition
> diu A (1= fi(u)) = 0. (4.15)
(iu)eSt

This is equivalent to

o (i) N
> ) (5 M ) =0

(iu)ESJr

which reduces to the constancy condition of the Y-system,

> diu A (1+Y;(u))) = 0.

(L,u)eS+
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Thus the condition (4.15) is satisfied by Theorem 4.1.10.
Now all we have to check is that there is a point a € C" such that 35 yc5, D(fi(u)[a) = 0.

By Theorem 4.1.9, f;(u) = % Since Gi(u)| (o, ,0) = 1 and Tj(u) # 1 is a positive or
negative monomial in y;’s, fi(u)|o,... o) is always 0 or 1 depending on whether T;(u) is positive
or negative. So we can simply choose a = (0,---,0) and then 5 .5 D(fi(u)|a) = 0 and
therefore 3 5, D(fi(u)|x) = 0 for any x = (7;) € C" by Proposition 2.4.2. O

Remark 4.1.13. This proposition generalizes [10, Theorem 2] and [6, Corollary 6.14].

Corollary 4.1.14. Let (X, X’) be a pair of ADET diagrams. If (y;) € F™ is a solution of
the constant Y -system Y. (X, X') for a number field F,

Z[L] € B(F) (4.16)

—~"1+1y;

is a torsion element of the Bloch group B(F).
Proof. Let 0 : F'— C be an embedding. By Proposition 4.1.12, we know

> diu ( 1+y)>_0 (4.17)

(i,u ES+

Note that when (X, X’) is given by a pair of ADET diagrams, di(u) is the same for all
(i,u). If (X, X") = (T, Ty), d;(u) = 2 and d;(u) = 1 otherwise.
Thus

YD (0(1 iy)) = 0. (4.18)

iel
Since this is true for any o : F — C, > i 4[77- y‘] is a torsion element of the Bloch
group. " O

The Y-system, which can be defined for a pair of Dynkin diagrams, turns out to be very
useful to study the equation x = (1 —x)* as one can see in Proposition 4.2.4. We can relate
the equation x = (1 — x)“ to the Y-system and then using properties of Y-systems, we can
show that all solutions give torsion elements of the Bloch group.

4.2 Torsion elements of the Bloch group

We are now ready to prove the following theorem.

Theorem 4.2.1. Let A = C(X) ® C(X')™! where (X, X’) is a pair of ADET Dynkin di-
agrams. For every solution x = (x3)ier of the equation x = (1 — x)? in a number field F,
Ex = D ierl®i] s a torsion element of the Bloch group B(F).
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The proof is obtained using properties of Y-systems. Frenkel and Szenes studied diloga-
rithm identities and their relation to torsion elements in algebraic K-theory [9] and Y-systems
[10]. In [27, section 4], Nahm briefly explains how one can obtain a proof of the above state-
ment assuming the periodicity of the Y-system. It seems that, however, more structural
properties of Y-systems need to be used to complete the proof. Nakanishi’s paper [29]
contains most of results used here except relating results to the Bloch group.

We give the following definition for a notational unity.

Definition 4.2.2. Let (X, X’) be a pair of ADET Dynkin diagrams. The system of equa-

tions cix
H xu(, )ilj/ = H(]. — I‘ji/)c(x)ij (419)
jler jel

with (i,i’) € I x I' =1 will be denoted by X(X, X’).

Proposition 4.2.3. Two systems of equations x = (1 — x)? and X(X, X") are equivalent.
In other words, they have the same set of complex solutions.

Proof. Let (z;) be a solution of x = (1 — x)?. Recall that from Lemma 2.5.2, we know that
x; # 0,1 for all i € I. We can see that

T = H(l _ xj)(C(X)®C(X/)_1)ij7 (4.20)
jel
which is the same as
v = [ (1= @) 0080 (4.21)
(5,9 eIxI’
implies
C(X/)i/-/
H ‘rij’ 7= H(l — ﬂfji/)c(x)”. (422)
Jler jel

Conversely, we can see that X(X, X’) cannot have any solution with x; =0 or z; = 1 for
some i € I. It is so because X and X' are connected graphs, which implies that for all i € I,
both x; and 1 — x; show up as denominators in some equations of X(X, X’). Then (4.22)
implies (4.20). O

Now we relate a solution of the equation X(X, X’) to the constant Y-system Y.(X, X’).

This will show that the constant Y-system Y.(X, X’) is just a disguised form of the equation
X(X, X).

Proposition 4.2.4. If x = (z;) is a solution to X(X, X") in a number field F, y; = 5 is

1—x;
a solution to the constant Y -system Y .(X, X"). Conversely, if y = (y;) with y; # —1,0 for

all i € 1 satisfies Y (X, X'), z; = lffy_ satisfies X(X, X').
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Ti

Proof. Use the change of variables y; = 7 or z; =
From (4.22), we obtain

I« 1f0axmw:211( L e (4.23)

jel 1+ ;i

(1 4y —C(X)ij
- [Ler (1 +ysi) | (4.24)

[Tier(1+ yz‘;'l)_c(Xl)W

yi o 1
1+y; Iyt

This can be written as

1 2 (1 4y ) E i
<L+‘J (1+yir)? = Ljer 1+ 050) : (4.25)

” Hj/ell (1 + yi;/l)Z(X,)i/j/

Thus we finally get the constant Y-system

2 ITje (1 +y50)"00
2 _I\I(X )z"j’
Hj’GI’ (1 + y”/ )
These steps can be reversed to prove the converse statement. O]

Now we can finish the proof of Theorem 4.2.1.

Proof. Let x = (z;) be a solution to x = (1 — x)*. By Proposition 4.2.4, y; = % is

a solution to the constant Y-system Y (X, X’). Then the theorem follows from Corollary
4.1.14. 0

Theorem 2.5.1 says that we have a special positive solution of x = (1 — x)* satisfying
0 <3 <1foralliel Ifweapply Proposition 4.2.4 to this solution, Theorem 4.1.11
implies the following :

Theorem 4.2.5. Let X and X' be one of ADET Dynkin diagrams. For A =C(X)®C(X")™!
and its unique positive solution x = (1 — x)? satisfying 0 < x; < 1 for alli € I, we get a
dilogarithm identity

hrr'
§:L@o:h+h@uy

Remark 4.2.6. The proof shows that knowing general properties of Y-systems is enough
to prove that solutions are torsion elements in the Bloch group. The Y-system is partly a
built-in structure of cluster algebras. If we use Y-systems, solving equation x = (1 — x)*
becomes not really an essential part although finding concrete solutions is still an interesting
problem.

Although counterexamples to Nahm’s conjecture have been found as explained in Section
2.10, it is reasonable to believe that a fairly general theory about g-series associated to pairs
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of the Dynkin diagrams exists. Since being a torsion element in the Bloch group is a simple
consequence implied by properties of the Y-system associated a pair of Cartan matrices, the
Y -system itself looks more natural object to look at in relation to Nahm’s conjecture than
the Bloch group. This may give a hint on how to reformulate Nahm’s conjecture.

4 1Y\ .
| 1) ls among the
list of rank 2 modular triples and it cannot be written as a tensor product of two Cartan
matrices of ADET type. One can ask the following :

There are a few immediate questions along this line. The matrix

. . . 4 1 .
Question 4.2.7. Can one understand matrices like (1 1), which are not tensor product

of two Cartan matrices, in the context of Y-systems?

In view of Theorem 2.9.1, one may initially guess that all solutions of x = (1 — x)* for
A=C(X)®C(X')! are totally real, but Nahm’s calculation in [27] shows that it may have
non-real complex solutions (for example, (A, A3) case). We can also see this in Section 6.7.

4.3 T-systems

Now we define another system of recurrence relations which has similar properties as Y-
systems.

Definition 4.3.1. For a pair (X, X’) of ADET Dynkin diagrams with the index sets I and
I’, consider the system of recurrence relations

Ty (u— 1) Ty (u+ 1) = [ [ s i T T (u)™ X (4.27)

jel jler
with (4,7) € T and u € Z. We call it the T-system and denote it by T(X, X’).
Quite analogously to 4.1.4, we have a periodicity result.
Theorem 4.3.2. [15, Corollary 4.28.]JA solution of the T-system is periodic and
T(u+2(h+h)) (u),
Tiw(u+ (h+ 1)) = @) () (4.29)
where w and W' are graph automorphisms defined in Appendiz A.2.

As in the case of Y-systems, if (4.27) does not depend on u € Z, we call it the constant
T-system. Since it has a very close relationship with the @-system which will be defined in
the next section, we introduce the following notation.
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Definition 4.3.3. For a pair (X, X’) of ADET Dynkin diagrams, we denote the system of

equations
ij (X", il !
=T[5 + I] @i (4.30)

Jjel j'el’

with (i,7") € I by Q(X, X")

Now we prove that Q(X, X') is obtained from the equation X(X, X’) by a suitable change
of variables.

Proposition 4.3.4. If x = (z;) is a solution to X(X,X") in a number field F, zy =
- —1
[Lier xji,c(X)” is a solution to the constant T-system Q(X, X') and z; # 0 forie L

Proof. Let us rewrite the equation x = (1 —x)% :
= H(l — ;) (CX)BC(X) Dy (4.31)
jel
[T s =1, (4.32)

jel
—c(x
Since z; # 0, z;0 = HJ er T (05" 7£ 0. Now apply the change of variables
—C(X);i
l‘“/ = HZ]ZI ( )J
je€I

0 (4.32) so that we get

—C(X')i/ - —C(X);5
[Mz"""=1-T]=""", (4.33)

jer jer
_ g —C(X").r s

szi'C(X)” + 11 Zij’( =, (4.34)

jel jer

By multiplying 2%, both sides, we have
129+ T (4.35)
jel JEr
]

Before we move on to the next section, let us put the relations among solutions of various
systems considered so far together.



CHAPTER 4. Y-SYSTEMS, T-SYSTEMS, Q-SYSTEMS AND TORSION ELEMENTS

OF THE BLOCH GROUP 42
Theorem 4.3.5. Let (Q;) be a solution of Q(X, X") such that Q; # 0 for alli € 1. Let
B H]EI QI(X)Z »J
=
and 0,
Yii = HJEIQ]Z N .
Hj’GI’ Qiyj/

Thenx = (x;) andy = (y;) are solutions of the systems X(X, X") and Y.(X, X'), respectively.
Proof. Let (Q;) be a solution of Q(X, X’) so that

HQJZ’ l]_{_HQZ‘] - zz‘ (436)

jel jler
Dividing both sides by Q?’i,, we get
-C
[T + [T @iy =1 (4.37)
jel jlelr’
—C(X —C(X);
I1 Qs =1 - [Ta.: . (4.38)
jler jel

Let x; s = Hje] Q;ic,(x)i’j. We have
*C X ) / /
1— xz i = H Q
jel’

We want to prove

C(X") a1
I = 7 =] — ) o (4.39)

jrer jeI

This can be proved by a straightforward computation as follows :

I = (4.40)
j'er
- H [J(@; 5\ )eexes (4.41)

j'el’ jel
C(X"); il 5!
=11 HQH (4.42)
j'el’ jel
S DI s
jel j'el’

= H(l — :L‘ji/)c(X)ij. (444)

jel
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So x = (x;) is a solution of the equation X(X, X").
Note that x;, # 1 is impossible because

T(X)i,

[ler @™

71/
Tig = — o —— =1

Qv

H Qizéf(l)i’,j’ _ 22727 _ HQiEIX)z,] —0

Jer Jjel

implies

which contradicts to the assumption. Thus, by Proposition 4.2.4

I(X)4,5
e @, "
WerGuw ~ (%)
T Q7. Hjel Qi "
.y o= — e
Yisi 1 I(X);,5 I(X’)Z-/]-/
Hj/e[/ Qi

—e o e @
2

R

is a solution of Y.(X, X'). O

4.4 ()-systems

Definition 4.4.1. Let X be a Dynkin diagram of ADFE type with the index set I. For a
family of variables, {Qfg) la € I,m € Z="}, consider the recurrence equation given by

(QW)? = [T@Y) ™= 1+ Qi) Q). (4.45)

bel

We call it the Q-system of type X. It is usual to put boundary conditions Qéa) =1 for all
acl.

Theorem 4.4.2. (4.45) defines a sequence of polynomials in {an)\a el}.

See [19, 4] for a proof. This is related to a general phenomenon called the Laurent
phenomenon in cluster algebras.

Let us begin with a simple example of the ()-system when X = A;. In fact, the Chebyshev
polynomials of the second kind satisfy the above recurrence relations. So one can say that
@-systems are generalizations of the Chebyshev polynomials.

Chebyshev polynomials and generalized Chebyshev polynomials

The Chebyshev polynomials of the second kind are defined by the recurrence relations

U()(.l’) = 1
U1 ([L’) = 2
Upir1(x) = 22U,(z) — Up_1(2)

One can easily prove the following :
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Proposition 4.4.3. n > 1,
Un(2)? =1+ Upir (2)U, 1 (7) (4.46)

Proof. This can be done easily using induction. For n = 1, we have Uy(z) = 1,U;(z) =
2z, Uy(z) = 42* — 1. For general n € N,

Un1(2)Un-1(2) = 22Un(x) = Un-1(2))(Un-1(x)) (4.47)
=22U,(2)U,_1(x) — U2, (x) = 22U, (2)U,_1(x) — (1 + Uy (2)U,_o(x)) (4.48)
=Upn(2)(22U,_1(x) — Uy_a(z)) — 1 (4.49)
=U,(z)* -1 (4.50)

O

With Up(x) = 1 and Uy (z) = 2z, the recursion (4.46) can be used to define the Chebyshev
polynomials. If we adopt this as a starting point, the fact that we always get polynomials
from this recursion may not be very obvious because it involves divisions of polynomials.

An interesting observation about U, (x) is that it can be written as the determinant of
C(A,) slightly modified. For example,

2r =1 0
Us(z) =|—-1 2z -1
0 -1 2z

Here the matrix is the same as C(A,) with its diagonal entries replaced by 2.
The Chebyshev polynomials of the first kind are defined by the recurrence equations :

To(x) =1
Ti(x) = 2x
Toi1(x) = 22T,(x) — T4 (x)

Similar properties hold in this case and T,,(x) can be written as the determinant of the
matrix C(7,,) with a similar modification as above. For example, we have

2¢ —1 0
Ty(z) =|—-1 22 —1j.
0 -1 =«

Example 4.4.4. If X = A,, we get a generalization of Chebyshev polynomials in two
variables. When we impose the condition le) = Q?) =z, we get a sequence of polynomials
in . One may think this as generalized Chebyshev polynomials associated with the Dynkin
diagram of type X = T7. They can also be defined by the following recursion relations :

Qo(7) =1
Q1(z) = 7z .
Qn(x)Z —Qn(z) = Qun1(2)Qnir()
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The few first terms are

Qo(z) =1 (4.51)
(x)==z (4.52)
Qs (x) = 2* (4.53)
Qs(z) =2 — 227 +1 (4.54)
Qu(z) = 2* — 3% + 2% 4+ 22 (4.55)
Q5(I) =2° —dz* + 32% + 327 — 22 (4.56)

Remark 4.4.5. One way to realize the ()-system comes from the representation theory of
quantum groups and Lie algebras. The subject actually originated from this study. This

enables us to handle them with many tools in Lie theory. This will be presented in Section
6.2.

Before we close the chapter, let us state a question which seems not having been answered.

Question 4.4.6. Are all solutions of X(X, X’), Y.(X, X’) and Q(X, X’) contained in cyclo-
tomic fields?

See Section 5.5 and Conjecture 6.3.2 for related discussions.



46

Chapter 5

On positive solutions of X(X, X/),
Y.(X, X’) and Q(X, X’)

Let (X, X’) be an ordered pair of Dynkin diagrams of ADET type. In this chapter, we focus
on positive solutions of X(X, X"), Y (X, X’) and Q(X, X’). The index sets of X and X’ will
be denoted by I and I’ respectively. We will use the notations I =1 x I’ and i = (¢,i') € 1
as in the previous chapters.

5.1 The principal positive solution of X (X, X’)

Consider the system of equations x = (1 — x)4 associated to a positive definite symmetric

matrix A = (a;;). Recall Theorem 2.5.1 which says that there is a unique real solution such
that 0 < z; < 1 for all i = 1,---r. By applying this to the matrix A = C(X) ® C(X')™!, we
get the following definition.

Definition 5.1.1. We call the unique solution x = (x;) of X(X,X’) with 0 < x; < 1 the
principal positive solution of X(X, X").

Remark 5.1.2. One cannot say there exists a unique positive solution of X(X, X’). For
example, z = (1 — z)? has two positive solutions z = 3 (3 —v/5) or z = 1 (3+V/5).

Now we consider how the symmetry of Dynkin diagrams is reflected on the solutions.
One main reason to establish the following is to prove Theorem 5.3.6 which is closely related
to Conjecture 6.3.2.

Theorem 5.1.3. The principal positive solution of X(X, X") inherits the symmetry of the
Dynkin diagrams.
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Proof. Essentially the uniqueness of the principal positive solution implies the symmetry.
More concretely, the principal positive solution x = (x; ;) satisfies

Xy
Loy = T10 =) (5.1
jIEI’ jEI

for each (i,7') € L.
Let o and ¢’ be graph automorphisms of X and X' respectively. Then we get

C(X/)Cf i’Y,47 C—Xai j
H xa’(i),j/ @0 = H(l — xj,cr’(i’)) (X) (4),3 (52)
j'el’ jeI
(X)o‘(ll)(f( ) CX) (i) .or(i
H xg() (57 ! H(l — Ia(j),a’(z")) (X (i),0(i) (53)
jel’ jerI
C(X)i.4
[T =2 '@ = [ = 2oy (5.4)
Jj'er jeI

This implies that x = (24(;),0/(#)) must be the principal positive solution. So we can conclude
that z4() 0 i) = i from its uniqueness. O

5.2 The positive solution of Y (X, X')

Theorem 5.2.1. There exists a unique positive solution of the constant Y -system Y .(X, X’)
and it inherits the symmetry of the Dynkin diagrams.

Proof. This follows from Proposition 4.2.4 and Theorem 5.1.3. O

Definition 5.2.2. We call the solution y = (y;) of Y.(X, X’) characterized in Theorem 5.2.1
the positive solution of Y.(X, X').

5.3 The positive solution of Q(X, X’)

Let us consider the system of equations Q(X, X’) associated to a pair of Dynkin diagrams
of ADET type. Recall Definition 4.3.3. The system is given by

T(X)is I(X/)i/ -
L [Len - T 55
jel j'er
Lemma 5.3.1. Ifz = (z) is a positive solution of the equation Q(X, X"), x;; = ngl ]_ZC(X)Z J

is the principal positive solution of X (X, X ). Conversely, if x = (x;) is the principal positive
solution of X(X, X"), ziv =] e COi e g positive solution of Q(X, X").

jel ]z
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Proof. Let z = (z;) be a solution of the equation Q(X, X') with z; > 0 for all # € I. Theorem

4.3.5 implies that z;» = [] 27555 5 0 is a solution of X(X, X'). Moreover, one can see

jel j,i
that )
1 o xi’i’ — H Z;J(E(X )i/,j/ > 07
j/eIl
which implies z; 7 < 1. So x = (x;) must be the principal positive solution of the equation
X(X, X"). The second statement follows from Proposition 4.3.4. O

Theorem 5.3.2. There exist a unique positive solution z = (z;) of Q(X, X’). Moreover, the
inequality z; > 1 holds for all i € 1.

Proof. The existence is guaranteed by Lemma 5.3.1. Let z = (2;/) be a positive solution of
Q(X, X'). By Lemma 5.3.1,
T;q = H ZJ_JC,(X)ZJ

jel

must be the principal positive solution of X(X, X”). Since C(X) is invertible,

Zi,i’ = H x;l(/C(X)il)U (56)
jeI

holds. Thus the uniqueness of positive solutions of Q(X, X’) follows from the uniqueness of
the principal positive solution of X(X, X’). Taking the logarithm on both sides of (5.6), we

get
log 210 = »_(C(X)™")ij(—logz;). (5.7)

jeI

Since the inverse Cartan matrix C(X)~! has only positive entries and —logxz; > 0 for all i,
log z; must be strictly positive and therefore z; > 1 for all i. O]

Definition 5.3.3. We call the solution of Q(X,X’) characterized in Theorem 5.3.2 the
positive solution of Q(X, X").

Theorem 5.3.4. The positive solution of the Q(X, X') inherits the symmetry of the Dynkin
diagrams.

Proof. This follows from the uniqueness of the positive solution of Q(X, X”) similarly as in
Theorem 5.1.3 or one can see this concretely using (5.7) with Theorem 5.1.3. Let ¢ and o’
be graph automorphisms of X and X’ respectively. Then

log 2o(),07(i1) = Z(C<X)_1>U(i)j(_ log . 5(i1)) (5.8)
jel

= (C(X))y(~logx;) (5.9)
jel

= lOg Zi ! - (510)

]
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Example 5.3.5. Let us consider the example of Q(Dy4, D4). Because of the symmetry, the
number of equations for the positive solution can be significantly reduced. Since X = X' =
D, the positive solution enjoys an additional symmetry arising from the interchange of X
and X’. Thus after applying the symmetry, the system of equations reduces to

(Q1,1)2 = 2@1,2
(Q2)?* = (Ql,l)gf‘i‘ Q2,2
(Q2,2)2 = 2(@1,2)5

together with

Qg =Qia=Qi3=Q1a=0Q31 =Q33=Q34=0Qs1 =Qs3=0Qs4>0
Qi = Q21 =Q23=0Q24=032=0Q42>0
Q22 > 0.

By solving these equations, one can find the positive solution

Qi1 Q2 Qi3 Qia 6 18 6 6
Q21 Q22 Q23 Q24| |18 108 18 18

Q31 Q32 Q33 Q34| |6 18 6 6
Qi1 Qa2 Qi3 Quu 6 18 6 6

of Q(Dy, Dy). Interestingly, all the entries of this solution are in Z.

Now we prove a theorem which will be important in the following section and in the next
chapter.

Theorem 5.3.6. Let X' be a Dynkin diagram of ADE type of rank r' and z = (z;) be the
unique positive solution of Q(A,, X"). Then it satisfies the following properties :

1. (symmetry) z;; = znt1—ip for 1 <i<n and1 <i <7’

2. (unimodality) zi_1 v < ziy fori=1,--- ,m= L”T“J and 1 <i" <7r" where || is the
floor function.

Proof. For the symmetry property, we may use Theorem 5.3.2. The symmetry of the positive
solution implies the symmetry condition z; y = 2,11 .
Now we prove the unimodality of the positive solution z = (z;). Lemma 5.3.1 implies

that : . .
—C(An)is i—1,4' i 1,4
jerI 1,7

is the principal positive solution of x = (1 — x)* so that 0 < x;» < 1 for all (i,4').
If n is even, by the symmetry of solutions, we have 2,11, = 2p. Then

Zm—14' Zm+1,i Zm—14
Tmit = = — <1

Zm,i! Zmi! Zmi!
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because x,, < 1.
If n is odd, again the symmetry condition implies 2,41 = zm—1.+. Using this, we get

2
Zm—14'%m4143  Pm—1if Zm—1,
Tt = ’ = 5 — ( 2 < 1.
Zm il fmi! Zmﬂ‘/ Zmi!

In both cases, we can obtain the inequality 2,1 < 2p, . Since

Z'—l,'/Z'—i—l"/
T4 = . 121 . < 17
2 it
we have p
i
Zi—1,i < Z’Ll/(—) < Zi
i1,
for 1 <i <m — 1. Thus we have proved the unimodality. O

5.4 Positive solutions of level restricted ()-systems

Definition 5.4.1. Let X be a Dynkin diagram of ADFE type. Consider the Q-system (4.45)

(QW)? = TT(QW) X 4 Q' QW

bel

with boundary conditions Q(()a) =1foralla e . Let k> 2 be an integer. We are interested
in solutions of the Q)-system satisfying the unit boundary conditions

Q=1

for all @ € I. We call the resulting system of equations for Q%) with 0 < m < k and
1 < a < r the level k restricted @-system of type X.

Note that the level k restricted @-system is nothing but the constant T-system Q(X, A,,)
given by
2 — I(X)z I(An)i/ i’
=11+ [T,
Jel Jrer

where n = k — 1 by the identification @); s = Qg,i). Thus from Theorem 5.3.6, we can deduce
the following.

Corollary 5.4.2. Let X be a Dynkin diagram of ADE type of rank r. There exists a unique
: @ : ) L (a) .

solution z = (z;"’) of the level k restricted Q-system satisfying z;’ > 0 for 0 < i < k and

1 <a <r. Moreover, it satisfies the following additional properties:

1. (symmetry) zi(a) = z,(f_)z for0<i<kandl<a<r.
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2. (unimodality) 2%, < 2\ fori=1,--- m= [2] and 1 < a < r where |x] is the floor
function.

Definition 5.4.3. We call the solution z = (zi(a)) with 0 < i < kand 1 < a < r characterized
in Corollary 5.4.2 the positive solution of the level k restricted -system.

Example 5.4.4. Let us take a look at the example of the level n + 1 restricted ()-system
of type A;. There is a nice realization of this system of equations in elementary geometry.
Let us consider a regular (n + 3)-gon with the sides of length 1. Fix a vertex v and let v;,
1 =20,1,--- ,n+ 1 be the vertices such that the polygon is given by vvgvy ---v,1. Let us
denote the length of the edge vyv; as d;. Then the lengths of diagonals satisfy the following
recurrence relations :

(dy =1
d% = 1 + dodg
d; = 1+di1dip
di = 1+ dn—ldn—H
\ dn+1 - 1

If one considers this recurrence from a geometric viewpoint, the properties stated in
Corollary 5.4.2 are quite easy to see. The lengths of diagonals are given by the formula

an (1)
di = ——"
Sln(m)

fori=0,1,--- ,n+ 1. One can show this using the law of sines in elementary geometry. See
Section 5.5 for more general explicit formula.
5.5 Explicit expressions for positive solutions

There are a few cases we can write down positive solutions very concretely. Recall Theorem

4.3.5. If Q = (Q;,) is a solution of Q(X, X’) with @, # 0,

Z(X)i,j
[ @ ™
Z(X )i,
Yi = Ljer @ (5.12)

T(X" )50
Hj/EI/ Qi,j’ "

are solutions of X(X, X’) and Y.(X, X’) respectively.
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(A, A,) case
The positive solution of Q(A4,, 4,) is given by

a rl-agipn (w)

Q H H n4+r+2
em— 11 . (w(i+i—1)
=1 j=1 S\ 555

This expression first appeared in [23]. See also Theorem 6.7.2. By (5.11), the principal
positive solution of X(A,, 4,) is

. Ta . w(r+1—a)
Sin (n+r+2) s ( n+r+2 )

Tam = )
sin w(a+m) sin w(r+1—a+m)
n—+r+2 n—+r+2

Also by (5.12), the positive solution of Y.(A,, A,) is
. Ta . w(r+1—a)
S (n+r+2) Sin ( n+r+2 )

. m™m . 7r(n+1—m) ’
Sl <n+r+2) SIn ( n4+r-+2 )

Yam =

The dilogarithm identity (4.2.5) associated with this is

n o r : Ta . m(r+1—a)
2.0 1L sin (F5) sin (595) ) _wetr ) (1)
i=1 a=1 sin <7;(ijfz)> sin (%) n+r+2

(D,, A;) case
In this case, one can show that the positive solution of Q(D,, A;) is given by

a+1 1<a<r—2
Qa,lz{ _ B .

Voo oa=r—1,r
Then the principal positive solution of X(A;, D,) is

[ 1(a+1)?* 1<a<r-—2
Tle = 1/r a=r—1,r

And the positive solution of Y.(Ay, D,) is

[ 1/(a*+2a) 1<a<r-—2
Yla = 1/(r—1) a=r—1,r

Lastly, the corresponding dilogarithm identity is
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Chapter 6

Level restricted ()-systems and
generalized quantum dimensions

In this chapter, we focus on the problem of finding explicit solutions of various equations. As
we saw in Chapter 4 and Chapter 5, many systems of equations such as X(X, X”), Y. (X, X’)
and Q(X, X’) are closely related to each other. Among them, the @Q-system allows an
approach using characters of irreducible representations of a simple Lie algebra. We will
look for Lie algebraic solutions of the level restricted @)-system defined in Section 5.4 and
investigate their properties stated in Conjecture 6.3.2.

This topic has been discussed in several works : see [24], [25]. [27, Section 5] and |20,
Chapter 3]. It seems that the affine Weyl group has not been used much in this context.
The main goal of this chapter is to illustrate the use of generalized quantum dimensions and
their affine Weyl group symmetry in the study of Lie algebraic solutions of level restricted
()-systems.

6.1 Review of Lie theory

In this section, let us briefly review a few notions from Lie theory to fix notations. Let g be
a simple Lie algebra of rank r and h a Cartan subalgebra. h* denotes the dual space of h
and we use the symbol (-, ) to denote the natural pairing between h and h*.

Let @ C b* be the root system with its Dynkin diagram of type X. We will assume X
is one of ADFE type. Let Q be the root lattice and P be the weight lattice. We fix a set
®* of positive roots with the set IT = {oy|i = 1,--- ,r} of simple roots. Let 0 = > ., a;q
be the highest root where a; denotes the Dynkin labels as given in Appendix A. Let (-|-) be
the non-degenerate invariant symmetric bilinear form on h and on h* normalize (+|-) so that
(010) = 2.

Q¥ denotes the coroot lattice which is Z-dual of the weight lattice P. We will choose
the basis 1Y = {h; € h|i = 1,--- ,r} of the coroot lattice so that (a;,h;) = a;; where
(a;j) = C(X) denotes the Cartan matrix of X. Let {w; € P|i =1,--- ,r} be the dual basis
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of P for I1V so that (w;, h;) = J;; and we call the elements of this set fundamental weights.
Let PY be the coweight lattice Z-dual to Q. Note that Q C P and Q¥ C P".
For a root a € ®, we can define the Weyl reflection s, on P by

(Ale)
(ala)

SgA=A—2

Q.

Note that if X is one of ADFE type,
Sad = A — (A|a)a.

We call the group generated by all these reflections the Weyl group W9 and it is generated
by the elements si,--- s, where s; = s,.. The signature of w € W° will be denoted by
(—1)4w),

We have the group algebra Z[P] with Z-basis of elements of the form e*, A € P. The
multiplication is given by

2miAr) or as a function defined on h*

We can regard e as a function defined on b by z — e
by 0 — 627”‘0“”)_

Let p =3, , w; € P be the Weyl vector. For a dominant weight A € P*, x, denotes the
character of an irreducible highest weight module with highest weight A. The Weyl character

formula says

o AA+p
XA = A—p (6.1)
where
Au= > (1) ™er e C[P). (6.2)

weW?o

The Weyl denominator formula says

Ay =) (=1)fWer =er TT(1—e ). (6.3)
For ;1 € h*, we can express A,(u) as

A1) = [ (20) sin(ula). (6.4)

a>0

Now we turn our attention to ()-system considered in Section 4.4.
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6.2 Realizations of ()-systems as characters of Lie
algebras

We are looking for Lie algebraic solutions of level k restricted @)-systems in this chapter. An
important link is provided by the fact that there is a way to realize the @)-system in terms
of characters of irreducible representations of a simple Lie algebra.

When X = A,,

Q9 = o (6.5)

witha=1,--- ,7and m = 0,1, -- satisfies the Q-system of type A,.
For X = D,, the expression is more complicated and it is given by

Z Xkawa+ka72wa72+"'+klw1 1 S a<r-— 17 a = 1 (mOd 2>’
Q’I(’)L’Z) = Z Xkuwa+ka72wa72+"'+k0w0 1 S a<r-— 17 a= O (mOd 2)7 (66>
Xrmwa a=r—1,r

where wy = 0 and the summation is over all nonnegative integers satisfying k, + kq_o+-- -+
ki = m for a odd and k, + kq—2 + - -+ + kg = m for a even.

The fact that they satisfy Q-systems has a long story involving the Kirillov-Reshetikhin
conjecture. For more information, see [26, Section 13]. The above decomposition will be used
much in the following sections, especially in Section 6.7.

6.3 Conjectures on positive solutions of level
restricted ()-systems

In this section, we regard Q%) as a sum of irreducible characters of a simple Lie algebra of
type X using the decomposition given in Section 6.2. If we evaluate them at some element
e b, Q%) (p) still satisfies the @-system. An interesting question is as follows :

Question 6.3.1. For which elements p € bh* is z = (Q%(u)) a solution of the level k
restricted (Q-system?

Recall that there exist a unique positive solution z = (z;) of the level k restricted Q-
system. In the previous chapter, we obtained Corollary 5.4.2 which is about the positive
solution of the level k restricted Q)-system. We saw symmetries of the positive solution and
its unimodality. Although its existence is guaranteed, one serious problem is that we still do
not know how one can express such solutions explicitly in general.

In [26], a conjecture about the form of the positive solution of the level k restricted

@-system and its several properties is proposed. It suggests that a distinguished element
P *
— Cc
h+k b

plays a very important role. The conjecture is as follows :
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Conjecture 6.3.2. [26, Conjecture 14.2.] Let 20 = Qgﬁ)(ﬁ_ﬁ) fora=1,---,r and m =
0,1,---. It satisfies the following properties :

1. (positivity) A9 59 foro<m<kandl1<a<r.

2. (symmetry) o z,(;i)m fori<m<k—-—1landl<a<r.

3. (unimodality) 27(5)—1 < 2% holds true form =1,--- 5] and 1 < a < r where |z] is
the floor function.

4. (unit boundary condition) z,(:) =1forl<a<r.

5. (occurrence of 0) z,(ci)l = z,(;i)Q == zl(;i)hfl =0forl1<a<r.

So if the conjecture is true, z = ( %) (ﬁ)) with 1 <m <nand 1 < a <r must be the

positive solution of Q(A,,, X) where n = k — 1 and we can also see that the positive solution
is contained in cyclotomic fields.

Remark 6.3.3. This conjecture is formulated for simple Lie algebras including non-simply
laced types. We already know that this is true for X = A,.

Remark 6.3.4. For X = D,, the unit boundary condition implies all the other properties
except the occurrences of 0’s. The reasoning is as follows : one can see the positivity of
Qgﬁ)(h—ik) form=1,---, ng directly from the decomposition (6.6) since the contribution
from each character in the summand can be shown to be positive. Since the unit boundary
condition is satisfied, it is a solution of the constant T-system. Then we can apply the half-
periodicity (4.29) of the T-system which implies z\¢) = z,(:i(;)). Thus the positivity condition
follows. Therefore it must be the unique positive solution characterized in Corollary 5.4.2.
The symmetry condition and the unimodality condition now follow from it.

In the rest of this chapter, a few useful concepts and tools to deal with this conjecture
will be introduced. A fruitful observation is that the character evaluated at some elements
of h* also shows up in the theory of affine Kac-Moody algebras as entries of modular S-
matrix. Since we began with Nahm’s conjecture about modular g-hypergeometric series,
this connection should not be too surprising. See Section 6.6 for a further remark. The
affine Weyl group will be shown to be a crucial ingredient to understand Conjecture 6.3.2.
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6.4 Affinizations of weights and affine Weyl group
actions

Affinizations of weights

Let U be the free Z-module generated by two elements @y and ¢ with the symmetric bilinear
form (-]-) defined by
(2100 + 220[y100 + Y20) = T1Y2 + Tay1.

Let P = P ® U be the orthogonal sum of two lattices P and U. It is a lattice with
the basis w; (i = 1,---,r), @ and § with the non-degenerate symmetric bilinear form (-|-)
obtained as the orthogonal sum of symmetric bilinear forms on P and U. So an element of
\ € P can be written as A=A+ kio+nd € P where ) is an element of P and k.,n € Z. Let
us denote it by A = (A\;k;n). Thus & = (0;1;0) and & = (0;0;1). Let us set wy = 0. We
call @; = (w;;a4;0), 4 =0,1--- 7 the affine fundamental weights and p = (p; h;0) the affine
Weyl vector .

Definition 6.4.1. Let A € P. Any element of the form

A

A=A+ ko +né=(\kn)eP

for some n € Z is called a level k affinization of A. For an element i = (u; ksn) € P, we call
4 the finite part of i and sometimes denote it by /.

The affine Weyl group

Now we define the notion of the affine Weyl group. Since the root lattice @ is contained in
P, we can regard Q as contained in P. We call elements of the form & = = (a;0;n) € P as
affine roots. Note that (&|&) = (a|a) = 2. Let us put oy = (—0;0; 1) where 6 is the highest
root and «; = (a;;0;0) for i = 1,---,r by abusing the notation. For an affine root &, we
can define the Weyl reflection on P as

sad = A — (A@)d.
More concretely, for & = («; 0;m) and A= (A; k;n), we have

SaA = (Sa(A + kma); k;n — m(Na) — km?). (6.7)

We call the group W generated by all these reflections the affine Weyl group and it is
generated by the elements sy, s1,- -+, s, where s; = s,,.

Proposition 6.4.2. Let A € P be a weight and X € P be its level k affinization. The finite
part of s;\ is s;\ fori=1,---,r



CHAPTER 6. LEVEL RESTRICTED Q-SYSTEMS AND GENERALIZED QUANTUM
DIMENSIONS 58

Proof. Let A = (\; k;n). We get )
siA = (s A ks m). (6.8)

]

Let us take a look at the action of sy on P. This result will play an important role later.

Proposition 6.4.3. Let A € P be a weight and X € P be its level k affinization. The finite
part of soA is sgA + k6.

Proof. Recall that oy = (—0;0;1) and X = (\; k;n). From (6.7), we can observe that

S0\ (6.9)

:(59()\ kJQ) kEin+ (\0) — k) (6.10)

=(AN—kO0 — (A—k0,0)0; k;n+ (A\|0) — k) (6.11)

=\ — ()\ 0)0 + k6; k;n + (A0) — k) (6.12)

=(sgA + kO; k;n + (M0) — k). (6.13)

Therefore we get 50_5\ = sp\ + k0. m

Classifications of elements of I';,

Let k be a positive integer. Let P, be the subset of P defined by
{(\;k;n) € P\ € P,n € Z}.

(6.7) shows that the affine Weyl group acts on Py. Let T'j, be the set obtained by quotienting
out & from Py. In other words, I'; is the subset of the group P /Z§ obtained as the image
of P,. This can also be regarded as the set of level & affinizations of all elements of P. So
there is a bijection between P and I'y. One reason to introduce I'j is to make the role of the
affine Weyl group transparent.

Any element of I'y can be represented by

\ :ixiwﬁnaeﬁ
=0

where \;’s satisfy Y, a;\; = k. We denote it by (Ag, -+, A).
Let us define T} = {(Xo,-- , \y) € TilAi € Z2%% and T} = {(No, -, \) € Ti|N; €
Z>°}. The elements of T'y are classified by the affine Weyl group action as follows :

Theorem 6.4.4. Any W-orbit in Ty, contains a unique element of T’} .

Proof. See [17] for a proof. O
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Definition 6.4.5. One can define the action of the affine Weyl group on the set P as
w-A=wA+p)—p
for each w € W. We will call this action the shifted affine Weyl group action.

The shifted affine Weyl group action also preserves I'y. Note that the classification prob-
lem of ['y, under the shifted affine Weyl group action is essentially reduced to the classification
problem of I'j,,; under the usual affine Weyl group action.

6.5 Quantum dimensions

Before we introduce the concept of quantum dimensions, let us review the Weyl character
and dimension formula. The Weyl denominator formula (6.4) implies

A, (}%kr) — A, (hLJrk) - cH(zi) sin 7;(5‘!? (6.14)

>0

for any p € P. Let A € P be a dominant weight. Using the formula (6.14), one can see

() = T 33

and

Then the Weyl character formula implies
- (A pla
X)\( P ) _ Anio (557) _ [Lossin (h+7c| :
h+k A, (%) [T, sin 22
If we take the limit as k — oo, the Weyl dimension formula

[Los0(X + ple)
[L.so(pla)

dim(V)\) =

can be obtained.

Definition 6.5.1. Let A € P and X € Iy, be its level k affinization. The quantum dimension
or g-dimension of \ is defined by

- w(pla)
S1n
D5 = X (—p ) _ Hososin T = (6.15)
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See [8, Section 16.3] for a reference. Now QW (F-ﬁ) in Conjecture 6.3.2 can be written
as a linear combination of quantum dimensions with positive integer coefficients. Note that

it does not mean that these are positive numbers.

Theorem 6.5.2. Let \ = 22:1 ANiw; € PT be a dominant weight such that Z§:1 aiN < k.
For its level k affinization A € '}, D5 > 0.

Proof. Let us use the product formula (6.15) for the quantum dimension
. (A pla
Ha>0 Sin (h——i_i-lljcl :

s om(pla) T
[ososin htk

D, =

The maximum value of {(A + p|a)|a > 0} is obtained when o = 6, the highest root of the
root system. Since (A + plf) = (A\|) + (p|f) = St aihi+ (h—1) <k+h—1,D; >0. O

Now we look at the role of the symmetry of the extended Dynkin diagrams.

Theorem 6.5.3. Suppose that 5\1, Ao € Ty are conjugate by an automorphism of the extended
Dynkin diagram. Then D5, = Dy, .

Proof. See [8, Section 16.3] for a proof.
[

Corollary 6.5.4. Let A = kw; € P be a dominant weight where w; is a fundamental weight
such that w; is conjugate to wo by an automorphism of the extended Dynkin diagram. For its
level k affinization X € I'y, D5 = 1.

Proof. Note that Dy = 1. Then the desired result follows from Theorem 6.5.3. ]

6.6 Generalized quantum dimensions

For a pair of weights A\,u € P and their level k affinizations 5\, it € 'y, we consider the

quantity
ftp w) o 2mi(w(A + p)|p + p)
% = Ao (m) = 2 () Wew etk '
weW?o

Note that S Q= S 25- The quantum dimension can be written in terms of S :

c m(A+pla
Sp_ Tgsm
AT Q. . aw(pla)
S0 Tlasosin 5457
For i € T},
S@ﬂ =DpSi # 0 (6.16)

by Theorem 6.5.2.
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Remark 6.6.1. The quantities S 54> UP @ minor correction factor, are elements of modular
S-matrix in the theory of affine Kac-Moody algebras and play important roles there. See
[17]. They are very similar to the Gauss sum in number theory and the Gauss sum is useful
to describe the modular transformation property of theta functions. Sy, shows up in the
theory of affine Kac-Moody algebras for essentially the same reason.

Definition 6.6.2. Let A € I'; and 2 € ;. We can assume that Sy, # 0 by (6.16). The
generalized quantum dimension of \ twisted by it is defined by
Sia
D3lj) = 2.
A Sf)ﬂ
Then the quantum dimension is a special case of generalized quantum dimensions since
D; = D;[0].

Definition 6.6.3. For \ € [y, let us define the function

S}\ : Fh—i—k — C
by
R w 2mi(w(A + p)|v
S3(0) = Y (-1 exp AL LI
weWw?
where 7 € 'y .
Note that S5, = S;(it + p) and Ds[i] = gz((ZIﬁ)) We prove that the S has the affine

Weyl group symmetry.

Theorem 6.6.4. Let \ € T, , U € Ty and w be an element of the affine Weyl group W.
Then
Sua(0) = (=1)")S5 (D).

Proof. 1t is enough to check that this holds for w = sg, s1, - - - s, € W since they generate W.
For s; € W, i > 1, it can be easily seen as the rearrangement of the sum over the finite

Weyl group. Note that 32(5\ +p) = si(A+ p) holds for i = 1,--- | r by Proposition 6.4.2.
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S, (D)

~

Z (_1)4(10) exp 27”(w<51 ) )‘>|V)

h+k
weW?o

o 2mi(w(s; (N + v
5 (10 20+ )

weW?o

2mi(ws; (A + p)|v)
_1)Hw)
2 (1) exp h+k

weWw?o0

(_1) Z (_1)Z(w) exp 27Ti<w}f)—‘i_—il;p)|y)

weW?o

—=55(?)

For sq € W, let us use Proposition 6.4.3. We first check

(50 Alv)

= (so(A+p)lv)
= (soA+p) + (h+k)0lv)
= (so(A+p)lv) (mod (h+k)Z).

Note that we have used the fact that (0|v) € Z. From this, we have
S.05()

Therefore, S, 5(

%

S (<1 exp 2mi(w(so - A)|v)

weW?o htk
27i(sg - Ajw'v)
—1)¢w)
WGZWO( e

27i(sg(A + p)wtv)
—1)w)
> (=) e htk

2mi(wse(A + p)|v)
_1)¢w)
2 (1) exp h+k

weW?o

(_1) Z (_1)£(w) exp Qﬂ-i(wh()—‘i_—;p”V)

weW?o

~S. (D).

S0°A

) = (1)) S () holds for any w € W.
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(6.17)
(6.18)

(6.19)
(6.20)

(6.21)

(6.22)

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)
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Corollary 6.6.5. With the same assumptions as Theorem 6.6.4, the following holds :
Sy (wP) = (—1) 55 ().
Proof. There exists i € 'y such that o = i + p. Note that S5(?) = S5(ft + p) = Sﬂ(S\ + ).
Therefore we get

S5 (wb) (6.35)
= Si(w(i+p)) (6.36)

= Si(w- i+ p) (6.37)

= Spp(A+p) = (=1)" WS () (6.38)

0

We can apply Theorem 6.6.4 to generalized quantum dimensions.

Corollary 6.6.6. Let A € Ty, i € I} and w € W. D, ;[i] = (1) Ds[a]. Especially,
D, = (=1)D;.

Proof.

p) _ (=185t + p)

+ 2(w) ~
_ = (=)D, [4l.
o (i + p) Se(fe+ p) SRl

Another useful consequence of Theorem 6.6.4 is the following :
Corollary 6.6.7. Let w € W be an element of odd signature. If w - A= 5\, S5 =0 on I'ypyg.
Proof. S5(7) = Sya(P) = (—1)55(P). O

The following result will be very useful in the next section when we discuss the conjectured
properties of level k restricted ()-systems.

Theorem 6.6.8. Let A =)', \jw; € Pt be a dominant weight such thaty ", a;\; = k+1.
For its level k affinization A € Ty, S5 =0 on Tyyx. In particular, Ds[ii] = 0 for any i € T

Proof. Let us prove that sg - A = \. From

T T s

Mt p=(—Go+ Y @)+ Y@= (Ai+ Dy,

i=1 1=0 =1

we can see that so- A = So(A+p)—p= A+ p— p =\ Therefore, S5, = 0 by Corollary 6.6.7
and this implies
S
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6.7 Applications to level restricted ()-systems

Let us see how the affine Weyl group symmetry can be used to understand Conjecture 6.3.2.

We want to regard Q,(fi) as a function defined on I‘ij Let us write the decomposition of

QW =Y X

Qgﬁf) into classical characters as

weﬂgr?
For the rest of this chapter, we will regard
Se
=2 = (6.39)
UJGQT('T’?) 0

as a function defined on I'},. Then for any 4 € I} and v = i+ p € I}, QW () is a

linear combination of generalized quantum dimensions with integer coefficients,

QW) =QW(i+p) = Y Dalil.
weﬂ,(ﬁ)
A, case

If X = A,, we know Q%) = S(k—m)wo+ma./Sy- Let us first prove the unit boundary condition
of Conjecture 6.3.2 and its implication.

Theorem 6.7.1. For X = A,, Q\” (5 +0) = Dyo, = 1 for alla=1,--- ,r.

Proof. We have
Sk,

Sy
So we can apply Corollary 6.5.4. m

QY =

Now we have found the positive solution of Q(A,, Ax_1) in terms of quantum dimensions.

Theorem 6.7.2. Let k > 2. Put 24, = Dg—m)so+ma, for 1 <a <randl <m < k—1.
Then z = (zam) is the positive solution of Q(A,, Ax_1).

Proof. 1t follows from Theorem 6.7.1. O

To see the vanishing of Q,(fle, it is enough to see that the level k affinizations of (k+ 1)w,
are fixed by an element of the affine Weyl group whose signature is odd.

Theorem 6.7.3. For X = A,, Q,(Ci)l = 0 udentically on FZLC fora=1,---r.
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Proof. Since

k+1 SA )
0

we can apply Theorem 6.6.8 which implies that S_z,+(#+1)0, = 0. O

QW - S0+ (k+1)da

This implies that whenever Q,(:)(ﬁ) = 1 for a v € T}, the unit boundary condition

Q,(:)(ﬂ) =1foralla=1,---,rissatisfied by the recurrence relation of the Q-system (4.45).
Then one gets a solution of Q(A,, Ax_1) which is not necessarily positive. Let us look at an
example.

Example 6.7.4. Let X = A3 and k = 3. Here the Coxeter number is h = 4. From Theorem
6.7.3, we know

) 0@ B
O o2 OO
> @y

)

)

1 2 3
Sy 1@ QY QY (6.40)
1 (2) Qf))

4 4

Socotin  O2gras D2+
S®0+2®1 S®o+2®2 S®o+2¢?}3
=] Sa S Saa (6.41)
Sign—co  Stim—ao  Saws—ao

Sowotan O%o+ds Do+
5@0 +2a1 S&Jo +202 Sc?)o +2m3
— | Ssa Ssw, Ssey | (6.42)
0 0 0

Now having Qia) =0 for a = 1, 2, 3, the @-system equations for m = 3

2
(@) =0l +Qf
2
(@) = Qe + e
3 2 2 3 3
(a9) = 0 + QP
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imply

(002_ (2)
3 =3
2)\? 1) (3

(@) = o ey

2
(@) =
We already know that
P (p+0)=QY (p+0)=Q (p+0) =1

from Theorem 6.7.1. Therefore,

Dp+0) QP (5+0) QY (p+0)]
M (p+0) QP (p+0) QY (p+0)
D (p+0) QP (h+0) QY (p+0) (6.43)
P(p+0) QP (p+0) QY (h+0)

[Dacoron Dacotan Dasotas |

D®0+2w1 D®o+2w2 DGJOJrQGJs

= 1 1 1 . (6.44)

0 0 0

So we get the positive solution of Q(As, As) in terms of quantum dimensions. One may ask
for which element o € I'}f, = 'Y, the unit boundary conditions fo) (0)=1,a=1,2,3 are
satisfied. By a straightforward calculation, one can come up with the following 5 possibilities

iy + w + wa + w3
2wy + 201 + wy + 2ws
U= 2wy + w1 + 3wg + w3
Wo + 3wy + 2wy + w3
Wo + w1 + 2wy + 3ws

The first three give distinct real solutions and the last two are complex conjugates of each
other.

D, case

For X = D,, the situation is a little different from the X = A, case because the decomposi-
tion of Q,(ﬁ) into characters consists of several summands. It is given in (6.6). Let us begin
with Q%)’s given by a single summand.
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Theorem 6.7.5. For X = D,, Qk ( —l—O)—lfora—lr—l and r.

Proof. One can prove this as in Theorem 6.7.1. Note that

(a) _ Sk
for a =1, — 1 and r. Then we get the result as a consequence of Corollary 6.5.4. [

Theorem 6.7.6. For X = D,, Qk;—H = 0 identically on I‘h+k fora=1,r—1 andr.
Proof. Again we may apply Theorem 6.6.8 to

a S_ o+ (k1)@
Q( ) — 0 a
k+1 S()

fora=1,r—1 and r. O
Example 6.7.7. Let X = D, and k = 3. Here the Coxeter number is h = 6. By (6.6),

(1) (2) (3) (4)
[
% T T
S(‘) 3 3 3 (645)
( ) (2) (3) (4)
Q4 4 4 4
[ Socotin Sy + Sao+an Soiotis  Sasotin
SL:JO-‘FQL:Jl S?)LDO + SLZ)()—H:JQ + SQL:JQ—(ZJO S&Jo-‘y-?(ﬁg SL:J0+242)4
= | Sz S3ao T Ootan T S2mm—ay + S30,—300 S Ssas | . (6.46)

Sacn—ao 3w T Swotws T S2ws—wo + Sswa—3we + Sdwe—sao Odws—wo  Odin—ao

By applying Theorem 6.6.8, we can remove many S’s so that

o QP o of
oy o o ol

S |@) @ @ Q5 (6.47)
ol o b af

Sao-+in S300 T St i Sowotes 2o+

Seo+201 S35 + Sotan Soot2ms  Swo+2i

= | Ssn S30 + Saotas T 3@ —3a0 S Ssay | . (6.48)

0 Saao + Swotws + Ssws—3w + Sdwe—s0 0 0




CHAPTER 6. LEVEL RESTRICTED Q-SYSTEMS AND GENERALIZED QUANTUM
DIMENSIONS 68

We want to verify the equality
S3a0 t Swo+an T S303-300 T Sazn—500 = 0.
One can use the shifted affine Weyl group action to show it. Note that
So - (4wy — blwy) = 3o

and
So - (3(,:]2 — 3(;.)0) = (IJO + C:JQ.

Thus Ssz, + Sawy—s0, = 0 and Sse,—30, + Swe+w, = 0 by Theorem 6.6.4 and therefore,

Saao + Swotws + Sswe—3w0 + Stwe—s500 = 0. (6.49)
From these calculations, we get
(1 2 3 4)T
b % 99
b Ty Y Y
Sy | W 3 5 Qs (6.50)
(1) (2) (3) Q(4)
4 4 4 4
-S2L?J0+@1 S3u30 + 5030-1-032 82@04-42)3 SQ®0+®4-
Seot2m O30 T Swotde  Owo+2ms  Odo+2os
=| Sz Sz Sws Sy (6.51)
0 0 0 0

Now we know that Qfla) =0 for a = 1,2,3,4. Let us look at the parts of the Q)-system
equations with m = 3,

= Qe + QY
= Qo + QYo
= QY + QY
= QY +0"Q!"

This becomes

(6.52)




CHAPTER 6. LEVEL RESTRICTED Q-SYSTEMS AND GENERALIZED QUANTUM
DIMENSIONS 69

Since Ssz, = Sp, Q(Q)( ) =1 for any € I'} . Thus we know that Q:(f) = 1 identically on

'}, and we can see that there are only four possible solutions of (6.52) :
(1,1,1,1)
(1) (4) (1717_17_1)
(@7.05%.Q%. & = ¢ (11 )
(—=1,1,1,-1)
If we evaluate them at p+ 0 € FZ}:,C, we get
(@15 +0),Q (5+0), Q5+ 0), Q" (5 + 0)) = (1,1,1,1)
by Theorem 6.7.5. Therefore we finally get
V(p+0) QP (p+0) QP (p+0) Q1 (p+0)
2 (p+0) @Y (p+0) @ (p+0) @Y (5+0)
(AL A 2 [~ A 3) [~ & L b
3 (p+0) Q7 (p+0) QY (p+0) Q) (p+0) (6.53)
Y (p+0) QP (p+0) QY (p+0) QY (+0)
[Dacotor 1+ Dogron Dasgras Daseran]
Digr2ey 14 Dagrar Dooraos Daprms
S 1 1 1 (6.54)
0 0 0 0

So we obtained the positive solution of the system Q(Dy, As) in terms of quantum dimensions
explicitly. The positivity is clearly seen from Theorem 6.5.2. The symmetry of the positive
solution can now be understood in terms of the symmetry of the extended Dynkin diagram.

Example 6.7.8. Let us work out another example with X = D, and the level k = 4. Again,
we want to show that Qéa) =0fora=1,---,4. Let us consider f) 0. We have
S Q52) S4wo + S2LU2 + SQwo-‘er + S3w2 200 + S4LU2 —4Qg + Sng —6wg *

Using the shifted affine Weyl group action, we can see that

S0 (5(;}2 - 6(1}0) = 4(2}0 (655)
So (4(2)2 — 4(:10) = 2(110 + C:JQ (656)
So - (3(2)2 — 2(;)0) = 2(:)2 (657)
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Thus QéZ) = 0. This result together with Theorem 6.6.8 implies

S3o-+in
S2(I)0—|—2(2)1
S®0+3@1

o Sy

(2) 3) (4)7
1 1 1
(2) (3) (4)
2 2 2
(2) 3) (4)
3 3 3
(2) (3) (4)
4 4 4
(2) (3) (4)
5 5 5

If we evaluate them at p + 0 € F;{jfk, we get

Dsigtin
D2®0+2c§}1
Do:fo +3w1
- 1
0

Sagy + S2m0+as Ssio+is O30+
Sawe T S2ws + S2otan O2met+2ms  O20+26s
Sagy + S+ Stotsws Dot
Saao Sias S4i,
0 0 0
0) Q2 (p+0) QP (p+0) @ (p+0
0) Q¥ (p+0) QY (p+0) @ (p+0
0) Q) (p+0) Q5 (p+0) @ (p+0
0) Q) (p+0) QY (p+0) @ (p+0
0) Q¥ (5+0) Q¥ (5+0) QM (5+0
Daggtan + 1 Digotas  Dswgtan
Doy + Dacotan + 1 Dosgross Dosytoss
Dogyyisn + 1 Diot3is  Dagtan
1 1 1
0 0 0

S— — N N
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(6.58)

(6.59)

(6.60)

(6.61)

Thus again we have found the positive solution of the system Q(Dy, A3) in terms of quantum
dimensions. The positivity is clear from Theorem 6.5.2 and the symmetry of the extended
Dynkin diagram explains the symmetry of the positive solution.

6.8 Periodiciticies of ()-systems

As we saw before, we have periodicity results for both Y-systems (Theorem 4.1.4) and 7T-
systems (Theorem 4.3.2). However, it does not make sense to talk about the periodicity of
(Q-systems if one only considers (Q-systems as polynomials of initial conditions as stated in
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Theorem 4.45. In the previous section, we saw that Q%) can be thought of as a function
defined on FZf:k This setting allows us to formulate a conjecture about the periodicity of
the Q-system.

Recall also that Conjecture 6.3.2 says

Qi (p+0) = Q(p+0) =+ = Q31 (+0) = 0.

In fact, this seems to be true for any o € F,J{ik We state it here as a conjecture and it should
be considered together with Conjecture 6.3.2.

Conjecture 6.8.1. Regard the elements of {Qgﬁ)ﬂ < a <r,m e Z=} as functions on the
set FZJ:k as given in (6.39). Then the following properties are satisfied :

1. (occurrence of 0) Q,Ele = Q,(ﬁzz =...= Q,Efzh_l =0for1<a<r.

2. (periodicity) Qﬁs) = QEZIQM(HM for1 <a <r and m = 0,1,--- where M is some
positive integer depending on X .
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Example 6.8.2. Let X = A3, k = 3 as in Example 6.7.4 and g € T}

i
i) (6.62)

[ Dacoranlit]  Dacoranlit]  Dagras 1]
DQO +2an [M] D®0+2@2 [:u’ K
D, [/1] Dig, 1] D 1]

0 0 0

0 0 0

0 0 0
_D3®1 [/l] D3@2 [/l] _2)3@3 [la]

~Dai+a ] Dagr2sn[ft]  —Dayr2a, /1]
_leu +202 [ﬂ] DQ@JO +2 [ﬂ] _D2®2 +w3 [ﬂ]
—Dsay,|ft]  Daayfi] — D[]
0 0 0
0 0 0
0 0 0
Dss, /1] Do 1] Das, 1]
Dospraslft]  Davgranlit]  Diytas(fl]
D®2+2w3 [ A] D®0+2®2 [:&] DQ@U +w2 [ A]

Dsay (1] D, [f1] Dy, [f1]
= 0 0 0 (6.63)
0 0 0
0 0 0
—Dsaylit]  Dsaylt]  —Dse, ]
_D@0+2®3 [/1] D030+2t222 [/1] _Dcifo +2an [/l]
—Dao+asll] Daagran[ft] —Dosgran ]
—Dsg, [/:L] Dy, [/:L] —Dsa, [/l]
0 0 0
0 0 0
0 0 0

,D3®0 [ A} D3¢00 [/l] D3tf!0 [ A]
Dosoranllt]  Daggranlit]  Dacgraslil]
DLTJ0+25J1 [ A] Dtilo-l—?@z [ﬂ] D®0+2®3 [ A]

Dsg, [fi] Dsg, [11] Dag, [fi]

0 0 0
0 0 0

0 0 0
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Example 6.8.3. Let X = D,, k =4 as in Example 6.7.8 and i € '}

N N 2

%) (h+ i) §2)

M p+rp QY
-D3®0+®1 [ﬂ]

Dd}o +3w1 [/l]
Dag, [11]
0
0
0
0
0
Daa, [
Dao+3a, [11]

D3®0 +© 1A[/l]
= D4®0 [:u]

Dot (1]

p+m) QY+ @ (h+n)
p+a) QY (p+i) QF (p+ i)
Do /1] + Doyt /1] Diag+as 1]
Dagg+201 [l Dago 1] + Doy (1] + Daoran 1] Dacor2as 1]
Dugy 1] + Doy 1] Day+325 1]
D45Jo [la] D4®3 [ﬂ]
0 0
0 0
0 0
0 0
0 0
D |11] D, /1]
Do /1] + Doy /1] Dy 305 /1]
Dagg+2i1 [ Daao 1] + Daay (1] + Dacoran 1] Dacor2as /1]
Dagy 1] + Daag i 1] Dsgg+as 1]
D [11] Dag, /1]
0 0
0 0
0 0
0 0
0 0
D45J0 [la] D4®0 [ﬂ]
Do /1] + Doy /1] Diagas /1]
[ﬂ] + DZ@Q [ﬂ] + D2w0+w2 [:u] D2@0+2®3 [:&]
Do /1] + Doy /1] Day-+3i3 [
D [11] Dag, /1]
0 0

D3@0 4@y [ﬂ]

IDQUJO +204 [:&]

Difio +3wa [/:L]
Dag, [11]
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(6.64)

(6.65)
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Appendix A

Dynkin diagrams and Cartan matrices

A.1 Dynkin diagrams of ADET type and their Cartan
matrices

The Dynkin diagrams of ADFET type are given in Figure A.1. Their Cartan matrices are as
follows :

1 2 -1 0
ClA)=10 -1 - 0
0 o2 1
0 0 0 -1 2
2 -1 0 0 0
1 2 0 0
C(Dn) =1 o 2 1 -1
0 0 -1 2 0
0 0 -1 0 2
2 -1 0 0 0
1 2 -1 0
CT=10 -1 " 0
0 . .2 —1
0O 0 0 -1 1
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2 -1 0 0 0 0
-1 2 =1 0 0 0
0 -1 2 -1 0 -1
C(Eo) = 0 0 -1 2 =1 0
0 0 0 -1 2 0
0 0 -1 0 0 2
2 -1 0 0 0 0 0
-1 2 -1 0 0 0 0
0 -1 2 -1 0 0 -1
CE)=]10 0 -1 2 -1 0 0
0O 0 0 -1 2 =1 0
0O 0 0 0 -1 2 0
0O 0 -1 0 0 0 2
2 -1 0 0 0 0 0 0
-1 2 -1 0 0 0 0 0
0 -1 2 -1 0 0 0 0
0O 0 -1 2 -1 0 0 0
C(Es) = O 0 0 -1 2 -1 0 -1
O 0 0 0 -1 2 =1 0
O 0 0 0 0 -1 2 0
O 0 0 0 -1 0 0 2

A.2 Graph automorphisms of Dynkin diagrams

Let I be the set of vertices as in Figure A.1. We define a diagram automorphism w : [ — [
for each Dynkin diagram of ADET type as follows :

1. For A,, w(v;) = vp11-4.

w(v;) = v; 1<i<2n
2. For Dy, i1, w =1 w(va,) = Uayt1
W(U2n+1) = VU2pn

3. For Fs, w(v;) = vg_; for i # 6 and w(vg) = vg.

4. For others, w(v;) = v;
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Ar O——0O0 — — O —0O
U1 ) Up—1 Up
O
|
Dr O——0O0 — — O —0O
U1 Vg Upr—2 Ur-1
O
|
EG O—O0—0—0—0
U1 U2 U3 U4 Us
O
|
E7 O—O0—0—O0—0—0
U1 (%) V3 V4 Vs Vg
@)
Us
ES O—O0—0O0—O0—O0—0—0
(%1 (%) V3 (7 Us Vg U7
Tr O—O0— -+ — O0—0O
(%1 Vg Upr—1 VUr

Figure A.1: ADET Dynkin diagrams with indexed vertices.
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A 0<=0
1 1
Aﬁl)(r>2) o O e — 0 —0
1 1 1 1
O o
& &
Dfnl)(rzél) o O—O0— —O0—0
1 2 2 2 1
e
‘1
e
‘2
Eél) O O—O0O—0—0
1 2 3 2 1
e
‘2
Egl) 0O—0—0—0—0—0—0
1 2 3 4 3 2 1
o
3
Eél) 0O—0—0—0—0—0—0—0
1 2 3 4 5 6 4 2

Figure A.2: Extended Dynkin diagrams of ADE type and Dynkin labels

80





