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Abstract

We introduce conformal field theory in two dimensions, from the basic principles
to some of the simplest models. From the representations of the Virasoro algebra on
the one hand, and the state-field correspondence on the other hand, we deduce Ward
identities and Belavin—Polyakov—Zamolodchikov equations for correlation functions.
We then explain the principles of the conformal bootstrap method, and introduce
conformal blocks. This allows us to define and solve minimal models and Liouville
theory. We also introduce the free boson with its abelian affine Lie algebra.

Lecture notes for the “Young Researchers Integrability School”, Wien 2019, based on
the earlier lecture notes [1]. Estimated length: 7 lectures of 45 minutes each.

Material that may be skipped in the lectures is in green boxes. FExercises are in green
boxes when their statements are not part of the lectures’ text; this does not make them
less interesting as exercises.
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0 Introduction

Two-dimensional CFTs belong to the rare cases of quantum field theories that can be ex-
actly solved, thanks to their infinite-dimensional symmetry algebras. They are interesting
for their applications to statistical physics, they are the technical basis of string theory in
the worldsheet approach, and they can guide the exploration of higher-dimensional CFTs.

We will introduce the main ideas of two-dimensional CFT in the conformal bootstrap
approach, and focus on the simplest nontrivial models that have been solved: minimal
models and Liouville theory. Rather than following the history of the subject, we try
to derive the results in the simplest possible way. While not claiming mathematical
rigour, we explicitly state the axioms that underlie our derivations. This is supposed to
facilitate generalizations, for example to CFTs based on larger symmetry algebras, or to
non-diagonal CFTs [2].



Our first axioms will specify how the Virasoro symmetry algebra acts on fields, and
the existence and properties of the operator product expansion. Next, we introduce
additional axioms that single out either minimal models, or Liouville theory. We will
then check that these theories actually exist, by studying their four-point functions. It
is the success of such checks, more than a priori considerations, that justifies our choice
of axioms.

Our main tool for solving CF'Ts is crossing symmetry of the sphere four-point function.
We will however introduce two other tools as side subjects:

e The free boson (Section 2.4) is not needed in our approach, because we do not
build CFTs as perturbed free theories, as is done in the Lagrangian approach.
However, it is an excellent preparation to the study of WZW models.

e The modular bootstrap (Section 4.3) focuses on torus partition functions: less
interesting than sphere four-point functions, but also much simpler, so they can
be tractable even in complicated models.

This text aims to be self-contained, except at the very end when we will refer to [3] for
the properties of generic conformal blocks. For a more detailed text in the same spirit,
see the review article [4]. For a wider and more advanced review, and a guide to the
recent literature, see Teschner’s text [5]. The Bible of rational conformal field theory is
of course the epic textbook [6]. And Cardy’s lecture notes [7] provide an introduction
to the statistical physics applications of conformal field theory.

Exercise 0.1 (Update Wikipedia)

How would you rate Wikipedia’s coverage of these lectures’ topics? For a list of some
relevant articles, see this page. Correct and update these articles when needed. Are there
other relevant articles? Which articles should be created?
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1 The Virasoro algebra and its representations

1.1 Algebra

By definition, conformal transformations are transformations that preserve angles. In
two dimensions with a complex coordinate z, any holomorphic transformation preserves
angles. Infinitesimal conformal transformations are holomorphic functions close to the
identity function,

z sz + e meZ,exl). (1.1)

These transformations act on functions of z via the differential operators

0
b, = —2""1— 1.2
S (1.2)
and these operators generate the Witt algebra, with commutation relations
[y ) = (0 — M)y, (1.3)
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The generators (¢_1,%y,¢1) generate a subalgebra called the algebra of infinitesimal
global conformal transformations and isomorphic to sfs. The corresponding Lie group
is the group of global conformal transformations of the Riemann sphere C U {oc},

az+b
|_>
cz+d

, (a,b,c,d € C, ad—bc#0) . (1.4)

Exercise 1.1 (Global conformal group of the sphere)
Show that the global conformal group of the sphere is PSLy(C), and includes transla-
tions, rotations, and dilations.

In a quantum theory, symmetry transformations act projectively on states. Projective
representations of an algebra are equivalent to representations of a centrally extended
algebra. This is why we always look for central extensions of symmetry algebras.

Definition 1.2 (Virasoro algebra)
The central extension of the Witt algebra is called the Virasoro algebra. It has the
generators (Ly)nez and 1, and the commutation relations

u¢4:o,[%@M:m—mnﬁm+%m—nmmmwmm1, (1.5)
where the number ¢ is called the central charge. (The notation c1 stands for a central

generator that always has the same eigenvalue ¢ within a given conformal field theory.)

Exercise 1.3 (Uniqueness of the Virasoro algebra)
Show that the Virasoro algebra is the unique central extension of the Witt algebra.

1.2 Representations

The spectrum, i.e. the space of states, must be a representation of the Virasoro algebra.
Let us now make assumptions on what type of representation it can be.

Axiom 1.4 (Representations that can appear in the spectrum)
The spectrum is a direct sum of irreducible representations. In the spectrum, Lg is
diagonalizable, and the real part of its eigenvalues is bounded from below.

Why this special role for Ly? Because we want to interpret it as the energy operator. We
however do not assume that L eigenvalues are real or that the spectrum is a Hilbert space:
this would restrict the central charge to be real. The L eigenvalue of an L, eigenvector
is called its conformal dimension. The action of L,, shifts conformal dimensions by —n:

Lolv) = Alv) = LoLu|v) = LuLolv) + [Lo, L) = (A — n)La|v) . (1.6)

Let us consider an irreducible representation that is allowed by our axiom. In this rep-
resentation, all Ly eigenvalues differ by integers, and there is an eigenvector |v) whose
eigenvalue A is smallest in real part. If follows that L,|v) = 0 for n > 0, and |v) is called
a primary state.

Definition 1.5 (Primary and descendent states, level, Verma module)
A primary state with conformal dimension A is a state |v) such that

Lolv) = Alv) ,  Lysolv) =0 (1.7)



The Verma module Va s the representation whose basis is {Hle L_,, U)} . The
0<ni<-<ng

state [[i_y L_n,|v) has the conformal dimension A+ N, where N = 3% n; > 0 is called
the level. A state of level N > 1 is called a descendent state.

Let us plot a basis of primary and descendent states up to the level 3:

v) 0
/

L—1’U> 1
/ (1.8)

L2 o) L) 2

/ |
L3, ]v) L_yLslv) -+ L_slv) 3
"N

We need not include the state L_oL_;|v), dueto L oL 1 =L 1L 9 — L_3.

Are Verma module irreducible representations? i.e. do they have nontrivial subrep-
resentations? In any subrepresentation of a Verma module, L is again diagonalizable
and bounded from below, so there must be a primary state |x). If the subrepresentation
differs from the Verma module, that primary state must differ from |v), and therefore be
a descendent of |v).

1.3 Null vectors and degenerate representations

Definition 1.6 (Null vectors)
A descendent state that is also primary is called a null vector or singular vector.

In the Verma module Va, let us look for null vectors at the level N = 1. For n > 1 we
have

0 ifn>2,
2Av)  ifn=1.

So L_1|v) is a null vector if and only if A = 0, and the Verma module V is reducible.
Let us now look for null vectors at the level N = 2. Let |x) = (L%, + aL_»)[v), then

Ln>3|x) = 0.

Exercise 1.7 (Level two null vectors)
Compute Ly|x) and Ls|x), and find

Lilx) = (4A+2) +3a) Ly|v) , Ls|x) = (6A+ (4A + 3¢)a) |v) . (1.10)
Requiring that Li|x) and La|x) vanish, find the coefficient a, and show that

A:i(5—ci \/(0—1)(0—25)> . (1.11)

LaLslv) = (L Loallo) = (0 + 1) Lnsfo) = { (1.9)

16
In order to simplify this formula, let us introduce other notations for ¢ and A. We define
the background charge Q , ¢=14+6Q%, uptoQ+— —Q, (1.12)
1
the coupling constant b, Q =0b+ 5 up to b — bt | (1.13)
2
the momentum P, A = % — P% | up to reflections P +— —P . (1.14)



The condition (1.11) for the existence of a level two null vector becomes
1
Polpsrtar) (1.15)

Let us summarize the momentums of the Verma modules that have null vectors at levels
N = 1,2, and the null vectors themselves:

N | (r,s) Prs) Lirs)

1| (1) | $(b+b7h L,

o @] 5@+ | L2 + 0Ly (1.16)
(1,2) | 2 (b+2b7") | L%, +b72L_,

rs | (r,s) | 3(rb+sb7t) | L% +---

The generalization to higher levels N > 3 is that the dimensions of Verma modules with
null vectors are labelled by positive integers r,s such that N = rs. We write these
dimensions A, 4, and the corresponding momentums P, ). We accept these results for
now, see the later Exercise 3.13 for a derivation.

If A & {Aps}rsen+, then Va isirreducible. If A = A, oy, then VA contains a nontrivial
submodule, generated by the null vector and its descendent states. For generic values of
the central charge ¢, this submodule is the Verma module Va (rusy S

Definition 1.8 (Degenerate representation)
The coset of the reducible Verma module VA<T,S> by its Verma submodule VA<T,S>+7~3 s an
irreducible module R, 5, which is called a degenerate representation:

Va
Ripgy = ——= (1.17)
( ) > VA<T 5>+7‘5
In this representation, the null vector vanishes,
Lipglv) =0 (1.18)

2 Conformal field theory

Now that we understand the algebraic structure of conformal symmetry in two dimensions,
let us study how the Virasoro algebra acts on objects that live on the Riemann sphere —
the fields of conformal field theory. (Technically, fields are sections of vector bundles over
the sphere.)

2.1 Fields

Axiom 2.1 (State-field correspondence)

For any state |w) in the spectrum, there is an associated field Vi) (2). The map |w) —
Viwy (2) is linear and injective. We define the action of the Virasoro algebra on such fields
as

LnViw) (2) = VL) (2) - (2.1)

We also sometimes use the notation L,(f)ww)(z) = L, Vi (2).



Definition 2.2 (Primary field, descendent field, degenerate field)
Let |v) be the primary state of the Verma module Va. We define the primary field
Va(2) = Viy(2). This field obeys

LOVA<2) = AVA<2) N Ln>0VA(,Z) =0. (2.2)

Similarly, descendent fields correspond to descendent states. And the degenerate field
Virsy(2) corresponds to the primary state of the degenerate representation Ry, and there-
fore obeys

LOWT,S} (Z) - A(r,s)Wr,s)(z) ) Ln>0‘/<r,s>(z) =0 ) L(T,S>WT,S>(Z) =0. (23)

Axiom 2.3 (Dependence of fields on z)
For any field V(z), we have

0
aV(z) =L,V(z). (2.4)

Using this axiom for both V(z) and L,(f)V(z), we find how L\? depends on z:

6 z z z z
D10 (19, 10 = 4 1L,

These infinitely many equations can be encoded into one functional equation,

(Vn € Z). (2.5)

) LY
neZ y
Definition 2.4 (Energy-momentum tensor)
The energy-momentum tensor is a field, that we define by the formal Laurent series

LY
T@%:E:@tzﬁﬁ. (2.7)

neL

In other words, for any field V(z), we have

T(y)V(z) = Zf"ﬂ CLVE =g il - TG . 29

= (y— z)nt2 271
n

In the case of a primary field Va(z), using eq. (2.4) and writing regular terms as O(1),
this definition reduces to
1 0

Va(2) + —— 2 Va(2) + 0(1) . (2.9)

T(y)Val(z) = y— 202

y=z (y — 2)

This is our first example of an operator product expansion.

The energy-momentum tensor 7'(y) is locally holomorphic as a function of y, and
acquires poles in the presence of other fields. Since we are on the Riemann sphere, it
must also be holomorphic at y = .

Axiom 2.5 (Behaviour of T'(y) at infinity)

T(y) = o(-). (2.10)



2.2 Correlation functions and Ward identities

Definition 2.6 (Correlation function)
To N fields Vi(z1),...,Vn(2n) with i # j = 2z # z;, we associate a number called
their correlation function or N-point function, and denoted as

<V1(z1) : -~VN(zN)> : (2.11)

For example, <Hf\i1 VAi(zi)> is a function of {z;},{A;} and c. Correlation functions de-
pend linearly on fields, and in particular 52 - (Vi(z1) -+ - Vin(aw)) = <8%1V1(21) e VN(ZN)>.

Axiom 2.7 (Commutativity of fields)
Correlation functions do not depend on the order of the fields,

Vi(z1)Va(z2) = Va(22)Vi(21) - (2.12)

Exercise 2.8 (Virasoro algebra and OPE)

Show that the commutation relations (1.5) of the Virasoro algebra are equivalent to the
following OPE of the field T (y) with itself,

5 2T(z)  OT(z)

PIRR TR nd CUR (2.13)

Let us work out the consequences of conformal symmetry for correlation functions.
In order to study an N-point function Z of primary fields, we introduce an auxiliary
(N + 1)-point function Z(y) where we insert the energy-momentum tensor,

Z = <H vAi<zi>> L Zly) = <T<y>HvA,,<zi>> . (2.14)

i=1

Z(y) is a meromorphic function of y, with poles at y = z;, whose residues are given by eq.
(2.9) (using the commutativity of fields). Moreover T'(y), and therefore also Z(y), vanish
in the limit y — oo. So Z(y) is completely determined by its poles and residues,

N

Zy) =" (<y _A;)Q + _1 . aazi) Z. (2.15)

i=1

But T'(y) does not just vanish for y — oo, it behaves as O(%l) So the coefficients of
y~ 1,972,473 in the large y expansion of Z(y) must vanish,

N
Y 0.Z=> (20, + M) Z =) (50, +20iz) Z =0 . (2.16)
=1

i=1 i=1
These three equations are called global Ward identities.

The global Ward identities determine how Z behaves under global conformal transfor-
mations of the Riemann sphere,

(fivs (22 [ v (i) o

= =1




Let us solve the global Ward identities in the cases of one, two, three and four-point
functions. For a one-point function, we have

8Z<VA(2)> = A<VA(Z)> =0 so that <VA(2)> #0 = Vaox Vi . (2.18)

Similarly, in the case of two-point functions, we find

<VA1(21)VA2(ZQ)> o Oy ay (21 — 22) 7200 (2.19)

So a two-point function can be non-vanishing only if the two fields have the same dimen-
sion. For three-point functions, there are as many equations (2.16) as unknowns 21, 29, 23,
and therefore a unique solution with no constraints on A;,

3
<H vAi<zz->> o (21 — 22) MmN B (g = )M Ams(y _pdimheshs (990
=1

with an unknown proportionality coefficient that does not depend on z;. For four-point
functions, the general solution can be written as

4
—2A1 JA1—A2—A3+As —A1—Do+Az3—Ay A1+A2—Az—Ay ~12%34
<H VAi(’Zi)> = 213 %3 Zo4 234 G ( , (2.21)

213224

where z;; = z;—z; and G(z) is an arbitrary function of the cross-ratio z. So the three global
Ward identities effectively reduce the four-point function to a function of one variable G —
equivalently, we can set z, 23, 24 to fixed values, and recover the four-point function from
its dependence on z; alone.

Exercise 2.9 (Global conformal symmetry)

Solve the global Ward identities for two-, three- and four-point functions, and recover
egs. (2.19), (2.20) and (2.21) respectively. Defining Va(oo) = lim, o 222Va(2), show
that this is finite when inserted into a two- or three-point function. More generally, show
that this is finite using the behaviour (2.17) of correlation functions under z — —%. Show
that

G(2) = (Va, (2)Vaa (0) Vs (00)Va, (1)) (2:22)

We have been studying global conformal invariance of correlation functions of primary
fields, rather than more general fields. This was not only for making things simpler,
but also because correlation functions of descendents can be deduced from correlation
functions of primaries. For example,

L oVa, (z1)Va,(29) -+ ) = L d_y Z — ) (2.23)
2mi J, Yy — = 2mi 21

= Z <Zl — 821 G f;l) ) Z (2.24)

where we used first eq. (2.8) for L_oVa,(21), and then eq. (2.15) for Z(y). This can be
generalized to any correlation function of descendent fields. The resulting equations are
called local Ward identities.




2.3 Belavin—Polyakov—Zamolodchikov equations

Local and global Ward identities are all we can deduce from conformal symmetry. But
correlation functions that involve degenerate fields obey additional equations.

For example, let us replace Va,(z1) with the degenerate primary field Vj; 1y(21) in our
N-point function Z. Since 6%1‘/(1,1)(21) = L_1Vj1,1y(z1) = 0, we obtain aile = 0. In the
case N = 3, having Ay = A1y = 0 in the three-point function (2.20) leads to

<‘/<171> (Zl)VAQ(ZQ)VA3<23)> X (Zl — ZQ)A3_A2 (Zl — Z3)A2—A3(22 — 2’3)_A2_A3 s (225)
and further imposing z;-independence leads to
<‘/<1,1> (Zl)VA2<ZQ)VA3 (Z3)> 7é 0 —— AQ = Ag . (226)

This coincides with the condition (2.19) that the two-point function (Va,(22)Va4(z3)) does
not vanish. Actually, the field V(i ;) is an identity field, i.e. a field whose presence does
not affect correlation functions. (See Exercise 3.7.)

In the case of Vi 1)(21), we have

1 02

1

Vo (1) . (2.27)

Using the local Ward identity (2.24), this leads to the second-order Belavin—Polyakov—
Zamolodchikov partial differential equation

102 & 1 9 A, N
(ﬁa_zf i ; <z1 — 2 0% " (21— Zz)2>> <V<2’1>(21) g VAi(zi)> =0. (2.28)

More generally, a correlation function with the degenerate field Vi, obeys a partial
differential equation of order rs.

Exercise 2.10 (Second-order BPZ equation for a three-point function)
Show that

b
<V<2,1)VA2VA3> #0 — P,=P+ 5 (2.29)

In the case of a four-point function, the BPZ equation amounts to a differential equa-
tion for the function of one variable G(z).

Exercise 2.11 (BPZ second-order differential equation)
Show that the second-order BPZ equation for G(z) = <‘/<271>(Z)VA1(O)VA2(OO)VA3(1)> is

_ 2
{—Z(l 2) O + (22 — 1)% +Apy + % — Ay + 1A_32} G(z) =0, (2.30)

2.4 Free boson

We will now introduce the conformal field theory of the free boson. This provides the
simplest examples of a CFT with an extended symmetry algebra, i.e. an algebra that is
strictly larger than the Virasoro algebra: the abelian affine Lie algebra. This is a good
preparation for Wess—Zumino-Witten models, with their non-abelian affine Lie algebras.

10



Just as the Virasoro algebra can be defined by the self-OPE of the energy-momentum
tensor (2.13), we define the abelian affine Lie algebra by the self-OPE of a locally holo-
morphic current J(y),

J(y)J(z) = 2 _ 4 0(1). (2.31)

We are still doing conformal field theory, because we can build an energy-momentum
tensor from the current. Actually, for any ) € C, we can build a Virasoro algebra, whose
generators are the modes of

T(y) =—(JJ)(y) — QIJ(y) . (2.32)

We choose a value of ), and assume that the resulting Virasoro algebra generates confor-
mal transformations, and in particular obeys Axiom 2.3. Given the behaviour (2.10) of
T(y) at infinity, we assume

Q 1
J = —+0|—=| . 2.33
= o5 (239
Definition 2.12 (Normal-ordered product)
Given two locally holomorphic fields, their normal-ordered product is

(AB)) = o § - AWB(:) 2.3

Equivalently, if M(z) is the singular part of the OPE A(y)B(z), we have
(AB)(2) = lim (A()B=) - AW)B(:)) (235)
A(y)B(z) = M(Z) + (AB)(2) +O(y — 2) . (2.36)

The normal-ordered product is neither associative, nor commutative.

OPEs that involve normal-ordered products can be computed using Wick’s theorem,

A(2)(BO)(y) = %mjgxcixy (W(m)C(y) + B(x)@(y)) . (2.37)
For example, we can compute
(NI =, - (y‘]_(yz)Q +0() = —%;(_Zl +0(1), (2.38)
which leads to
T(y)J(z) = ©_,9 1 J(z) +0(1) . (2.39)

Then we can compute the OPE T'(y)7T'(z), and we find the OPE (2.13), where the central
charge is given by ¢ = 1+ 6Q? (repeating eq. (1.12)).
We define an affine primary field with the momentum « by the OPE

Vo(2) +O(1) . (2.40)



Using Wick’s theorem, we deduce

TWVale) =, ToVale) = 2

(JVa)(2) + O(1) . (2.41)

This means that our affine primary field is also a Virasoro primary field with the conformal
dimension a(Q — «), and that

OVo(z) = —2a(JV,)(2) . (2.42)
Knowing its poles and residues, we compute

<J(y)HVai(zi)> = Z e <H Vo, (2 > . (2.43)

=1 i=1

From eq. (2.33) we first deduce the global Ward identity

(Zz L~ ) <H Vay (i > =0, (2.44)

which means that the momentum is conserved. Then, using eq. (2.42), we deduce

(o 22 (ITvc) o as

(This is the abelian version of the Knizhnik-Zamolodchikov equation.) We can solve this
differential equation, and we find

<ﬂ Vai(zi)> 0 (Zf\il o — Q) [ = 2y) 72 (2.46)

1<J

Affine symmetry determines the z;-dependence of all correlation functions, while Virasoro
symmetry did it only for two- and three-point functions.

3 Conformal bootstrap

We have seen how conformal symmetry leads to linear equations for correlation functions:
Ward identities and BPZ equations. In order to fully determine correlation functions, we
need additional, nonlinear equations, and therefore additional axioms: single-valuedness
of correlation functions, and existence of operator product expansions. Using these axioms
for studying conformal field theories is called the conformal bootstrap method.

3.1 Single-valuedness

Axiom 3.1 (Single-valuedness)
Correlation functions are single-valued functions of the positions, i.e. they have trivial
monodromies.

Our two-point function (2.19) however has nontrivial monodromy unless A; € %Z, as
a result of solving holomorphic Ward identities. We would rather have a single-valued
function of the type |21 — zo| ™81 = (21 — 20)7221(2; — %) 7221, This suggests that we
need antiholomorphic Ward identities as well, and therefore a second copy of the Virasoro
algebra.

12



Axiom 3.2 (Left and right Virasoro algebras)

We have two mutually commuting Virasoro symmetry algebras with the same central
charge, called left-moving or holomorphic, and right-moving or antiholomorphic. Their
generators are written Ly, L,, with in particular

0 0 .
5V =LV V() = Lav(e) (3.1

The generators of conformal transformations are the diagonal combinations L, + L.

Let us consider left- and right-primary fields Vi, a,(2;), with the two-point functions

2
<H VAZ-,AZ-(%)> X Oy, 0008,,8, (21 — 22) 201 (21 — 2) 720 (3.2)
=1

This is single-valued if and only if our two fields have half-integer spins,

o1
A-AeZ. (3.3)

The simplest case is A = A, which leads to the definition

Definition 3.3 (Diagonal states, diagonal fields and diagonal spectrums)
A primary state or field is called diagonal if it has the same left and right conformal
dimensions. A spectrum is called diagonal if all primary states are diagonal.

For diagonal primary fields, we will now write Va(z) = Va a(2).

Exercise 3.4 (Free bosonic spectrums)

In the case c = 1, we want to build CFTs with the abelian affine Lie algebra symmetry,
whose primary states include diagonal states and non-diagonal states with integer spins.
We interpret momentum conservation as implying that the spectrum is closed under the
addition of momentums. Let (%%, i) be the left and right momentums of a diagonal
primary state, and (o, @) the momentums of another state. Show that

! n) €7 4

E(a —a)ez. (3.4)

Under mild assumptions, deduce that the spectrum is of the type
Sp = @ M%(%+Rw)®l/l%(%_3w) , (3.5)
(n,w)€Z?

where U, is the representation of the abelian affine Lie algebra that corresponds to the
primary field V,,. The corresponding CFT is called the compactified free boson, with the
compactification radius R. Do compactifield free bosons exist for ¢ # 17

3.2 Operator product expansion and crossing symmetry

Axiom 3.5 (Operator product expansion)
Let (Jw;)) be a basis of the spectrum. There exist coefficients Cly(z1,22) such that we
have the operator product expansion (OPE)

Viw (20)Viuny (22) _ = D Claz1, 22) Vi (22) - (3.6)
In a correlation function, this sum converges for zy sufficiently close to zs.

13



OPEs allow us to reduce N-point functions to (N — 1)-point functions, at the price
of introducing OPE coefficients. Iterating, we can reduce any correlation function to a
combination of OPE coefficients, and two-point functions. (We stop at two-point functions
because they are simple enough for being considered as known quantities.)

If the spectrum is made of diagonal primary states and their descendent states, the
OPE of two primary fields is

VA1(21>VA2<22) BN ZCALAZ,A
AeS

Z1—22

Z1 — ZQ|2(A_A1_A2) (VA(ZQ) -+ 0(21 — ZQ)) s (37)

where the subleading terms are contributions of descendents fields. In particular, the
21, zo-dependence of the coefficients is dictated by the behaviour of correlation functions
under translations z; — z; + ¢ and dilations z; — \z;, leaving a z;-independent unknown
factor Ca, a,a. Then, as in correlation functions, contributions of descendents are de-
duced from contributions of primaries via local Ward identitites.

Exercise 3.6 (Computing the OPE of primary fields)
Compute the first subleading term in the OPE (3.7), and find
A+ A — Ay
2A

Hints: Insert §,dz(z — 2)*T(z) on both sides of the OPE, for a contour C' that encloses
both z1 and zy. Compute the relevant contour integrals with the help of eq. (2.9).

O(z1 — 25) = ((21 )Ly + (51— 22)z_1>vA(zg) FO((21 — 2)?) . (3.8)

Exercise 3.7 (V{1 is an identity field)
Using aile(Ll)(Zl) =0, show that the OPE of Vi11y with another primary field is of the
form

Vi (21)Va(ze) = CaVa(22) , (3.9)

where the subleading terms vanish. Inserting this OPE in a correlation function, show
that the constant Ca actually does not depend on A. Deduce that, up to a factor C' = Ch,
the field Viy 1y ts an identity field.

Using the OPE, we can reduce a three-point function to a combination of two-point
functions, and we find

3
<H VAi<z¢>> = Cayda gl = 2Oy — 18|y g 00
=1
(3.10)

assuming the two-point function is normalized as (Va(21)Va(22)) = |21 — 2o/ 44, Tt
follows that Ca, a, a, coincides with the undertermined constant prefactor of the three-
point function. This factor is called the three-point structure constant. Let us now insert
the OPE in a four-point function of primary fields:

(Var (9)Vis(O)Vay(00)Va, (1)) = 37 Cia, i, a2
AeS

X <<VA(0)VA3(OO)VA4(1>> +0(2)> . (3.11)
— ZCA17A27ACA,A3,A4|Z|2(A_A1_A2)(1+O(Z)> '

z—0
AeS

(3.12)
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The contributions of descendents factorize into those of left-moving descendents, generated
by the operators L, .o, and right-moving descendents, generated by L,.o. So the last
factor has a holomorphic factorization such that

<VA1(Z)VAg(O)VAg(OO)VA4(1)> = Cn20aCana F8 (2)FN(2) - (3.13)
A€EeS

Definition 3.8 (Conformal block)
The four-point conformal block on the sphere,

A=A -A,
=z (1 + O(z)> , (3.14)
1s the normalized contribution of the Verma module Va to a four-point function, obtained
by summing over left-moving descendents. It is a locally holomorphic function of z. Its
dependence on ¢, Ay, Ao, As, Ay are kept implicit. The label (s) stands for s-channel.

Conformal blocks are in principle known, as they are universal functions, entirely deter-
mined by conformal symmetry. This is analogous to characters of representations, also
known as zero-point conformal blocks on the torus.

Exercise 3.9 (Computing conformal blocks)
Compute the conformal block F(AS)(z) up to the order O(z), and find

A-ai-a, (1 L(A+A - A22)£A A Ay O(zg))  (315)

FE) =

z:>0

Show that the first-order term has a pole when the Verma module VA has a null vector
at level one. Compute the residue of this pole. Compare the condition that this residue
vanishes with the condition (2.26) that three-point functions involving Vi 1y ewist.

Our axiom 2.7 on the commutativity of fields implies that the OPE is associative, and

that we can use the OPE of any two fields in a four-point function. In particular, using
the OPE of the first and fourth fields, we obtain

(Vi (2)Vas(0)Vay(00)Vau(1)) = D- CamyaCanana PV (FY(E) . (3.16)
AeS
where ]-"X)(z) = (z — 1)A—A1 2 (1 + O(z — 1)) is a t-channel conformal block. The
2=
equality of our two decompositions (3.13) and (3.16) of the four-point function is called

crossing symmetry, schematically

2 3

2 3
Z C125Cs34 5 = Z Ca3:Cran ¢ . (3.17)
AgeS 1 4 AeS

1 4

The unknowns in this equation are the spectrum S and three-point structure constant
C. Any solution such that C' is invariant under permutations allows us to consistently
compute arbitrary correlation functions on the sphere [8], not just four-point functions.

Definition 3.10 (Conformal field theory)
A (model of) conformal field theory on the Riemann sphere is a spectrum S and a
permutation-invariant three-point structure constant C' that obey crossing symmetry.
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Definition 3.11 (Defining and solving)
To define a conformal field theory is to give principles that uniquely determine its spec-

trum S and correlation functions <Hfi1 V|wi>(zi)> with |w;) € S. To solve a conformal

field theory is to actually compute them.

3.3 Degenerate fields and the fusion product

Crossing symmetry equations are powerful, but typically involve infinite sums, which
makes them difficult to solve. However, if at least one field is degenerate, then the four-
point function belongs to the finite-dimensional space of solutions of a BPZ equation,
and is therefore a combination of finitely many conformal blocks. For example, G(z) =

Viey (2)Va, (0)VA2<OO)VA3(1)> is a combination of only two holomorphic s-channel con-
formal blocks. These two blocks are a particular basis of solutions of the BPZ equation
(2.30). They are fully characterized by their asymptotic behaviour near z = 0 (3.14),
where the BPZ equation allows only two values of A, namely A € {A(P;—2), A(P+2)}.
Another basis of solutions of the same BPZ equation is given by two t-channel blocks,
which are characterized by their power-like behaviour near z = 1.

P, P,

() _ P+ g .y _ )

‘F:t<z)_ ? ) F:I:(Z)_ P3:|:§
(2,1) 4 Py

(2,1) -~

(3.18)

These blocks are written in terms of the hypergeometric function,

FO(2) = EeP) (] — )G F)

><F(%—Fb(—EPl—{—PQ—l-Pg),%—{—b(—EPl—P2+P3),1—2b6pl,2) R (319)

F(z) = ETP (] — 5)b(5—nFs)
X F (40P + P, —nPs), 2 +b(PL — P, —nP;),1— 2P, 1 — z) . (3.20)

Let us build single-valued four-point functions as linear combinations of such blocks.
Single-valuedness near z = 0 forbids terms such as fis)(z)ff)(z), and we must have

G(z) =Y WFR () F(z) =) W FI(2)FP(z) . (3.21)
e=+ n==+

The s- and t-channel blocks are two bases of the same space of solutions of the BPZ
equation, and they are linearly related,

Fi(z) =) F,F(z) . (3.22)
n==
In particular, this implies
) F L F _
is) = - (3.23)
RO



We will later express cgf) in terms of three-point structure constants, and obtain equations

for these structure constants.
The presence of only two s-channel fields with momentums P, £+ % means that the
operator product expansion Viz1y(2)Vp, (0) involves only two primary fields Vj, . b (0).

Axiom 3.12 (Fusion product)
There is a bilinear, associative product of representations of the Virasoro algebra, that
encodes the constraints on OPFEs from Virasoro symmetry and null vectors. In particular,

Ruy xVp=Ve , RoyxVe=> Vpor , RugyxVp=Y Vpyr . (3.24)
+ +

The fusion product can be defined algebraically [9]: the fusion product of two repre-
sentations is a coset of their tensor product, where however the Virasoro algebra does
not act as it would in the tensor product. (In the tensor product, central charges and
conformal dimensions add.)

Using the associativity of the fusion product, we have
R<271> X R<2’1> X VP = R<271> X <Z VPiS) = VP_b +2- VP + Vp+b . (325)
+

Since the fusion product of Rz 1y X R2,1y with Vp has finitely many terms, R1) X R2,1)
must be a degenerate representation. On the other hand, eq. (3.24) implies that R 1) X
R 2,1y is made of representations with momentums P 1y & g = Pu 1y, Ps1y. Therefore,

Ry X Ry =Ran +Raeay » Ry XVe=Vpy +Vp+ Ve . (3.26)

It can be checked that R 31y has a vanishing null vector at level 3, so that our definition
of R31y from fusion agrees with the definition from representation theory in Section 1.3.

Exercise 3.13 (Higher degenerate representations)
By recursion on r,s € N*, show that there exist degenerate representations R s with
momentums Py (1.16), such that

r—1 s—1

2 2
R(r,s) X Vp = R(r,s) X Vp = Z VP+ib+jb—1 , (327)
= 7‘;1 J:—%
ri+reo—1 S1+s2—1
R('r’1,51) X R<T2,$2> = Z Z R(T;),,sg) y (328)

2 2
7’3=‘T1—T‘2H—1 83:|81—82H-1

where the sums run by increments of 2 if there is a superscript in %, and 1 otherwise.

These fusion products will play a crucial role in minimal models, whose spectrums are
made of degenerate representations.

4 Minimal models

Definition 4.1 (Minimal model)
A minimal model is a conformal field theory whose spectrum is made of finitely many
irreducible representations of the product of the left and the right Virasoro algebras.
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4.1 Diagonal minimal models

We first focus on diagonal minimal models, whose spectrums are of the type

S=PReR, (4.1)

where R and R denote the same Virasoro representation, viewed as a representation of
the left- or right-moving Virasoro algebra respectively.

Axiom 4.2 (Degenerate spectrum)
All representations that appear in the spectrum of a minimal model are degenerate.

It is natural to use degenerate representations, because in an OPE of degenerate fields,
only finitely many representations can appear. Conversely, we now assume that all rep-
resentations that are allowed by fusion do appear in the spectrum, in other words

Axiom 4.3 (Closure under fusion)
The spectrum s closed under fusion.

Let us assume that the spectrum contains a nontrivial degenerate representation such
as R,1y. Fusing it with itself, we get R 1) and R3,y. Fusing multiple times, we get
(R<T71>)TGN* due to R2,1y X Rir1y = Rp—1,1) + Rp41,1y- If the spectrum moreover contains
R1,2), then it must contain all degenerate representations.

Definition 4.4 (Generalized minimal model)
For any value of the central charge ¢ € C, the generalized minimal model is the conformal
field theory whose spectrum is

SGMM = @ @ R(r,s) ® ﬁ(r,s) ) (42)

r=1 s=1
assuming it exists and is unique.

So, using only degenerate representations is not sufficient for building minimal models.
In order to have even fewer fields in fusion products, let us consider representations that
are multiply degenerate. For example, if R 1y = R1,3 has two vanishing null vectors,
then R 1y X R2,1y = R,y has only one term, as the term R 31y is not allowed by the
fusion rules of R 3.

In order for a representation to have two null vectors, we however need a coincidence
of the type Ay o = Ay oy, This is equivalent to Py 5 € { Py sy, =Py &}, and it follows
that b? is rational,

* * _ )2
?=-1  with { (p.g) € N"xZ e em1-69=R (43
p P, q coprime q
For any integers r, s, we then have the coincidence
A(T’S> = A(Z,,T’q,S) . (4.4)

In particular, let the Kac table be the set (r,s) € [1,p — 1] x [1,¢ — 1], and let us build a
diagonal spectrum from the corresponding representations:

p—1 ¢g—1

Sp,q = % @ @ R('r’,s) ® ﬁ(r,s) ) (45)

r=1 s=1
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where R, sy = Rp—rq—s) now denotes a degenerate representation with two independent

null vectors, and the factor % is here to avoid counting the same representation twice.

This spectrum is not empty provided the coprime integers p, ¢ are both greater than 2,
p,q =2, (4.6)

which implies in particular b, ) € /R and ¢ < 1.

Exercise 4.5 (Closure of minimal model spectrums under fusion)
Show that S, 4 is closed under fusion, and that the fusion products of the representations
that appear in S, , are

min(ry+re,2p—r1—r2)—1 min(s;+s2,2¢—s1—s2)—1

R(T1,81) X R(r2,32> = Z Z 'R<T3’83> . (4.7)

2 2
ra=[ri—rz|+1 s3=[s1—s2|+1

Are all finite, nontrivial sets of multiply degenerate representations that close under fusion
subsets of some S, ,? Do such sets exist only if p,q > 27

Definition 4.6 (Diagonal minimal model)
For p,q > 2 coprime integers, the A-series (p,q) minimal model is the conformal field
theory whose spectrum is S, 4, assuming it exists and is unique.

For example, the minimal model with the central charge ¢ = % has the spectrum Sy 3,

Ay =Apg =0, 2
Apgy =Ap1y =13, <= the Kac table 1 (4.8)
Apry =Dpay =15 -

4.2 D-series minimal models

Let us look for non-diagonal minimal models. We therefore relax the assumption that
fields be diagonal, and allow them to have integer spins. (We could allow half-integer
spins, leading to fermionic minimal models [10].) We still assume that the spectrum is
made of doubly degenerate representations, and is closed under fusion.

Given a rational value of b> = —Z, let us look for pairs of doubly degenerate represen-
tations whose dimensions differ by integers, using the identity
p q
A<p_,n78> — A(nS) = (7“ - 5) (S - 5) . (49)

Without loss of generality we assume that ¢ is odd. Then we need 7 — £ to be an even
integer, therefore p is even and 7 = § mod 2. Under these assumptions, the representation
Rrsy @ Rip—r.s) has integer spin. We now look for a spectrum whose non-diagonal sector
is made of all representations of this type, for (r,s) in the Kac table.

Fusing two such representations produces degenerate representations with odd values
of r. If p = 0 mod 4, such representations do not belong to our non-diagonal sector, and
must therefore be diagonal. We therefore build a diagonal sector from all indices (r, s) in
the Kac table with r odd, not only if p = 0 mod 4, but also for p = 2 mod 4.

Definition 4.7 (D-series minimal model)
For p,q > 2 coprime integers with p € 6 + 2N, the D-series (p,q) minimal model is the
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conformal field theory whose spectrum is

plql

Sé?(;sem’es_ @@RTS®RTS@— @ @Rrs(g)np 5 (410)

1<r<p 1 s=1

7“:5 mod 2

assuming it exists and is unique.

(We need p > 6 for our would-be non-diagonal sector to actually contain representations
with nonzero spins.)

Exercise 4.8 (Fusion rules of D-series minimal models)

If p = 0 mod 4, show that the D-series minimal model’s fusion rules are completely de-
termined by the fusion rules of the corresponding Virasoro representations. Write these
fuston rules, and show that they conserve diagonality, in the sense that any correlation
function with an odd number of non-diagonal fields vanishes. Assuming conservation
of diagonality still holds if p = 2 mod 4, write the fusion rules of all D-series minimal
models.

4.3 Modular bootstrap

The torus zero-point function (or partition function) is a correlation function that only
depends on the spectrum, and on characters of representations of the Virasoro algebra.
Since there is no dependence on three-point structure constants, and since characters are
much simpler than four-point blocks, the torus partition function is much simpler than
four-point functions on the sphere. Nevertheless, the partition function obeys a nontrivial
constraint called modular invariance.

Definition 4.9 (Modular bootstrap)
The modular bootstrap consists in using the modular invariance of the torus partition
function for deriving constraints on the spectrum.

However, modular invariant partition functions do not always correspond to consistent
CFTs: consistency of a CFT on all Riemann surfaces is equivalent to crossing symmetry
of the sphere four-point function and modular invariance of the torus one-point function
[8]. And some CFTs are consistent on the sphere only.

Definition 4.10 (Torus partition function)

For a CFT with the spectrum S, the partition function on the torus ﬁ 18

Z(r) = Trs g™ %iq "5 where q=e"" . (4.11)

Axiom 4.11 (Modular invariance)
For (ab) € SLy(Z), the torus partition function is invariant under the corresponding
modular transformation,

Z(r) = 2 (“T i b) . (4.12)

ct+d

Let us give some justification for the definition of the torus partition function. The
energy operator on the complex plane is L(] + Lg: under the conformal map z + log z to
the infinite cylinder, this becomes Lo+ Lo— 5. To get the torus, we truncate the cylinder
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to a finite length i(7 — 7), and identify points on the upper and lower boundaries after
a rotation by 7 + 7. The partition function is the trace of the operator that performs
this identification.

S P N [ N
A LO + LO
[ ] ! LO + LO 1_62 A X
AZ<7— - T)
l(Lo — I/()) Z;(/L,O,__f_L‘O)\\ JPE S b N .
T+T
complex plane infinite cylinder torus

Actually, modular invariance reduces to the invariance under two particular modular
transformations,

T =r+1  ,  SF)=-—+. (4.13)

The condition Z(7) = Z(7 + 1) amounts to Ly — Ly having integer eigenvalues, in other
words all states having integer conformal spins. The condition Z(7) = Z(—1) is more
complicated: to exploit this condition, let us decompose the spectrum into factorized
representations of the type R ® R’. The contribution of R ® R’ to the partition function
is xr(7)xr/(—7), where we define the character of a representation as

xr(T) = Trg qLO*i ) (4.14)

From Z(7) = Z(—1), we first deduce that there exists a modular S-matrix such that
T) = Z Srrxr(—1) . (4.15)
R/

Let us consider a diagonal CFT, with the partition function Z(7) = >, x=(7)x=(—7).
Comparing two expressions for Z(—1),

Z(-1) = Z ZSRR’S’RR”X’R’(__ Ixr(2) ZXR —xr(1), (4.16)

R\R" R

we deduce SST = Id. Since S? = Id by construction, this means that a diagonal modular
invariant partition function exists if and only if the S-matrix is symmetric.

Let us compute the characters and modular S-matrix of minimal models. We start
with the character of a Verma module with momentum P,

xp(T) = a with (7 ¢ H (1—4q") (4.17)
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where the nontrivial factor is called the Dedekind 7 function. Why this function? If L_,
was our only creation mode, we would have one state at each level, and the character
would be (1) ~ 1+ ¢+ @+ @+ = l%q. If we had L_, instead, the character would
be x(7) ~ 1_1q2. And in order to count the states that come from two creation modes, we
must multiply the corresponding series.

In order to compute the character of a degenerate representation, we should subtract
the contributions of null vectors and their descendent states. For a simply degenerate

representation, the character is therefore

X(T75> (T) = XP(r,s) (T> - XP(T,—S> (T) . (418>

For a fully degenerate representation in the Kac table of the (p,q) minimal model, the
structure is a bit more complicated: we have to subtract the two null vectors and their
descendents, but add again the intersection of their two Verma submodules, which was
subtracted twice. It turns out that the corresponding S-matrix is symmetric, showing
that the A-series minimal models have modular invariant partition functions. Actually,
the D-series minimal models too.

Exercise 4.12 (Characters of minimal models)

Show that the characters of fully degenerate representations in the Kac table of the
(p, q) minimal model are

X(r,s)(T) = Z <XP<T7S>+ik\/pfq — XP<T,_S>+¢k\/pfq) : (4.19)
keZ

Exercise 4.13 (Modular S-matrices of minimal models)
Show that the modular S-matriz of the (p,q) minimal model is

8 / !
Strahiriey = —4f —(—1)"° TS 6in <7Tg7“7”/> sin <7TESS/> . (4.20)

pq p q

5 Liouville theory

5.1 Definition

Definition 5.1 (Liouville theory)
For any value of the central charge ¢ € C, Liouville theory is the conformal field theory
whose spectrum is

ghiowille /R dP Vp® Vp , (5.1)
iRy

and whose correlation functions are smooth functions of b and P, assuming it exists and
1ts unique.

Let us give some justification for this definition. We are looking for a diagonal theory
whose spectrum is a continuum of representations of the Virasoro algebra. For ¢ € R it
is natural to assume A € R. Let us write this condition in terms of the momentum P,

AeR < PeRUIR, (5.2)
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From Axiom 1.4, we need A to be bounded from below, and the natural bound is

Q?* c—1
Apn=A(P=0)=— = .
( ) 4 24
This leads to P € iR. Assuming that each allowed representation appears only once
in the spectrum, we actually restrict the momentums to P € iR, due to the reflection
symmetry (1.14). We then obtain our guess (5.1) for the spectrum, equivalently Stuville —

fﬁ dA VA ® Va. We take this guess to hold not only for ¢ € R, but also for ¢ € C by
24
analyticity.

(5.3)

Other guesses for the lower bound may seem equally plausible, in particular A;, = 0.
In the spirit of the axiomatic method, the arbiter for such guesses is the consistency of
the resulting theory. This will be tested in Section 5.3, and the spectrum SMouville wi]]
turn out to be correct.

Let us schematically write two- and three-point functions in Liouville theory, as well
as OPEs:

<VP1VP2> = B(P)é(P — P) , (5.4)

<VP1VP2VP3> = CP1,P2,P3 ) (55)
B Cp,.p.P

VPI VP2 - /iRJF dP B(P) <VP + > ) (56)

% in terms of two- and three-point
structure constants is obtained by inserting the OPE into a three-point function. It
would be possible to set B(P) = 1 by renormalizing the primary fields Vp, but this would
prevent Cp, p, p, from being a meromorphic function of the momentums, as we will see in
Section 5.2.

In order to have reasonably simple crossing symmetry equations, we need degenerate
fields. But the spectrum of Liouville theory is made of Verma modules, and does not
involve any degenerate representations. In order to have degenerate fields, we need a

special axiom:

where the expression for the OPE coefficient r

Axiom 5.2 (Degenerate fields in Liouville theory)
The degenerate fields Vi, , and their correlation functions, erist.

By the existence of degenerate fields, we also mean that such fields and their correlation
functions obey suitable generalizations of our axioms. In particular, we generalize Axiom
3.5 by assuming that there exists an OPE between the degenerate field Vi 1y, and a
field Vp. However, according to the fusion rules (3.24), this OPE leads to fields with
momentums P =+ £, and in general P € iR =4 (P £ %) € iR. We resort to the
assumption in Definition 5.1 that correlation functions are smooth functions of P, and
take Vp to actually be defined for P € C by analytic continuation. This allows us to write

the OPE
VieyVp ~ C—<P)VP—g + C+<P)VP+g ) (5.7)

where we introduced the degenerate OPE coefficients C(P).

5.2 Three-point structure constants

Let us determine the three-point structure constant by solving crossing symmetry equa-
tions. We begin with the equations that come from four-point functions with degenerate
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fields. These equations are enough for uniquely determining the three-point structure
constant.

Let us determine the coefficients ¢'” in the expression (3.21) for the four-point func-
tion (Vi2,1y(x)Vp, (0)Vp,(00)Vp,(1)). Using the degenerate OPE (5.7) and the three-point
function (5.5), we find

P,

(5.8)

Py

c‘(f) - OE(P1> CP1+eg,P2,P3

Crossing symmetry and single-valuedness of the four-point function imply that the two
structure constants ¢t obey eq. (3.23),

C+ (P1)0P1+3,P2,P3
C—(Pl)cpl—g,PQ,P3

1
1
1
1
1
1
1

Y(2bP)y(1 + 2bP1) [ v(3 — bPy £ 0P, £ bPy) | (5.9)
+,+

where we introduce the ratio of Euler Gamma functions

(x)

TR (5.10)

v(z) =

In order to find the three-point structure constant Cp, p, p,, We need to constrain the
degenerate OPE coefficients C.(P). To do this, we consider the special case where the

last field is degenerate too, i.e. the four-point function <V<271>(z)Vp(O)Vp(oo)V(271>(1)>.

In this case, using the degenerate OPE (5.7) twice, and the two-point function (5.4), we
find

(5.11)
(2,1
) =
Then eq. (3.23) boils down to
Cy(P’B(P+35)  ~(2bP) y(—b*—2bP) (5.12)
C_(P)2B(P —1%)  ~v(—2bP) y(—b>+2bP) ‘

Moreover, if we had the degenerate field V 5y instead of V{3 1) in our four-point functions,
we would obtain the equations (5.9) and (5.12) with b — 3. Next, we will solve these
equations.
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In order to solve the shift equations for Cp, p, p,, Wwe need a function that produces

Gamma functions when its argument is shifted by b or %. More precisely, we need a
function such that

Ty(x+b) 19 To(@+3) ey

— L =) "y(bx and —2==b? ), 5.13

where the prefactors ensure that the two shift equations are compatible with one another.
If it exists and is continuous, this function must be unique (up to a constant factor) if
b?> € R, — Q, because the ratio of two solutions would be a continuous function with
aligned periods b and % In the complex plane, the periods b and % indeed look as follows:

0 1 (5.14)

b? >0 beC b? <0
c> 25 ceC c<1

For b?> € R_ — @Q, there is also a unique solution of the shifts equations that are obtained
from eq. (5.13) by b — (ib)", namely
Ty(x) _ (5.15)
€Tr) = . .
’ Y (—iz + ib)
Exercise 5.3 (Upsilon function)
For b > 0, show that the solution of the shift equations (5.13) is

2

Q ad Q_z )
To@)=x2 " ] f( 2 ) with f(z)=(1-23e” ,  (5.16)

%—I—mb—l—nlr1

m,n=0

where Ny s a function of b to be determined. Deduce that Yp(z) is holomorphic and obeys
To(x) = Tp(Q — x). By analyticity in b, deduce that Yy(z) and Yy(x) can be defined for
Rb2 > 0 and Rb* < 0 respectively.

Let us now solve the shift equation (5.9) using the function Yj,. We write the ansatz

No [T, N(P)
[, ($+P£P£h)’

(5.17)

CP17P2,P3 =

where N is a function of b, and N(P) is a function of b and P. The denominator of this
ansatz takes care of the last factor of the shift equation, and we are left with an equation
that involves the dependence on P; only,

Co(P)N(P + %)
C_(P)N(P, —3)

= b %P1y (26P)y(1 + 20P)) . (5.18)

Combining this equation with the shift equation for B(P) (5.12), we can eliminate the
unknown degenerate OPE coefficients C(P), and we obtain

(VBT (P + g) o aep Y(20P) y(=b* + 20P)
(N2B71) (P —§) S (2bP) (<1 — 2bP) (5.19)
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Together with its image under b — ™!, this equation has the solution

(N*B7") (P) = [ [ Yu(x2P) . (5.20)
+

Therefore, we have only determined the combination N?B~! and not the individual
functions B and N that appear in the two- and three-point functions. This is because we
still have the freedom of performing changes of field normalization Vp(z) — A(P)Vp(z).
Under such changes, we have B — A\?B and N — AN, while the combination N?B~! is
invariant. Invariant quantities are the only ones that we can determine without choosing
a normalization, and the only ones that will be needed for checking crossing symmetry.

It can nevertheless be convenient to choose a particular field normalization, if only to
simplify notations:

e N(P) =1 is the simplest choice.

e N(P) = Y4(2P) leads to the DOZZ formula for Cp, p, p, (after Dorn, Otto, A.
Zamolodchikov and Al. Zamolodchikov): it is the natural normalization in the
functional integral approach to Liouville theory [11].

e B(P) =1 causes N(P) (and therefore Cp, p, p,) to have square-root branch cuts.
However, it is a natural normalization in the context of minimal models, where b
and P; take discrete values, and there is no notion of analyticity in these variables.

Our three-point structure constant (5.17) holds if ¢ ¢] — 0o, 1]. On the other hand,
doing the replacement T, — T}, we obtain a solution C' that holds if ¢ ¢ [25, oo], together
with the corresponding functions B and N. The solution of the shift equations is unique
if b and b~! are aligned, i.e. if b> € R. For generic values of the central charge, both C
and C' are solutions, and there are actually infinitely many other solutions. In order to
prove the existence and uniqueness of Liouville theory, we will have to determine which
solutions lead to crossing-symmetric four-point functions. In the case of (generalized)
minimal models, the momentums P, ,, will belong to a lattice with periods b and %, SO
the shift equations have a unique solution C' = C. (Actually C has poles when P; take
degenerate values, one should take the residues.)

5.3 Crossing symmetry

We have found that Liouville theory is unique at least if b> € R. We will now address the
question of its existence.

Using the Vp, Vp, OPE (5.6), let us write the s-channel decomposition of a Liouville
four-point function,

P

(5.21)

C S S —
(Vo (2) Vi (0) Vi (o) Vi (1)) = / AP | =25 [ Crpr | FP () F)(2)
iRy

26



(We have a similar expression with B, C' — B , C whenever the solutions B , C exist.) Let
us accept for a moment that Liouville theory is crossing-symmetric if b2 € R i.e. ¢ > 25
or ¢ < 1. The integrand of our s-channel decomposition is well-defined, and analytic as a
function of b, in the much larger regions ¢ ¢| — 0o, 1] and ¢ ¢ [25, oo[ respectively. If the
integral itself was analytic as well, then crossing symmetry would hold in these regions
by analyticity.

In order to investigate the analytic properties of the integral, let us first extend the
integration half-line to a line, fiR+ — 3 [n- This is possible because the integrand is
invariant under P — — P. Let us then study the singularities of the integrand. We accept
that the conformal blocks F 1(38 )(z) have poles when P = P, (1.16), the momentums for
which the s-channel representation becomes reducible [3]. We now plot the positions of
these poles (blue regions) relative to the integration line (red), depending on the central
charge:

(5.22)

c €] —o00,1] ¢ ] — o0, 1] U [25, 00| ¢ € [25, 0]

When ¢ varies in the region ¢ ¢] — oo, 1], the poles never cross the integration line.
Therefore, the four-point function built from C' is analytic on ¢ ¢] — 0o, 1]. So if Liouville
theory exists for ¢ > 25, then it also exists for ¢ ¢] — 0o, 1], with the same structure
constant C. On the other hand, if ¢ < 1, then the poles are on the integration line,
and actually the line has to be slightly shifted in order to avoid the poles. We cannot
analytically continue the four-point function from the region ¢ < 1 to complex values of ¢,
because this would make infinitely many poles cross the integration line. So the structure
constant C' is expected to be valid for ¢ < 1 only.

That is how far we can easily get with analytic considerations. Let us now seek input
from numerical tests of crossing symmetry, using Al. Zamolodchikov’s recursive formula
for computing conformal blocks [3]. (See the associated Jupyter notebook, and the article
[12].) We find that Liouville theory exists for all values of ¢ € C, with the three-point
structure constants C' for ¢ < 1, and C otherwise. We also find that generalized minimal
models exist for all values of ¢, and minimal models exist at the discrete values (4.3) of
¢ < 1 where they are defined. And we can numerically compute correlation functions with
a good precision.

Historically, Liouville theory was first defined by quantizing a classical theory whose
equation of motion is Liouville’s equation. That definition actually gave its name to
the theory. (That definition does not cover the case ¢ < 1: using the name Liouville
theory in this case, while natural in our approach, is not universally done at the time
of this writing.) It can be shown that our definition of Liouville theory agrees with
the historical definition, either by proving that the originally defined theory obeys our
axioms, or by checking that both definitions lead to the same correlation functions, in
particular the same three-point structure constants. See [5] for a guide to the literature
on the construction of Liouville theory by quantization.
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A Solutions of Exercises

Exercise 1.1. Let us introduce the map

az+b
cz+d

= ( .« ) €GLy(C) —  fy(2) = (A1)

A direct calculation shows that fg, o fo, = fg.4,, S0 that our map is a group morphism
from GLy(C) to the global conformal group of the sphere. The morphism is manifestly
surjective, let us determine its kernel. The matrix g belongs to the kernel if and only if

gjig = z, equivalently g = ( 8 2 ) for a € C*. So the global conformal group can be
written as %ﬁc). Now, modulo C*, any element of GLs(C) is equivalent to a matrix of

determinant one, i.e. an element of SLy(C). So the map g — f, is also surjective as
a map from SLs(C) to the global conformal group, and in SLy(C) its kernel is Z,, since

det ( “ 2 ) =1 <= a € {1,—1}. Therefore, the global conformal group can also be

0
written as %«C).
2

Exercise 1.3. Let us look for central extensions of the Witt algebra, starting with the
ansatz

1,L,] =0 , [Ln L= (n—m)Loim + f(n,m)1, (A.2)

for some function f(n,m). The constraint on f(n,m) from antisymmetry [L,, L,,| =
—[Lpm, Ly] is

f(n,m) =—f(m,n) . (A.3)
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The constraint from the Jacobi identity [[Ly, L], L] + [[Lm, Lp], Ln] + [[Lp, L], L] =0
1s

(n—m)f(n+m,p)+ (m—p)f(m+p,n)+(p-n)f(n+pm)=0. (A.4)
In the case p = 0, this reduces to
(m+n)f(n,m)+ (m—n)f(m+n,0)=0. (A.5)

This means that for m +n # 0, f(n,m) can be written in terms of a function of only one
variable. We can actually set this function to zero by reparametrizing the generators of
our algebra. If indeed we define

Ly = Li, +g(n)1, (A.6)

for some function g(n), then the generators L! obey commutation relations of the type
(A.2), with however the function

f'(n,m) = f(n,m)+ (n—m)g(n+m) . (A7)

Let us choose g(n) = —@ for n # 0, then eq. (A.5) becomes f'(n,m) = 0 for n+m # 0.
We therefore write

f'(n,m) = 0nsmoh(n) (A.8)

for some unknown function h(n) such that h(0) = 0 by antisymmetry. We still have the
freedom to choose ¢(0), with f'(n,—n) = f(n,—n) + 2ng(0). We use this freedom for
setting h(1) = 0. Let us rewrite the Jacobi identity (A.4) in terms of the function h(n):

(n—m)h(m+n) — (2m+ n)h(n) + (m + 2n)h(m) =0 . (A.9)

In the particular case m = 1, this becomes (n — 1)h(n + 1) — (n 4+ 2)h(n) = 0. Since
h(—1) = h(0) = h(1) = 0 it is natural to write h(n) = (n — 1)n(n + 1)W'(n), and our
equation becomes h/(n+1) = h’(n). This shows that h(n) = An(n*—1) for some constant
A. To conclude, it remains to check that this solves eq. (A.9) not only for m = 1, but for
all values of m — a straightforward computation.

Exercise 1.7. Straighforward calculations.

Exercise 2.8. As a consequence of eq. (2.8) together with T'(y)T(z) = T(2)T(y), we
have

1187 =~ (f o f a2 f ) =0 =TT
(A.10)

In this formula, fzo dy fzo dz means that the integration over z should be performed before
the integration over y, so the contour of integration over z should be inside the contour
of integration over y. We have a second term where the positions of the contours are
exchanged. Let us focus on the contribution of a given value of z: in the second term this
is simply fZO dy, while in the first term this is fz dy + fZO dy. Therefore, we find

j[dyjl{dz—j{dzj{dy:]{dzj{dy, (A.11)
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and therefore,

) a: 74 dy (y — 7)™ (2 — 7)™ T(y)T(2) (A.12)

47T2
Let us compute the integral over y, using the OPE (2.13). We find

1

5ri (0= )" T)T() = Gl = 1)z = )"

12
+2(n+1)(z — 20)"T(2) + (2 — 20)" 0T (2) . (A.13)

It remains to perform the integration over z. Using eq. (2.8), this shows that [L(ZO) L(ZO)]
is given by the Virasoro algebra’s commutation relations, with the last two terms of eq.
(A.13) contributing respectively (2n + 2)L7(n+)n and —(m +n+ 2)L£n+)n

Exercise 2.9. If <VA(z1)VA(22)> = (21 — 29) 7?2, then

<VA(OO)VA(22)> = lim 2% (z — 2) 22 =1. (A.14)

Z—00

Similarly, we compute

<VA1(OO)VA2(22)VA3(,23)> o (29 — zg) M1 B2=Ba (A.15)

And the computation for the four—point function is straightforward.
Using eq. (2.17) with (¢%) = (Y '), we find

<HvA (- >> Hzm <HvA z> . (A.16)

Since Va, (——) has a finite limit as z; — 0o, we deduce that 2221V, (2;) has a finite limit
too, prov1ded Z9,..., 2N are finite.

Exercise 2.10. Straightforward calculations lead to

(Voo VasVa,) #0 = 2(As — Ag)* + b7 (A + Ag) — 2A%271 —b*Ap1y =0.
(A.17)

It only remains to replace conformal dimensions with momentums.

Exercise 2.11. The calculations using eq. (2.21) are straightforward but tedious. Let
us try to do a bit better. What prevents us from directly applying the BPZ equation

to G(z) = <‘/2271>(Z)VA1(O)VAQ(OO)VA3(1)>, is that the equation involves derivatives with
respect to the three positions that we want to set to fixed values. So apparently we need
to introduce <V<2,1>(z)VA1 (zl)VAQ(zg)VA3(23)>. However, using the global Ward identities,

any derivative with respect to 2z, 29, 23 can be rewritten as a derivative with respect to
z, and therefore eliminated from the BPZ equation. To do this efficiently, remember
that the derivatives with respect to z; originated from using eq. (2.24) for computing
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<L_2‘/<271>(Z)VA1<21)VA2 (ZQ)VA3<23)>. In order to eliminate such derivatives, it is enough
to compute the following expression instead:

QLM_ 7{ dyWZ(y) . (A.18)

Closing the contour on y = z gives us a combination of L_Q, %, and scalar factors,

acting on <‘/v<271><Z)VA1(Zl)VAQ(ZQ)VA3(23)>. Closing the contour on y = z; instead does
not produce any derivatives with respect to z;, thanks to the vanishing of the prefactor
% at y = z;. This leads to a version of the BPZ equation that involves derivatives
with respect to z only:

3 3
1 02 1 0
{H(Z’ — Zl) <—b—2@ + Z O %) -+ (32 — 21— 29 — 23>A<271>
i i=1 v

3
T <V<2,1><z> 1 vAi<zi>> 0. (A19)
=1

21— % 29 — 2 zZ3 — 2

In this version of the BPZ equation, it is straightforward to send z1, 25, 23 to 0,00, 1, and
we obtain eq. (2.30).

Exercise 3.4. For ¢ = 1 the conformal dimension is related to the momentum by
A = —a?. If we have a state with momentums (o, @), its spin is a@* — a? € Z. Since we
also assume that the spectrum is closed under fusion, and that we have a diagonal state
with momentums (5%, 75), we must have a state with momentums (« + 75, @ + 75). The
condition for this state to have integer spin is

(6+55)" — (a+55)" €L < —(a-a)eL. (A.20)

We assume that there are nondiagonal states («, &) that minimize this number, i.e. a—a =
—iR. Since we also have a* — a? = —(a — @)(a + a) € Z, we deduce o+ a € 5Z. Again,
we assume that all allowed values actually occur, so that there is a state with a4+ a = 0,
i.e. a state with momentums (—£, 1),

For (a,@) any state, the condition for the spin of (o — 4%, @ + &) to be integer is
iR(a + @) € Z. Adding the constraint (A.20), we deduce that our State must belong to
the spectrum Sg (3.5).

For an arbitrary central charge, the conformal dimension is A = «(Q — a), and

condition for a state in the spectrum Sg to have integer spin is
Qla—a)eZ < QiRweZ. (A.21)

This must hold for any w € Z, and we must have R € éZ. Therefore, compactified free
bosons exist only for certain discrete values of the radius.

Exercise 3.6. Let us insert §, dz(z—2)°T(z) on both sides of eq. (3.7), for C a contour
around both z; and z5. Neglecting the dependence on Z;, we rewrite this OPE as

VAl (21 VAQ ZQ Z CALAZ,AZlAz A1—A2 (VA(ZQ) =+ f212L71VA2 (22) + 0(2%2)> . <A22)
AeS
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We first compute the left-hand side. The integrand (z — 22)?T(2)Va, (21)Va, (22) is regular
at z = z3, and we only pick contributions from the pole at z = z;. Using the OPE
T(2)Va,(z1) (2.9), we find

1

0
37 dz(z — ZQ)ZT(Z)VAl(Zl)VAQ(ZQ) = (2212A1 + 232—> Va, (21)Va,(22) . (A.23)
T Jo 0z

Using the OPE (3.7), we compute

%ﬂ dz(z — 22)*T(2)Va, (21)Va, (22)
c

=Y Cananasly A (A 4 A = Ag)Va() + Oe1)) - (A24)
AesS

Now we insert §,, dz(z—2z)*T ( ) on the right-hand side of eq. (3.7)For any field V'(z9) (pri-
mary or descendent) we have 5= ¢ dz(z—2)?T(2)V (22) = L1V (22). Since Ly Va,(22) =0,
the leading contribution is from the level one descendent L_;Va,(z2),

2Lm‘ dz(z — 22)*T(2)Va, (21) Va, (22)
c

= 3" Caagariyimaen (leL_lVA(22)+O(z12)> . (A.25)
AeS

Using L1L_1Va(z2) = 2AVa(22), and comparing with the left-hand side result (A.24),
this leads to

A+ A — Ay

f= A (A.26)

Of course, this expression is also the coefficient of the right-moving descendent L_;Va(25).

Exercise 3.7. Let us write the OPE (3.7) in the case of the degenerate field V4 1), while
omitting the dependence on Z;:

Vi) (21)Va, (22) Z Ci1y,00,0 Z 219 —Aatip, Va(za) (A.27)
AeS

where £;Va(22) is some descendent at level i, and LoVa(22) = Va(z2). Since %Wl,n(zl) =
0, we have

0= Z C 1,1),Az,A Z ZA Azti-l A — Ag + Z)ElVA(ZQ) . (A28)
AeS

Assuming C(11),a,,4 # 0, the vanishing of the leading ¢ = 0 term implies Ay = A. The
vanishing of an ¢ > 0 term then implies £;Va(z2) = 0. Therefore, the OPE reduces to

Vi (21)Va(z2) = CaVa(z2) (A.29)

where Can = C11ya,a. Let us use this OPE in a correlation function that involves the
fields Vi11y(21)Va,(22)Va,(23). Using commutativity and associativity of the OPE, we
obtain

‘/<1,1>(21)VA2 (ZQ)VA3(23) = CAQVA2(22)VA3 (23) = CA3VA2(ZQ)VA3 (23) : (A30)

This implies Ca, = Ca,, and actually C'a cannot depend on A.
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Exercise 3.9. Using the OPE (3.7) including the first subleading correction from Ex-
ercise 3.6, and omitting the dependence on Z;, we have

<VA1(Z)VAQ(O)VA3(OO)VA4(1)> - Z CA1,A2,AZA_A1_A2
A€eS

A+A—A
y <<1 N %ZLI + 0(22)> VA(O)VA3(OO)VA4(1)> . (A31)
Let us then compute <L_1VA(0)VA3(OO)VA4<1)>. This is done by computing it for three
arbitrary field positions before specializing to 0,1, 00, using L_1Va(2) = %VA(Z). The
result is

<L_1VA(O)VA3(OO)VA4(1)> = Oamgad(A+ Ay —Ay) . (A.32)

We therefore deduce

<VA1(Z)VA2 (O)VAJ(OO)VA4(1)> - Z OA1,A2,ACA,A37A4ZA_A1_A2
Aes

« (1+(A+A1—A22)2A+A4—A3)

z+O(22)> , (A.33)

which is equivalent to eq. (3.15). The first subleading term has a pole at A = 0, with the
residue (A1 — Ag)(Ay — As). The residue vanishes if A; = Ay or Az = Ay, i.e. if at least
one of the three-point functions <V<171>VA1VA2> and <V<1,1>VA3 VA4> is non-vanishing.

Exercise 3.13. We already know that the fusion product (3.27) holds for the represen-
tations R 1), R,y and R 2. Let us prove it more generally by recursion on r,s. Let
us assume that it holds for all » < ry and s < sg. For s < sy we compute

ro—1 s—1
2 2
Reny X Regs xVp= > > Ren X Verpsnt (A.34)
F— o—1 _]— s;l
o ro—2 s—1
2 2 2
= Z + Z Z Veyivtjp-1 - (A.35)
Z:—m . rg—2 s s—1
2 1=——3 -T2
ro s—1
2 2
=Rro-1,5) X VP + Z Z Vptib+jb1 - (A.36)

s—1

i—_T0 ;__
L

(This is true even if 79 = 1, with the convention R = 0.) We obtain a combination
of finitely many Verma modules, which shows that R 1y x R,, s must be a degenerate
representation. In this degenerate representation, we know that the highest-weight states
have the momentums P, 4 :t% = Ply+1,5. We already know that the momentum P, _ )
corresponds to the degenerate representation R.,_1), and there must be a degenerate
representation with the momentum P, ;1 ,), which we call R 41.4. We can similarly do
the recursion on s, and we obtain degenerate representations R ., with r, s € N*.

The same method can be used for determining the fusion products (3.28) of degen-
erate representations by recursion on ri,s;, starting with the known cases (ry,s;) €

{(1,1),(2,1),(1,2)}.
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Exercise 4.5. Let R, ) and Ry,s,) be two doubly degenerate representations in
Sp,q- The fusion product Ry, sy X Rr,s,) must be a subspace of two fusion products
computed with the rule (3.28) for degenerate representations: R, sy X Ryr,s,) and
Rirs1) X Rip—ryq—ss)- The determination of this subspace is not completely straight-
forward, because each representation that appears in one of our two fusion products can
be written in two possible ways, Ry, s;) OF Rip_ryq—s;). Lhis ambiguity can be lifted
by writing the two fusion products such that the parities of r3, s3 are the same in one
fusion products as in the other. (Remember that at least one of the integers p,q must
be odd.) In particular, if we write Ry, 5;) X Riry.s0) as in eq. (3.28), we should not write
Riris1) X Rip-rag-sa) a8

ri—ra+p—1 s1—s2+q—1
Rir,s1) X Rip—roig—s0) = Z Z Roiry,ss) » (A.37)

2 2
rg=|r1i+r2—p|+1 s3=[s1+s2—q|+1

but rather as

min(r1+rg,2p—r1—r2)—1 min(s1+s2,2¢—s1—s2)—1

Riris1) X Rip—ryg—s) = Z Z Rirg,ss) - (A.38)

2 2
rzg=ra—ri+1 sz=sa—s1+1

In this form, we see that the intersection of the two fusion products R, s;) X Rp,,s,) and
Riri,s1) X Rip—ra,q—ss) Of degenerate representations is given by eq. (4.7). Taking further
intersections with R,—r; g—s1) X Rirg,s0) a0d Rp_r; g—s1) X R(p—ry,q—s) does not yield further
constraints, and the fusion products of our doubly degenerate representations are therefore
given by eq. (4.7).

Exercise 4.8. Fusion rules are a priori defined for representations of the Virasoro al-
gebra, and do not know how the left- and right-moving representations are combined.
Therefore, fusion rules may not unambiguously determine operator product expansions
in models where the same left-moving Virasoro representation is combined with different
right-moving representations.

However, assuming that p is even, let us look at the values of the r index in the D-
series spectrum (4.10). The parity of r is unambiguously defined, as it does not change
under (r,s) — (p —r,q — s). If moreover p = 0 mod 4, then r is takes odd values in the
diagonal sector, and even values in the non-diagonal sector: therefore, the two sectors do
not involve the same representations of the Virasoro algebra. From the fusion product
(4.7), we deduce that the fusion product of two representations is diagonal if and only if
the two representations belong to the same sector. Let us write this in terms of OPEs of
the primary fields Vﬁs of the model, where the boolean ¢ = r — 1 mod 2 indicates the

sector: VO ) corresponds to the representation R, @ R, and V1 ) 10 Rys ® Ry rs We
then have OPEs of the type

min(ri+r2,2p—r1—r2)—1 min(si1+s2,2g—s1—s2)—1
€ € €1te€
‘/v<7'11751 ‘/'<T227$2> ~ Z Z ‘/<Tli’17$32> ’ <A39>
7’3%|r1—r2|+1 53%‘51—82|+1
For p = 2 mod 4, we still use the boolean ¢ for labelling sectors, although it is no longer
related to the parity of r, as r is odd in both sectors. The same expression for the fusion

rules makes sense, although the conservation of diagonality is now an ansatz to be tested,
rather than an unavoidable consequence of symmetry.
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Exercise 4.12. To do this exercise, we only need to know the identities
A(r,s) = A(fr,fs> = A(err,qus) y (A40)

and the fact that a primary state with dimension A, with r, s € N* has a null vector
with dimension A, .

By definition, the doubly degenerate representation R, = Rp—rq—s) has two van-
ishing null vectors, with the dimensions A _y and A,_, ,_q. Actually it has infinitely
many null vectors due to the identities (A.40), but we only consider the two null vectors
with the lowest conformal dimensions for the moment. The null vector with dimension
Ap—g = DNpirg—s) = Dip_rgts) itself has null vectors with dimensions Ay, g and
Apr—q—s)- One way to tame this proliferation of null vectors is to use the identities
(A.40) in order to rewrite them all with the same first index r, and to label them by their
second index. In this notation, the primary state s has null vectors —s and 2q — s. The
first one of these null vectors itself has null vectors s — 2¢q and 2g + s. Interestingly, the
second null vector has two null vectors with the very same labels s — 2¢ and 2q + 5. We
assume that two null vectors with the same conformal dimension are actually identical:
this means that the submodules generated by the null vectors —s and 2¢ — s share two
submodules. The character of our representation therefore starts with

X(rys)y = Xs = X—=s — X—s+2¢ + Xs—2q + Xs+2q +oeeey (A41)

where Y, is a temporary notation for the Verma module character XP,..» and the two
shared submodules had to be added back. Iterating the reasoning, we find

Xire) = O (Xst2kg = X—s42kq) - (A.42)
keZ
Using Py s12¢) = Ppr.s) + 14/Pq, this can be rewritten as eq. (4.19).
But what do we do with the infinitely many null vectors that we have neglected?
Actually, nothing: the neglected null vectors all coincide with null vectors that we already
did take into account, and do not affect the character.

Exercise 4.13. From the Fourier transforms of Gaussian functions, we deduce the mod-
ular transformation of the character xp(7) of a Verma module:

xp(T) = V2i / dpr’ e4”PP’XP,(—§) . (A.43)
iR

Using the Poisson resummation formula »°, , €™ = 3",  §(x+ (), we then deduce the
modular transformation of the characters of fully degenerate representation in the Kac
table of the (p,¢) minimal model,

2 r S
rs)(T) = —4/— ) sin|7—L|sin(7={ )y, -1 A .44
X (7) pqZ (p) (Q)XWZP?( 2 (A44)

Lel

Let us insert S7_1(—1)" sin <7r1%7‘r’ ) on both sides of this equation. We also insert an

analogous sum over s. The right-hand side is computed using the elementary identity

p—1
Z(—l)rsl sin (Wgrr'> sin (WZE) = —g €0p=cqr'+ps’ mod 2p » (A.45)
p

r=1 p e=+

and it can then be written in terms of characters of fully degenerate representations,
leading to eq. (4.20).
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Exercise 5.3. From eq. (5.16), we deduce how the function T}(z) behaves under shifts:

Tb(l’ + b) _ )\2bx—1 ﬁ
- %

.0 (A.46)

oo bx—
n+1-— bweZm:O s
2| ntbx '

From Weierstrass’s definition of the Gamma function, we deduce the product formula

_ o 1—2z ad 7’L+1—.CE 2x—1
y(x):e vEM (22—1) - H[ e n :| , (A47)

n—+x
n=1

where gy is the Euler-Mascheroni constant. This implies

Tb(.fL' + b) _
— baj e(?bx 1)(10g )\b-‘r’yEM-‘er) , A48
DD — o) (A18)

where we define

_ f: [i - %] , (A.49)

n=0 m:O "— mb -+ nb- )

with the convention (1) = 0. We are not there yet, because K, is not invariant under b — %
To understand its behaviour under b — %, we introduce a cutoff M on the sum over M,

and perform the split S°°° = S"M 5> 41~ This leads to

Boori - [3 37 23 3

n=0 m=M+1 m=0n=M+1

(A.50)

—l—mb—l—nb )

In order to compute this limit, we can replace the sums with integrals, and we obtain

Mb~1 Mb
/ dy / dx — / dx /
Mb Mb—1 )

This shows that K}, + logb is invariant under b — % Therefore, we set

Ky — Kp-1 = lim —2logb . (A.51)
M—roc0

Ny = e~ TEM—Kp—logh ’ (A.52)

and we obtain the shift equation (5.13) for Yb Yot - Since A, is invariant under b —> =, the

Ty(z)
shift equation for T(b (Z) 2) follows immediately.
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