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Abstract

We extend to fermionic conformal field theories (CFTs) a recent discovery in quantum
gravity, where an ensemble average of two-dimensional free boson CFTs over the Narain
moduli space gives rise to a theory of gravity in three-dimensional Anti-de Sitter (AdS)
space related to Chern-Simons theory. First, we review basic features of two-dimensional
CFTs, including the conformal group and algebra, the operator formalism of CFTs, and
the CFT Hilbert Space. Then, we focus on CFTs on the torus in two dimensions, study
their modular properties using the modular group of the torus, and compute the partition
functions of three CFTs that play important roles in this project: free bosons on a circle,
free bosons on a Z; orbifold, and free fermions. We also review the AdS/CFT correspon-
dence and describe how CFT plays an important role in the study of quantum gravity.
In addition, we describe how the partition function of Chern-Simons gravity matches the
averaged partition function of an ensemble of compact free bosonic CFTs over the Narain
moduli space. To extend this result to fermionic CFTs, we apply bosonization to deter-
mine the fermionic moduli space, and build a map between moduli spaces of the c = 1
free boson and the ¢ = 1 interacting fermionic CFTs known as the Thirring model. For
¢ = 1 Thirring CFTs, averaging over moduli space leads to a divergence in the averaged

partition function just as in the bosonic case.
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Abrégé

Cette these vise a trouver une version fermionique d"une découverte récente en gravité
quantique, soit le fait que la moyenne d’ensemble des théories conformes des champs
(TCCs) bosoniques libres en deux dimensions sur l'espace de modules de Narain est
liée a la gravité de Chern-Simons dans 'espace anti-de Sitter (AdS) en trois dimensions.
D’abord, il sera question des TCCs en deux dimensions. De ce fait, les groupes et les
algebres conformes, le formalisme des opérateurs dans les TCCs ainsi que la représentation
des états dans un espace Hilbert TCC seront développés. Les propriétés modulaires TCCs
sur le tore en deux dimensions seront ensuite examinées par le biais du groupe modulaire
du tore. La fonction de partition pour trois exemples de TCC, soient le TCC des bosons
compacts libres sur un cercle, le TCC des bosons libres sur un orbifold Z,, et le TCC des
fermions libres, sera calculée. Il sera aussi question de la correspondance AdS/CFT afin
de démontrer 'utilité des TCCs dans 1’étude de la gravité quantique et de présenter un
résultat sur 1’équivalence entre la fonction partition de la gravité de Chern-Simons et celle
de la fonction partition moyenne d"un ensemble de TCCs bosoniques compacts libres sur
I'espace des modules de Narain. Afin de dériver une version fermionique de ce résultat,
I'espace des modules fermioniques sera caractérisé par le biais de la bosonization. De
plus, une application entre I'espace des modules des TCCs bosoniques libres ¢ = 1 et
I'espace des modules des TCCs fermioniques interactives ¢ = 1, nommé le modele de
Thirring, sera construite. Le fait que la fonction partition obtenue en prenant la moyenne
sur 1’espace des modules des TCCs Thirring ¢ = 1 comprend une divergence tout comme

le cas bosonique sera également démontré.
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Chapter 1

Introduction

Understanding why quantum gravity matters is one of the most important starting
points in our search for a unified theory. One reason is that when we want to study, for
example, the beginning of the universe where the amount of energy is huge while the
size of the universe is compacted in a tiny region, we need both gravitational theory and
quantum theory. In physics on very small scales, quantum field theory (QFT) is the core
of elementary particle physics, which combines quantum theory, field theory, and special
relativity and also provides essential tools for condensed matter physics, nuclear physics,
atomic physics, and astrophysics.

A special family of QFTs in which the theories are invariant under conformal transfor-
mations is known as the set of conformal field theories (CFTs). In two dimensions, this
conformal invariance (angle preserving) property of CFT gives rise to an infinite numbers
of symmetries which is so powerful that finding exact solutions in the CFT context is pos-
sible. Compared to how difficult, if possible, it is to do so for a general QFT, this feature
makes CFTs one of the most important fields of research in high energy physics.

In the attempt to unify quantum and gravitational theories, the duality between grav-
ity in Anti de Sitter (AdS) space and CFTs, known as the AdS/CFT correspondence, was
discovered by Maldacena in the 90s [1]. This duality suggests that certain d-dimensional
strongly coupled quantum field theories and certain string theories in d+1 dimensions

are two sides of the same coin, i.e. they are the same theory.



In recent studies of the AdS/CFT correspondence, disordering and averaging have
played an important role. On the one hand, the idea that gravity emerges from aver-
aging over many different configurations of the same theory has been somewhat well
established. For example, when studying black holes in a quantum theory of gravity,
geometrically describing an individual quantum microstate of a black hole can be very
difficult in the context of general relativity. However, when we coarse-grain over many
microstates, a gravitational description described by a black hole geometry emerges. On
the other hand, the idea of averaging over many different theories has also been explored.
For instance, in two dimensions, Jackiw-Teitelboim gravity emerges when one performs
some averaging procedure over a random ensemble of quantum mechanical systems [2].
Also, for three-dimensional gravity in AdS; spaces, its continuous energy spectrum indi-
cates that this theory could be considered as an ensemble average [3], and it is recently
discovered that the three-dimensional Chern-Simons gravity in AdSs is indeed dual to an
ensemble of bosonic CFTs [4, 5]. In addition, recent results manifest that the AdS; x S°
supergravity is an ensemble average of type IIB string theories [6]. In a more recent pa-
per, it was shown that an ensemble average of two-dimensional large-c CFTs reproduces
semiclassical gravity in three dimensions [7].

The above results naturally lead to a question: whether this conjecture can be extended
to fermionic theories. A step towards answering this question is to determine the mod-
uli space for fermionic CFTs. In particular, we are interested in fermionic CFTs with a
four-fermion interaction. The reason why we focus on this particular family of CFTs is
that theories in this family are related to bosonic CFTs through bosonization, which is a
method that has been broadly applied in theoretical high energy physics and condensed
matter physics.

In quantum field theory, only specific models have exact non-perturbative results for
all correlators. Among these completely solvable models, Thirring discussed the first
such model describing a current-current interaction of massless fermions and constructed
the eigenstates of the Hamiltonian [8]. In 1967, Klaiber gave a complete quantum solu-
tion of the Thirring model and discussed its properties [9]. Later on, Coleman proved

the equivalence between the Thirring model and the quantum sine-Gordon model [10].



In two-dimensions, this phenomenon where it is possible to write fermions in terms of
bosons is called bosonization, and this technique has been a powerful tool for studying
particle physics and condensed matter physics.

The idea that an ensemble average of different quantum theories gives rise to a gravi-
tational theory is closely related to black hole physics. As we know, black holes scramble
information, so the idea of quantum chaos, random matrices and random CFTs is natu-
rally related to studies of black holes. In addition, it is not unusual in condensed matter
physics that a strongly coupled system rearranges itself in some way that new weakly
coupled degrees of freedom emerge and the system is now better described by fields rep-
resenting the emergent excitation. For example, in spin glasses such technique is used to
study systems with quenched disorder. Therefore, this project also provides insights to
studies of disordered systems in condensed matter physics.

This thesis will focus on studying CFTs, introducing their applications in quantum
gravity, and present how gravity emerges when an ensemble of bosonic CFTs is averaged
over a moduli space. Then we will study how the bosonization technique leads to the
fermionic extension of this gravity as an ensemble average conjecture and we will discuss
how this extension is related to the Sachdev—Ye—Kitaev (SYK) model.

The structure of this thesis is the following. In Chapter 2, we will review basic knowl-
edge of conformal field theories in two dimensions, introduce the conformal group and
algebra, the operator formalism of conformal field theory including radial quantization
and the operator product expansion, and construct the CFT Hilbert space. In Chapter 3,
we will take a closer look at CFTs on the torus to study their modularity properties and
compute the partition functions of free bosons and free fermions. In Chapter 4, we will
tirst give a brief introduction to the AdS/CFT correspondence, then present the recent
discovery of the equivalence between gravity and averaged bosonic CFTs. Chapter 5 will
focus on studying the equivalence relation between bosons and fermions by introducing
the bosonization technique, then we will study how the Thirring model is related to the
free boson, then map out a relation between the moduli spaces of bosonic and fermionic
CFTs. We will conclude this thesis in Chapter 6 and discuss future directions in which

this project points.



Chapter 2

Basics in Two Dimensional Conformal

Field Theory

The most basic approach to quantum field theory is to quantize Lagrangian action for
tields using canonical quantization or the path integral method. This approach requires
a known action of the theory, which, unfortunately, is not always available. Luckily, such
a prerequisite is unnecessary for conformal field theories. Unlike ordinary quantum field
theories, a CFT can be defined through operator algebras with their corresponding repre-
sentation theory and can even be solved exactly in certain cases by employing the sym-
metries of the theory and exploiting their consequences. In particular, we are interested in
two-dimensional CFTs due to a special property of this dimension. In two dimensions, the
algebra of infinitesimal conformal transformations is infinite dimensional. In this chapter,
we will give a relatively detailed review of the basic properties of conformal field theories
in two dimensions, including the conformal group and its algebra, the primary fields, the
energy-momentum tensor, and the operator product expansion. Then we will discuss the

CFT Hilbert space for free bosons and free fermions.

2.1 The Conformal Group and Algebra

A Conformal Field Theory is a field theory invariant under conformal transformations.

First, we will define mathematically what a conformal transformation is, which physically
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preserves the angle between two lines. Let M, M’ be two smooth manifolds with metric
9w and g, respectively, and let U C M,V C M’ be open. Take x € U and let 2’ = ¢(z) €
V, then a differentiable map ¢ : U — V is a conformal transformation if the metric tensor
g () transforms as

Pl e
@) = 55 Gap(r) = A@) g (). (2.1)

In other words, under a conformal transformation, the metric is unchanged up to a scale
factor A(z).

In the interest of this thesis, we will only consider CFTs on flat spacetimes with a
constant metric 7, = diag(—1,...,+1,...). Then we can easily see that in our case, the

conformal transformations

Ny — 77;/w = A<x)77;w (2.2)

form a group. In fact, the Poincaré transformation is a subgroup of this group with a scale
factor A(x) = 1.
Now let us study the conditions for conformal invariance. Let e(z) < 1 be a small

arameter, and consider infinitesimal coordinate transformations z'* = z e*(x), then
t d d finit 1 dinate t f t " B4 et th

ox'™ Ox'8 Oe® OeP
fng @ _ ﬁ
o (5M N W) (5y N W) | 2.3)

Bringing Eq.(2.3) into Eq.(2.2) and we get

we have

M = N + (Opes + Ovey) - (2.4)

Then, for the transformation to be conformal, we require that (J,¢, + d,¢,) = K(2)nu
where K(z) is some function so 7,, can be written as A(z)7,, with A(z) = 1+ K(x).
Contracting both sides with n*” we determine the function K (z) to be 2(0 - €)/d where d
is the dimension of the flat spacetime, which leads to A(x) = 1+ 2(0 - €)/d. Therefore, the

condition for the transformation to be conformal is

2
o€, + Ope, = 8(8 )N - (2.5)



The conformal group consists of globally defined, invertible, and finite conformal trans-
formations, and its corresponding Lie algebra is called the conformal algebra. To determine
the conformal group for two dimensions, first we will focus on a flat spacetime with a
Euclidean metric 7, = diag(+1,+1). In two dimensions d = 2, the condition shown in

Eq.(2.5) for the infinitesimal conformal transformation is given by the following,

when pu=v=0: Jo€o = +01€61
(2.6)
when =0 and v=1: Jo€1 = —Oh€p ,

which are the Cauchy-Riemann equations in complex analysis, that are satisfied by the
real and imaginary parts of a holomorphic function. Now let € be such a holomorphic

function of z, we can define the following complex variables

z =2’ ixt, z=2"—izt,
€= +ie', e=¢" — i€, (2.7)
1 , 1 .

8Z:§(80—281), @25(804—281)

Because the complex differentiation is linear, the sums of holomorphic functions are also
holomorphic, which leads to the holomorphic property of 2/(z) = z + €(z). We can easily
show that, as an infinitesimal conformal transformation, this function gives a scale factor
of | %—i ‘2. In fact, a meromorphic function meets our requirements as long as it has isolated
singularities only outside some required open set. Therefore, we can generalize €(z) to
such a meromorphic function.

Now let us move on to find the generators and determine the conformal algebra. To

do so, we will Laurent expand a meromorphic function ¢(z) around z = 0,

e(z) =) eal=2""), dz) =) al-=""), (2.8)

nez neL

where ¢,, €, are constant parameters. Recall that translation 2’* = z* 4 o* has generator

—10,. Analogously, the generators corresponding to a transformation for each n are



ln = _Zn+1az ) Zn = _En+1&z . (29)

We see that there are infinitely many generators since n € Z, which will lead to an infinite
dimensional algebra as mentioned at the beginning of this chapter. We will study this
algebra soon, but before that, let us discuss the well-definedness of these generators.

Customarily, we treat 2, Z as independent variables, so we are actually considering the
complex plane C2. However, when we take a better look at the generators {/,,} and {l,,},
we notice that neither of them is globally defined on C or on its extension, the Riemann
sphere S? ~ C U {oo}, because both z = z = 0 and z = z = oo lead to ambiguities that
need to be fixed. To find generators of globally defined conformal transformations on
the Riemann sphere, let us consider the following. For z = 0, it is easily to see that 2"
diverges for any n+1 < 0. Therefore, {/,,} are well defined only for n > —1, and the same
for {l,,}. For z = 0o, we need to perform a change of variable first. Let = = —1/w, then
w — 0 when z = 0o, and

1
dz=—dw — 0,= w20, . (2.10)
w

Bringing Eq.(2.10) back to Eq.(2.9) we get that

il 1 n+1 ) 1 n—1
L=—2""0, = —=) wo,=—(-=) a,. (2.11)

Then as w — 0, (—1/w)""! diverges for alln — 1 > 0. Thus, {/,} and {I,,} are well defined
only for n < +1 for z = co. Combining with the condition at z = 0, we conclude that the
only generators for globally defined conformal transformations on the Riemann sphere
are {I_1,lo, 1,1y and {I_, 1o, 141 }. With only these generators, we can in fact obtain all four

conformal transformations. Operators
171 - —8z 5 l,1 - —85 (212)
clearly generate translations z — z + b . Operators

L= %0, = —0, . [ = —2%0- — 0y (2.13)



generate translations w — w — cin w = —1/z and w = —1/Z, which corresponds to the

z

-7 - For operators [, and /o, we perform a change

special conformal transformations z —

of variable where z = re’® and Z = re~*? , then we find
lo+ 1y =—r0,, i(lo—lo) = =0y, (2.14)

which generate dilations 2 — az and rotations z — ze®, respectively.

As we see above, in two dimensions the conformal transformations map =z to % with
a,b,c,d € C. We also require that ad — bc # 0 since these transformations are invertible.
Therefore, we determine the conformal group on the Riemann sphere S? ~ C U {oo} to be
the Mabius group SL(2,C).

Now let us compute the commutators of the generators to determine the correspond-

ing algebra. Bring expressions of the generators given in Eq.(2.9) into the commutators,

we obtain the following commutation relationships,

Ly b)) = (M — 1)l
[Zma Zn] = (m - n)zm+n ) (215)
Ly 1] = 0

These are two copies of the so-called Witt algebra, which are infinite dimensional. It is this
property of the two-dimensional conformal group that makes conformal field theories in
two dimensions much richer than they are in higher dimensions.

As it turns out, a quantized system has a symmetry group that is a central extension
of a classical symmetry group. In our case, the Witt algebra is classical and its central ex-
tension with central charge c is the Virasoro algebra, denoted as Vir.. The Virasoro algebra

is characterized by the following commutation relations,

(L, Ln) = (m — ) Ly + ¢ p(m, n) (2.16)

[Lﬂ"w C]:[Q C]:O>

where {L, } with n € Z are the elements of the central extension of the Witt algebra of {/,}



and p(m, n) is a bilinear map which we will soon determine. Similarly, we have another
copy of Virasoro algebra of {L, } with n € Z and a central charge ¢ associated with Witt
algebra of {l,,}. In addition, just as in the Witt algebra, the generators of the Virasoro
algebra are also expressed in terms of independent complex variables z,Z.

Now we will determine p(m, n) by observing Eq.(2.16), and notice that

e We require that p(m,n) = —p(n, m) since the commutator is anti-symmetric.

e Redefine L, := L, + c¢p(n,0)/n for n # 0 and Ly := Lo + cp(1, —1)/2. We see that
[Ly, Lo] = nL, and [Ly, L_,] = 2L,, which tells us that by a redefinition, we can always
have p(1,—1) = 0 and p(n,0) = 0.

e By computing the Jacobi identity [[ L., L], Lo]+[[Ln, Lo|, Lm|+[[Lo, L], L,,] = 0 using
p(n,0) = 0 and p(m,n) = —p(n, m) as shown in Eq.(A.1) we get that (m + n)p(n,m) = 0,
which implies that p(n, —n) with |n| > 2 are the only non-zero central extensions.

e Let m = —n + 1 and replace 0 by —1 in the above Jacobi identity, and follow the
computation in Eq. (A.2) we reach the result that p(n, —n) = & (n® — n).

Note that since p(m,n) = 0 for m,n = 0, £1, the generators {L_, Ly, L, } generate the
SL(2,C)/Zy group just like the generators {l/_1, [y, [;} do as we have shown. Based on our

observations and calculations, we conclude that, the Virasoro algebra Vir, with central

charge c has the following commutation relations,

C
[Lmv Ln] - (m - n>Lm+n + E(m3 - m>6m+n,0 . (217)

We also note that what we have done in two-dimensional Euclidean space can be
carried out in two-dimensional flat spacetime with Lorentzian signature as well, simply
by performing a coordinate transformation where u = —t +x and v = t + 2. We will again

see that its corresponding algebra is infinite dimensional.

2.2 Primary Fields and The Energy-Momentum Tensor

Before defining a primary field, let us first remind ourselves that the generators of the

Virasoro algebra are expressed in terms of two complex variables z,Z € C. Therefore,



instead of in a two-dimensional Euclidean space R?, we will study fields in a complex
plane C2.
Now let ¢(z,%) be a field, it is called a primary field of conformal dimension (h,h) if it

transforms in the following way under conformal transformations z — f(z),

v = (2) (Z) o7, @19

A field is called quasi-primary field if Eq.(2.18) holds only for global conformal transforma-
tions, i.e. f € SL(2,C)/Z,. If a field does not transformation as primary or quasi-primary
fields, it is called a secondary field. It is also useful to define two quantities, the scaling

dimension A and the conformal spin J, where
A:=h+h, J:=h—h, (2.19)

and we will discuss their physical meanings in the next section.

Now let us consider the map f(z) = z + €(z) with €(z) < 1, and see how a primary
field transforms under infinitesimal conformal transformations. Since ¢(z) < 1, we can
ignore terms in second or higher order of ¢(z) in our computation. As computed in the ap-
pendix (see Appendix A.2), we find that under infinitesimal conformal transformations,

a primary field ¢(z,%) — ¢'(z,Z) = ¢(2,%Z) + 0. z¢(2, Z) where the variation is given by,
Seet(2,7) = <h826 + €0, + hose + eag) (2, %) (2.20)

For a field theory, we need its energy-momentum tensor since this tensor encodes
the behavior of the theory under infinitesimal transformations in the metric. The energy-
momentum tensor is usually found by varying the action of the theory under infinitesimal
transformations in the metric. However, as we mentioned before, an explicit form of the
action is not required in two-dimensional CFTs since the infinite dimensional algebra in
two dimensions puts strong constraints on the theory. Therefore, the energy-momentum
tensor can be determined using only the Noether’s theorem. Recall that the Noether’s

theorem states that each continuous symmetry in a field theory corresponds to a con-

10



served current j,, i.e. 0"j, = 0. For a CFT with conformal symmetry * — z* + (), this

conserved current can be written as
Ju = We” , (2.21)

where the symmetric tensor 7),, is the energy-momentum tensor. Combining Eq.(2.18)
with conservation law 0*j, = 0 as computed in Appendix A.3, we get that in a CFT, the

energy-momentum tensor is traceless, i.e.
T} =0. (2.22)

Now let us study what a traceless energy-momentum tensor tells us. To find expres-
sions of T}, in z,z coordinates, we will change the coordinates from (z°,z') to (z,%) by

inverting our definitions for 2,z in Eq.(2.7) and use T}, = 9,2%0,2°T, 5. We find that

T,., T (T — T, 0
( ) _ (2( w0 = iTho) ) . (2.23)
Te. Ts 0 +(Too + iT'o)

Then impose translational invariance 9#7),, = 0, which is given by Eq.(A.4) and use the
fact that 7, = 0 to compute 0:7.. and 0:T%;, we get the following results as calculations
shown in Appendix A 4,

0:T., =0, 0.7 =0. (2.24)

Therefore, we conclude that the non-vanishing components of the energy-momentum

tensor are a chiral field 7..(z,Z) = T(z) and an anti-chiral field 7%;(z,%) = T(2).

2.3 The Operator Formalism for 2D CFTs

2.3.1 The Radial Quantization

To study the operator formalism for two-dimensional CFTs, we will first discuss quan-

tization in these theories. Our setup for the CFTs will be on the two-dimensional Eu-

0

clidean space, with time direction z° and space direction 2!, then we compactify the

11
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Figure 2.1: Mapping a cylinder of infinite length to the complex plane.

space direction z' on a unit circle to obtain a cylinder of infinite length. For the cylin-
der, we define the following complex coordinate w = 2° + iz! with w = w + 2mi and
then let z = ¢”. We see that, as shown in Figure 2.1 [11], it maps an infinitely long cylin-
der labelled by 2°, 2! to the complex plane labelled by z. This mapping relates the time
translations z° — 2° + a to complex dilation z — ¢“z and relates the space translations
z' — 2! + b to rotations z — ze®.

Recall that in the previous section, by Eq.(2.14) and the equality Ly = [, due to a
vanishing central extension at n = 0, we have that Ly + Ly = —rd, and i(Ly — Lo) = —0,.

This mapping is useful in the sense that it allows us to reach the following conclusion,

H=1Lo+ Lo,
B (2.25)
P == Z(LO - L(]) 5
because the Hamiltonian generates time translations, which are mapped to complex dila-
tion, and the momentum generates the space translations, which are mapped to rotations.
To quantize primary fields ¢(z,Z) with conformal dimensions (h, k), we perform a

Laurent expansion around z = Z = 0,

$(z,7)= Y 2T g, (2.26)

nnel

where the Laurent modes ¢, 5 are promoted to operators as we do to Lorentz modes in

ordinary field theories when we quantize a field, and these Laurent modes are given by

12



1 -
Onm = E j{dzdi LT IET L (2 7)) (2.27)

(271
This quantization is the so-called radial quantization which was introduced by Fubini, Han-

son, and Jackiw [12].

2.3.2 The Operator Product Expansion

Now let us study the operator product expansion and develop the operator formalism
for two-dimensional CFTs. To do so, let us first revisit the energy-momentum tensor.
Since the preserved conformal symmetry is associates to the current given in Eq.(2.21) the
conserved charge can be expressed as Q = [ dz'j, at constant 2 just as we have seen in
ordinary QFTs. Now by the mapping shown in Figure 2.1, a constant z° is mapped to
constant |z|, therefore, the integral over ! now becomes a contour integral over z and
z. Thus, we can write down a generalized expression for the conserved charge as the

following,

Q= 1 fédzT(z)e(z) + QL 7{ dzT(2)e(Z) . (2.28)

2w T Je
For an operator A, we have the relation where 0 A = [(), A] since the conserved charge
generates symmetry transformations for operator A. We can determine the infinitesimal
transformation of a primary field ¢(z,z) generated by the conserved charge (), which is

given by

5w, ) = —— f [T (2)e(2), d(w, B)] + — 7{ ETEE), ow,m)]. (229

2w Jo 2mi

where w,w € C. Note that we need to consider the two situations where w, w are inside
and where w, w are outside the contour C. Taking these two situations into consideration,

Eq.(2.29) becomes

1 1

dezp(w, W) = 50 " ‘dzT(z)e(z)gzﬁ(w,w) ~ 5 - Idzgzﬁ(w,@)T(z)e(z)
zZ|>w z|<|w (230)
+ % N |dzT(z)z(z)¢(w,w) _ % 5 ZT(2)e(Z)b(w, )

13



In this case, it is useful to define the radial ordering of two operators as the following

RIAG)B(w)) = A(z)B(w) for |z| > |w|, 231)

B(w)A(z) for |z| < |w|.

Note that for fermionic fields, there is a minus sign for the |z| < |w| case due to the
fermionic nature of the fields, that is to say that because the fields are Grassmann variables
and follow anti-commutation relations, R(A(z)B(w)) = —B(w)A(z) for |z| < |w|.

Then with this definition we can rewrite Eq.(2.30) as

5. b(w, ) = — ]ﬁ . dze(2)R(T(2)o(w. ) ) + = ]ﬁ B =ER(TE)o0w.m) . 232)

27 27ri

where C(w) and C(w) are contours centered at w and w, respectively. Recall that, in the
previous section, we have found that the transformation of a primary field under in-
finitesimal conformal transformations takes the form of Eq.(2.20). Remind ourselves the

Cauchy formula in complex analysis, which is given by

(n=1) () — (n—1)! . f(a)
£ (a) . }é d | (2.33)

2mi (z—a)"

where f(z) is an infinitely differentiable function defined on the complex plane and f(™(z)

is its n-th derivative. Then we obtain the following identities,

1 €(z)
(9we(w) = 2_7'(Z fé(w) dz (Z — U))2 )

1
e(w) = —7{ dzﬁ :
2m Jowy 2w

Now we can bring these expressions back to Eq.(2.20) and compare them with Eq.(2.20),

(2.34)

then reach the conclusion that

R(T(z)qﬁ(w,m)) = E _hw)Qqs(w,w) + . _1 wﬁwgb(w,w) + non-singular terms ,
— (2.35)

h -
(z—w)2¢(w’w) T

Ow¢(w,w) + non-singular terms ,

14



The above expansion defines an algebraic product structure on the space of quantum
tields, and it is called the operator product expansion (OPE).

Using this expression, we now give an alternative definition to primary fields, which
is that a field ¢(2,%) is a primary field with conformal dimension (h, h) if the OPE between the
energy-momentum tensor and ¢(z,%) takes the form given by Eq.(2.35). That is to say, a field
¢(z,%) transforming under conformal transformations as Eq.(2.18) has an OPE of energy-
momentum tensor with ¢(z, Z) which takes the form of Eq.(2.35).

With this alternative definition of a primary field, it is natural to ask if the energy-
momentum tensor itself is a primary field. To answer this question, let us study the OPE
of the energy-momentum tensor with itself. We claim that the OPE takes the following
form,

c/2 2T (w) = O0uT(w)

R(T(Z)T(w)) T TP e T (2.36)

where c is the central charge of the theory and |z| > |w]|. To verify this statement, we first

Laurent expand 7'(z) in the following way;

1
T(z) = L h Ly=-— ¢ dzz"""T(z).
()= o7 Ln whete  Ln =g ¢ dz"T(2) 237)
neL
Note that when we choose a conformal transformation €(z) = —¢,2""! as a term in

Eq.(2.8) and bring the Laurent expansion of 7'(z) into the expression for chiral part of the

conserved charge Eq.(2.28), we have the following result,

1
Qn=5— P d2T(2)(—€x2""") = =4 > OyinLim = =€ L. (2.38)

- 2mi —
By identifying the Laurent modes of the energy-momentum tensor and the generators
of infinitesimal conformal transformation, we can compute the commutation relation
[Ly, Ly,] as shown in Eq.(A.7) and conclude that Eq.(2.36) indeed reproduces the Virasoro
algebra Eq.(2.17) as we found before. Therefore, the statement of the OPE is verified.
We notice that in our claim, the OPE for the energy-momentum tensor with itself does
not take the form of the OPE for the energy-momentum tensor with a primary field, which

means that for non-vanishing central charges, the energy-momentum tensor is NOT a

15



primary field. In fact, it transforms under conformal transformations f(z) as,

1) = (3) TUE) + 55062

5(7(2).2) = g (@D - S0

(2.39)

where S(w, z) is called the Schwarzian derivative. Let us consider infinitesimal trans-
formations f(z) = z + €(z). Then apply Eq.(2.32), the transformations in the energy-

momentum tensor is given by

5.T(z) = 1—02336@) +2T(2)0.e(2) + €(2)0.T(2) . (2.40)

Now we can compare this expression with Eq.(2.39), we get that for infinitesimal trans-

formations f(z) = z + €(z), we have

S(z+e(z),2)= ! 5 ((1 + 0,€)(0%€) — 2(836)2) ~ OPc . (2.41)

(1+ 0.¢)

For a chiral primary field ¢(z), we Laurent expand it similarly as in Eq.(2.26) and
Eq.(2.27),
$(z) => 2""¢, where ¢,= ]{ %z’”’%lgﬁ(z) . (2.42)

211
neZ

Then following the computation in Eq.(A.8), we find that the holomorphic part of the
OPE for a chiral field ¢(z) is given by

[Lin, &) = [(h — L)m — n]¢pin (2.43)

for all m,n € Z. Note that for a quasi-primary field, the above holds only when m takes

the value of —1,0, +1.

2.3.3 The OPE of Quasi-Primary Fields

We would also like to introduce the operator algebra of quasi-primary fields and

their OPE. Before we start, we will note that from now on we will write R(A(z)B(w))

16



as A(z)B(w) to simplify the notation since we will always assume radial ordering for a
product of fields. To start, let us consider the two-point function (¢;(z)¢;(w)) = g(z,w) as
a function of z and w. By requiring invariance under translations generated by L_;, we
see that the function takes the form of g(z — w). The invariance under dilations z — Az
generated by L leads to the relation \"*"ig(A(z — w)) = g(z — w), and we find that the
funtion g(z — w) ~ (2 — w)~ "+, The function is also invariant under transformations
z +— —1/z generated by L;, and it leads to the conclusion h; = h; as one can check by set-
ting 22w =% g(—1/2+1/w) equal to g(z —w). Therefore, we conclude that the two-point

function of two quasi-primary fields is fixed by the SL(2, C)/Z, conformal symmetry by

dijOn, h,

; ; = — 244
<¢Z(Z)¢] ('LU)) (Z . 'lU)th ) ( )
where d,; is a structure constant. Following the same arguments as above, the three-point
function of chiral quasi-primary fields is fixed by the SL(2,7Z)/Z, conformal symmertry
and it is given by
Cijk
<¢z(22)¢](2])¢k(2k)> = Zhi+h,j_hkzhj+hk_hi hi+hy—h; (245)

ij ik Zik

where z;; = 2; — z; and Cjj;, is again a structure constant.

Based on what we just found for the two-point and three-point functions, we can
deduce a general form of the OPE of two-quasi primary fields. Let ¢;(z) be quasi-primary
tields with conformal dimension h;, where the subscript denotes different fields, we state
that the OPE of two-quasi primary fields involves only other quasi-primary fields and

their derivatives [13]. We will present the result here, the general form is given by

n k

_ @ijk Cij n

di(2)05(w) = D, 4 o w)
k,n>0
-1
2hy +n — 1 hi—hj+hy+n—1

with coefficients  a};; = ( R ) ( gk ) (2.46)

n n

and Oijk = O]lkdlk s

17



where the coeffiecients are determined using results for the two-point and three-point
functions. We will also present the very useful algebra of the Laurent modes ¢, ,,, of quasi-

primary fields ¢;(z) = > 27" ¢, ,, with conformal dimension h;,

Z Jngk m,n ¢k m+n + d135m+n0 ’
2h; — 1

> o f—m+h;—1 —n-+h; —1

with  pyr(m,n)= Y O )
r,s=0 r S
r+s:hi+h,j—hk—l
(th o 1)' s—1 r—1
h 0k = (—1)" : 2h; —2—1r—t 2h; —2—s—u).
where CV7 = (-1) (hi+h‘+hk_2)!g< r )}i[o( j s —u)

(2.47)

Before moving on to the next section, we will also present an application of the OPE of
two-quasi primary fields by introducing a definition of the so-called current algebra. This
will be an essential ingredient for studying bosonic and fermionic CFTs as we will see in
the next chapter. In a two-dimensional CFT, a current is defined as a chiral field j(z) with
conformal dimension / = 1 (or an anti-chiral field j(Z) with A~ = 1). Assume we have
a CFT with N quasi-primary currents j;(z) = >, 2 " 'jim where i € {1,..., N}, the

algebra of the Laurent modes is given by
jm 7-]71 Z ]plll m,n ]k: m+n + dzjm5m+n0 5 (248)

where the polynomial py11(m, n) = 1 as one can compute using the expression above and
Cf = —C7% since the commutator is anti-symmetric. We will employ this algebra when

we discuss bosonic and fermionic CFTs.

24 The Hilbert Space of CFT

In this section, our goal is to explore the CFT Hilbert space in two-dimensions. To do
so, we will first discuss the ordering prescription for two-dimensional CFTs. Similar as

in ordinary quantum field theories, for operators we need an ordering prescription for
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products of fields at the same point in spacetime. For this purpose, we define the normal
ordering which brings creation operators to the left. In this section, we will show how the
normal ordering for the product fields arises from the regular part of an OPE. To do so,
let us first determine the annihilation operators in a CFT, then find the creation operators
in the theory.

Recall that on the cylinder of infinite length as shown in Figure 2.1, the infinite past
labelled by 2° = —oc is mapped to z = z = 0. Then it is natural to define an asymptotic
in-state of the form |¢) = Zgrgogb(z, Z) |0). Recall that we have the Laurent expansion for
a field ¢(z, %) as given by Eq.(2.26). For this expression to be non-singular at z = 0, we
require that ¢, [0) = 0 for n > —h and i > —h, which means that these operators can
be interpreted as annihilation operators. Therefore, an asymptotic in-state can be simply

written as

6) = lim 6(2,%)[0) = 6_, _710) - (2.49)

z,2—0
With similar reasoning, an asymptotic out-state can be written as

(0| = lim w?@ (0] ¢'(w, @) = (0] 61417 » (2.50)

w,W—00

for a detailed derivation, see Appendix A.6. Recall that the Hamiltonian can be written as
H = Lo+ Ly, then let us calculate the eigenvalue of Ly, which is called the “chiral energy”,

for a chiral primary,

where we used Ly |0) = 0 and Eq.(2.43). Since the annihilation operators ¢, 7 |0) = 0 for
n > —hand 7 > —h, the only values that the chiral energy can take are n < —h. Therefore,
we conclude that the creation operators are operators ¢,, with n < —h. Similarly, the anti-
chiral energy is given by Lo¢y |0) = —Tig |0) with @ < —h, and the creation operators are
on with@ < —h.

Now that we determined the creation operators in a CFT, we can define the normal

ordering to be the prescription where we put all creation operators to the left, and we
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denote the normal ordering as N(x¢) or : x¢ :. In fact, the regular part of an OPE gives

rise to normal ordered products naturally, which can be written as

. = (z —w)" n
¢(2)x(w) = singular part + Z %N(Xa o) (w) . (2.52)
n=0
For n = 0, we have the normal ordered product for two operators. To find how the normal
ordered product can be expressed in terms of the Laurent modes of fields y and ¢, we will
do the following. First, we pick out this term by performing § dz[27i(z — w)]~! on both
sides of Eq. (2.52), then the contour integral vanishes for all terms with n # 0, which gives

us the equality

A ( gz SEXW) _ ny gy w) 253)

w) 2T 2 — W

Now we Laurent expand N (x¢)(w) as usual and get

N(xo)(w) = > w " N(xe), ,

- (2.54)
where N (x¢), :]{ —.wn+hx+h¢71N(X¢)(w)-
C(w) 271

Then, by bringing Eq.(2.53) back into the expression for Laurent modes N (x¢),, we obtain

the result

N(x@)n = Z Xn—k®k + Z Pk Xn—k - (2.55)

k>—he k<—h¢
A detailed computation can be found in Appendix A.7. As we can see in the above ex-
pression, the annihilation operators ¢, with k£ > —h? are on the right in the first term,
and the creation operators ¢, with & < —h? are on the left in the second term. Thus, this
expression indeed satisfies the definition for a normal ordered product.
After finding the normal ordered product of two fields, we will also introduce two

useful formulas obtained using the Laurent expansion for 0¢(z) as

06(2) =Y (=n—h)z"""1o,, (2.56)

ne”L
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and performing similar calculations as in Appendix A.7. In addition, we can also find

terms in Eq.(2.52) with higher n following similar procedure. The formulas are

k>—ho—1 k<—h®—1 (2.57)
N(Ox¢)n = Z (=R =1+ k)Xn-rdr + Z (=1 = n+ k) drXn—r .
k>—ho k<—h?¢

The normal order product can be generalized to quasi-primary fields, just like what
we will do for the OPE. We will not present it in the thesis but a reference for more details
can be found in [11] or [14].

Using the tools we introduced above, we now can study the CFT Hilbert space in
two-dimensions. Recall that in Eq.(2.37) we have the Laurent expansion for the energy-
momentum tensor, then it implies that its asymptotic in-state is given by L_, |0) and the
asymptotic in-state of 07'(z) is given by L_3 |0) by Eq.(2.49). Then we can write the normal

ordered product of the energy-momentum tensor with itself as

N(TT)(z) =Y =" *N(TT), ,
nel (2.58)
where N(TT), = Y LowLi+ Y LiLo-i
k>—2 k<-2

as shown in Eq.(2.55). We see that in the z — 0 limit, the only well-defined term has the
mode with n = —4. In addition, the first term vanishes when we act this operator on the
state |0) and in the second term, all n — k > —2 components vanish as well. Therefore,
the only term that contributes to the Laurent expansion of N(7'T) is the Laurent mode
N(TT)_4 = L_5L_,, and the state can be written as L_,L_5 |0). Similarly, we find that the
normal ordered product N(7'0T') is given by L_3L_, |0) using Eq.(2.57).

As we see in the above examples, the states are expressed in terms of creation opera-
tors — Laurent modes L,, of the energy-momentum tensor — acting on the vacuum |0).
We define the space of all such states as a Verma module {Ly, ... Ly, |0) : k; < —2}. For a
state |®) in the Verma module, we can find a field F' € {T,0T,...,N(TT), N(T9T),...}
such that ll_r%F 0) = |D).
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To define a conformal family of a primary field, we consider primary field ¢(z) with
conformal dimension %, and denote the state emerges from this field as |h) = ¢_; |0).
Then by Eq.(2.43) and the fact that ¢,, |0) = 0 for all n # —h we get L, |h) ~ ¢_p1,|0) =0
for n > 0. For n = 0, we get the chiral energy of this state, i.e. Ly |h) = h|h).

What is more interesting are the states L,, |h) with n < 0. In fact, for each primary
field ¢(z), there is a corresponding infinite set of fields by taking derivatives and taking
the normal ordered products with the energy-momentum tensor. We denote the conformal

family of a primary ¢(z) as

[gb(z)} - {gb, 86,0, ..., N(T$), N(Tds), N(OTs), ... } ,

or [(b(z)} = {Lkl Ly, o(2) K < _1} ’ (2.59)

where fields in the family are called descendant fields.

In this chapter, we introduced basic knowledge needed to study conformal field the-
ories in two dimensions. In particular, we presented two-dimensional CFTs using the
operator algebras instead of the usual Lagrangian formulation used for ordinary quan-
tum field theories. Later on, we will make connections with the usual method and study

the bosonic and fermionic conformal field theories.
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Chapter 3

Conformal Field Theory on the Torus

In the previous chapter, we studied conformal field theories on the Riemann sphere
5% ~ C U {oo}, on which the chiral and anti-chiral sectors decouple and thus can be
treated independently. Such theories on the Riemann sphere correspond to the tree-level
contribution in the perturbation expansion of string theory, because in string theory, a
tree-level amplitude diagram for string interactions is topologically a sphere augmented
with states at infinity where the legs are located on the string worldsheet, as shown in
Figure 3.1. The first row is the perturbative expansion of string theory for four closed
string interactions as a sum of tree level, one-loop level, and higher loop level diagrams,
and the second row is a topological equivalence of the first row, where crosses represent
the legs, i.e. the states at infinity. In addition, loop-level contributions in the perturbative
expansion of string theory are described by CFTs on higher genus Riemannian surfaces.

In this chapter, we will consider the one-loop level and discuss conformal field theories
defined on a torus 7%. We will first introduce properties of the torus, in particular, the
modular group. Then, we will determine the partition function of a two-dimensional
CFT using these properties. Also, we will study the bosonic and the fermionic CFTs on

the torus in more detail.
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Figure 3.1: The perturbation expansion of string theory for four closed string interactions

and its topological equivalence.

3.1 The Modular Group of the Torus

Recall that in the previous chapter, we discussed the mapping z = ¢* = ¢*"**', which
maps the complex plane to a cylinder of infinite length. To form a torus, we can cut
out a finite piece of the infinitely long cylinder and identify the boundaries of this finite
piece. Another similar way to form a torus skips the intermediate cylinder mapping,
instead we define a torus by identifying points w = 2° + iz! on the complex plane C as
w ~ w + mwy + nwe with a complex pair (w;,ws) and m,n € Z, the corresponding lattice
is shown in Figure 3.2 [15]. The shaded region is the fundamental domain of the torus
generated by (w;,ws), and the torus is formed by identifying opposite edges. We define

the complex structure or the modular parameter as

T:%:Tl—i—’iTQ, (3.1)
w1

and this quantity describes the shape of the torus.
It is easy to see that there are different choices of (wy, w2) giving the same lattice and the

same torus, and to determine how these choices are related, let us consider the following.
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2w,

2w, — w,

Figure 3.2: The vertices represent the periods mw; + nws,, and the fundamental domain of

the torus generated by (wy,w2) is the shaded region.

Assume that (wy,ws) and (w},w}) describe the same lattice, then by Theorem 1.2 in [15],

there exists a 2 x 2 matrix with integer entries a, b, c,d € Z and determinant ad — bc = +1

Wi a b W
such that = , where the matrices are elements of SL(2,7Z). Also,

wh c d Wa
it is obvious that (wy,ws) and (—wy, —ws) describe the same lattice as shown in Figure 3.2

and thus we can divide out the group Z,. Therefore, the equivalent pairs (w;,ws) and
(w),w)) are related by the SL(2, Z)/Z, transformations and we conclude that the modular

group of the torus acts on the modular parameter 7 as

ar +b
ct +d

- with ( o b ) € SL(2,7)/Z, . (3.2)
c d
The original fundamental domain is shown in Figure 3.2, but now we label the lattice
with modular parameter 7 instead of the complex pair (w,ws). Now, let us consider the
following modular transformations.
e The modular T-transformation 7" : 7 +— 7 + 1, as shown in Figure 3.3 a) [11].
e The modular U-transformation U : 7 — —+7, as shown in Figure 3.3 b) [11].

e The modular S-transformation S : 7 — —%. It is related to the above two transfor-

mations by S = UT'U and (ST?) = I, and with itself it satisfies S? = L.

25



In fact, it is sufficient to consider only the 7" and S transformations since they are the

L./

b)

generators of the modular group SL(2,Z)/Zs.

ey

Figure 3.3: The fundamental domain transforms under a) a modular T-transformation,

A

i 1

and b) a modular U-transformation.

3.2 The Partition Function on the Torus

Now let us consider the partition function for conformal field theories on the torus. We
choose Ret = 74 to be the space direction and Im7 = 7 to be the time direction and define
the partition function in a similar way as we define the partition function in statistical
mechanics,

Z(n,m) = TrH<eXp(—27r7'2H + 2777'1P)> (3.3)

where the trace is taken over all states in the Hilbert space H, H is the Hamiltonian gen-
erating time translations and P is the momentum operator generating space translations.

Recall that, on the complex plane, H, P can be expressed as in Eq.(2.25), but since now
we are on a torus, we need to write Ly, L, in cylinder space as a torus can be formed
by cutting out a finite piece of the infinite cylinder and identifying the boundaries. To
determine (L.y)o, we recall that L, is the O-th Laurent mode of the energy-momentum
tensor, for which we know how it transforms under transformation z = ¢* = f(w) as in
Eq.(2.39), using S(f(w), w) = —1 and we get

of (w) c

Top(w) = < 5 ) T(f(w)) + %S(f(w),w) = 2*T(2) — 51 (3.4)
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Then we Laurent expand the energy-momentum tensor on the cylinder and obtain

Tcyl(w) = Z 27" Ly — i = z% (Ln - iénﬁ) e " ) (35)
ne

nez

which tells us that the 0-th Laurent mode on the cylinder is given by (L.,;)o = Lo — 5; and

£
24/

similarly, (L.,;)o = Lo — <, where ¢, ¢ denote the central charges. Thus, the Hamiltonian

is given by
— — c+c
Hcyl == (Lcyl)O + (Lcyl)O = LO + LO - 24 )
| B | L (3.6)
Pcyl = Z<(Lcyl>0 - (Lcyl)O) = Z(LO - LO - 24 ) )
and the ground state energy is given by Ey = (Toy00) = —4<. Then we let ¢ = ™7,
g = e *™7 and write the partition function as
Z(1,7) =Try (qLO_iGZO_%) : (3.7)

In addition, the partition function Z(7, 7) has to be invariant under the action of the mod-
ular group since the torus is unchanged under SL(2,7)/Z, transformations. This is what
we will use to study the modularity of two-dimensional CFTs in this section.

Now that we found the partition function for conformal field theories on the torus,
we will study the partition functions for bosonic and fermionic CFTs in more detail in the
following sections. So far, we studied the structures of conformal field theories without
using their Lagrangian, but since Lagrangian formalism is the approach that appears nat-
urally in string theory, in the following sections, let us consider bosonic and fermionic

CFTs with given Lagrangian actions.

3.3 Free Bosons

Let us consider a massless scalar field X (z,Z) compactified on a one-dimensional

torus, i.e. a circle of radius R. Consider the following action
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8:

27Ta//dzd2 919" 0, X 0, X

L dzdz 0X - 0X ,

2o

(3.8)

0 =
where the metric g, = ( X 2“) , and ﬁ is the string tension and the constant o is
0

called the Regge slope for WQIiizch we conventionally choose to be 2. This action in fact has a
connection to the action of a massless scalar field on a cylinder in string theory, which is
obtained through mapping the cylinder to the complex plane with a change of variables
where z = %'+,

By setting xS = 0 as we do in the Appendix A.8, we get the equation of motion for

the above action to be 39X (z, %) = 0. Therefore, we conclude that the currents

Jj(z) =10X(z,%) = Zz_”_ljn :
" (3.9)
j(2) = 0X(27) = Y=,
nez
are chiral and anti-chiral, respectively. Also, the action S being invariant under conformal
transformations implies that the field X (z,Z) has conformal dimensions (h, h) = (0,0) as
one can check by taking X'(z,%z) = X(y,y) under the transformation z — f(z) = y. Thus,
we conclude that j(z) and j(z) are primary fields with conformal dimensions (1,0) and
(0,1) respectively.
The current algebra for a free boson is the so-called U(1) algebra, which we have pre-
sented in the previous chapter. When we have only one current field j(z), Eq.(2.48) thus

gives the following current algebra,

[jma]n] = m5m+n,0 . (310)

In addition, we can integrate Eq.(3.9) to find the field X (z, %), which is given by

— 1 —
X(2,2) =19 — i(jo Inz+ j, ln§> +1 Z ﬁ(jnz_" —|—jn2_n> , (3.11)
n#0
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where X is a constant. From there, let us now study the consequences of the field being

compactified on a circle of radius R.

3.3.1 Free Bosons Compactified on a Circle

For a free boson on a circle of radius R, we identify the field X (z, Z) with X (z,Z)+27Rn
with n € Z, which means we have the relation where X (e*™'z, e ?"z) = X(z,%) + 27 Rn.
Solve this equation using Eq.(3.11), we find that on a circle of radius R, the 0-th current
modes for chiral and aniti-chiral fields satisfy jo — j, = nR with n € Z, which implies that
under jo, j, the ground state is non-trivially charged. For n € Z, denote the ground state
as |I',n), where we use I to label the eigenvalue of j, acting on this state, then we have
Jo|l,n) =T |I,n) and j, |T',n) = (I' — nR) T, n). We will soon determine the value for I'.

To find the partition function, we need the 0-th Laurent mode of the energy-momentum
tensor, so let us now study the energy-momentum tensor in the bosonic case. We define

the energy-momentum tensor for the action S as

0S8

NI

where 7 is another normalization constant which we will determine soon. Then we use

Ty = 4my (3.12)

6v/1g] = —3+/1919a609"" to compute entries of T, we find the following results,

yOXO0X 0
T = o , (3.13)
0 yOX0X

where a,b = z or Z. Detailed computations can be found in [16]. Note that it is important
to take the normal ordered expression for 7, since for a quantum theory, the expectation

value of T, vanishes. Therefore, the chiral part of the energy-momentum tensor is
T.. =T(2) = yN(0X0X)(2) = YN(jj)(2) , (3.14)

and similarly, the anti-chiral part is given by T'(z) = YN (j7)(2).
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Now we can determine + using the fact that j(z) is a primary field of conformal di-

mension h = 1. We Laurent expand both sides of 7'(z) = YN (jj)(z) and find

Lo =N =7 Y Gnokds+7 Y Jrdns - (3.15)
k>—1 k<-—-1
Then the commutator [L,,, jn] = —2Ynjm1n as shown in Appendix A.9. Recall that the

Laurent modes of a primary field satisfies [L,,, ¢,| Eq.(2.43), therefore, with the choice of
o = 2 we conclude that v = 1. Also, we claim that the CFT of a free boson has central
charge c = 1 and we will verify this statement in the Appendix A.10.

Now we have the key ingredient to compute the partition function, taking n = 0 in
Eq.(3.15), we get the 0-th Laurent mode of the chiral part 7'(z) of the energy-momentum

tensor, which is

1 o 1 o .. o
Ly = 3 Z J-kir + 5 Z Jkj-k = 5dojo + Z]—k]k (3.16)
k>—1 k<—1 E>1
where we let index | = —k for the second term. Since the Hilbert space of a free bosonic

CFT consists states generated by the current modes j_;,j_, for k,I > 1 and the chiral
and anti-chiral parts of a field decouple, we can express the states for the chiral part as
N1, ng,ns, .. .) = 177%™ .. [T, n) with n; > 0 where |I', n) is the ground state. Now we
can act the 0-th Laurent mode of the energy-momentum tensor on states in the Hilbert

space following calculations in the Appendix A.11, then we obtain the result

1
LO |n1,n2,n3,. . > = (—PQ + ank}) |n1,n2,n3,. . > y

2 k>1
, z (3.17)
LO |n1, Nng, N3, .. > = (5 (F - TLR)Q + ank) |n1,n2, ns,.. > .

k>1

Then we can bring our results for L, L into Eq.(3.7) and compute the partition function

of a free boson compactified on a circle of radius R as shown in the Appendix A.11. Let
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g = e’ and § = e *™7, we get that the partition function is given by
12 ; n
Zhoe(T,T) |2 Zq P Ty (3.18)

where we sum over n € Z and discrete values of I'. In the above expression, 7(7) is the

Dedekind 7n-function, which is defined as
) = g2 H (1—¢") (3.19)
which behaves under the T-transformations and S-transformations as

n(r+1) = 6%77(T> , 77( — %) = \/—_iTn(T) ) (3.20)

One can find a detailed verification of these two relations in [15].

Now let us determine the value of I' using the modular invariance of the partition
function and the modular properties of the Dedekind n-function. For the modular 7-
transformation 7 — 7 + 1 we have

1F2_l I'—nR)?2 27rm(R1—‘—*”RQ) (321)

Y

Z(r,T) = Z(t+1,7T+1)

nf — m with m € Z which gives

and we see that modular invariance implies that RT" — =3

I' = % + ¢ Thus, we can label a ground state as |m, n) with m,n € Z, and it has chiral
ground state charge " + ™ and anti-chiral ground state charge 2 — . Here integers m
and n are called the momentum and winding numbers, respectively. Our final result for

the partition function of a free boson on a circle of radius R is given by

Zrelr7) = - 3 paet) ()

1 2m?  n2R? , (3:22)
= I Z erpy — TTy ?—i- 5 + 2mimymn ¢,

where the modular parameter 7 = 7; + i7; as we have seen before.
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We can also show that the partition function is modular invariant under the modular

S-transformations, that is to say

1 1
Zboc( - _:> = Zboc(Ta ?) ) (323)

T T

and this is a straightforward calculation which is shown in the Appendix A.12.

An interesting property of the partition function Eq.(3.22) of a free boson on a circle of
radius R is that it remains unchanged when we replace R by o'/R, where o/ = 2 in our
case. This amounts to switch the momentum and winding numbers, and this is known
as the T-duality. Thus, in string theory, we cannot distinguish whether the radius of the
circle is R or 2/R for a closed string propagating in a circular background. The radius

R = /2 is called the self-dual radius.

3.3.2 Free Bosons on Z, Orbifold

In the previous subsection, we discussed the case of a free boson compactified on a
circle, and in the following let us consider a variantion of it, which is a boson compactified
on a Zs-orbifold of a circle with radius R, and the bosonic field X (z, Z) is identified with
both X (z,%Z) + 2rR and —X(z,%). Denote this Z, symmetry as the orbifold action R :
X(z,Z) = —X(z,%), focusing on the chiral part, then the boundary condition can be
expressed as

X (2 4 mwy + nw,) = eZmimmtn) X (4 (3.24)

where 1, v take the value of either 0 or %, which denote "untwisted” and ”twisted” bound-
ary conditions, repectively. Note that here the four boundary conditions (1, v) come from
the topological structure of the space on which the bosonic field lives, and their root is
different from the root of the boundary conditions allowed by the nature of fermionic
fields, which we will discuss in section 3.4.

Denote the partition function for a free boson with boundary condition (y,v) as 2,,,,

then we have the following partition functions for each boundary conditions
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Zoo=Try <qL°_714§ZO_i) ) Zor=Try <RqLo_iﬁGZ0_i) :

N

)

(3.25)

Z1o="Try <qL°7TISGZ°*i) : Zi1=Try <RqL°’$§§f°’TIS) ;
27

53
where the Hilbert space H contains only states that are invariant under R.

To find the partition functions of free bosons on Z,-orbifold, all that is left to do is
to determine how this orbifold action R acts on a general state, then following the same
calculations carried out in the previous subsection, we will reach our results. Choose the
action R such that the ground state |I', n) is left invariant, consider the orbifold action
R : X(2,Z) - —X(z,%) acting on a state j;, |I',n), we see that Rj, = —jiR. Then for a

general state |ny, ng, ng, ...), we have
R |ni,ng,na,...) = Rj" "5 .. [T,n) = (=1)" 2% ny ny ng,...) . (3.26)

Follow the similar calculations as we did for a free boson on a circle with the above ex-

pression, it is easy to find the partition function Z; .

_ n(7)
Z — Z Z 1 = 2
0,0 boc(T, T) 0,5 Do(7) |
(7) (7) o2
T AN
Li,=2 , Zi1=2 ,
2" U3(7) 202 V4(7)

where partition functions 7 1, Z1 ,and Z: 1 follow similar calculations for fermionic par-
’2 27 2

3
tition functions Zp ns, Zns,ns and Zyg r respectively, which are done in the next section,
except in the orbifold boson case the boson numbers n;, at each mode can be any natural
number, while in the fermionic case the fermion number n; at each mode is restricted
to 0 and 1 due to the nature of fermions. As we have discussed, the partition function
needs to be modular invariant. Taking the modularity properties of theta functions into

consideration, the total partition function of a free boson on a Zs-orbifold is the sum of

ZO7O,Z0,%,Z%70 and Z%é,

n(7)
’194(7')

n(r)
’193(7')

n(7)
’192(7')

1
ZOTb(T7 ?) = §Zboc(7-a ?) + + + s (328)

33



where the factor of 1 comes from projecting states onto orbifold invariant states, i.e. the
states that are invariant under the orbifold action R, because the Hilbert space contains
only orbifold invariant states.

Then we can use the relation between theta functions and the Dedekind 7n-function as

shown in Appendix B.2 to write the partition function as

1
Zorb(Ta ?) = 5 (Zboc(7—7 ?>

B2(1)0s(0)] | [B(1)0a(r)] | [9s()0(r)]
BT A v co ER FTea 2 ) 62)

3.4 Free Fermions

In this section, let us consider the CFTs of a free fermion on the torus. For a free

¥(2,7)

¥(z,7)
and ¥ = 9. Consider the following action

Majorana fermion ¥ = ( ), the spinors v(z, Z), 1(z, Z) are both real fields, i.e.y)t =

0 0
S = 21 ,/dzdzx/\g\ﬂﬂ( _)xy
e 0 0 (3.30)
1 — _
- / d=d= (D + D) |
2T
0 1
where the metric g,, = ) 2 ] and ¢ is chosen to be 2 as before.
= 0
2

By setting 6,S = ;S = 0 as we do in the Appendix A.13, we get the equation of
motion of the above action to be 9/(z, %) = 9(2,%) = 0, which implies that 1(z, %) = (2)
is a chiral field and v(z,Z) = ¥(Z) is a anti-chiral field. By requiring the action S to
be invariant under conformal transformations, we get that the field ¢/(z) has conformal

dimension (h,h) = (,0) and the field ¢/(Z) has conformal dimension (h,h) = (0,1).

2 '3

One can easily verify this statement by taking 1/(z,z) = (%)1/ *0(y,7) and ¥'(2,%) =
(g—g)l/ 2@(3;,@) under the transformation z — f(z) = y, and check the invariance of the
action. In addition, we know that fermionic fields have two possible behaviours under

27 rotations, to distinguish these possibilities, let us define the following. On the complex
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plane, for the chiral part we have the Neveu-Schwarz sector (NS) ¢ (e*™z) = +1(z) and
the Ramond sector (R) 1(e*™z) = —i(z). Laurent expand the field ¢(z), we get

1 dz 1

W(z) = ; 27 ""21, where ), = s 29(z2) . (3.31)
We see that when r € Z + % the field behaves as the NS sector does, and when r € Z the
tield behaves as the R sector does on the complex plane. Note that this is the opposite
of the case on a cylinder, where the NS sector is ¢(w + 2mi) = —¢(w) and the R sector is
(w + 27i) = ¢(w). The fundamental domain of a torus has two periods as we have seen,

i.e. space period w; and time period w,, and we can write the boundary conditions as
(2 + mwn + nws) = M (z) (3.32)

where p, v take values of either 0, the periodic (R) boundary condition, or %, the anti-
periodic (NS) boundary condition. Thus, a fermionic field on a torus has four types of
periodicity conditions or spin structures: (NS, NS), (NS, R), (R, NS), and (R,R), and we
need to specify them when computing the partition function. Also, invariance under
modular transformation which preserves the spin structure requires that the chiral and
anti-chiral parts of a fermion have the same spin structure.

Recall that we introduced the radial ordering in section 2.3, and for fermionic fields it
is defined as,

2)0(w for |z w|,
Ry — | VD0 for = 539

—0(w)(2) for |z] < |w].
where the minus sign is due to the fermionic nature of the fields. Then we can determine
the OPE of the product of two fermionic fields by calculating the propagator (V;(z)¥;(y))
with 7, 5 = 1,2 [14], we get that

Y(2)(w) = /2 + non-singular terms ,

Z—Ww
_ o Oé/ 2 (3.34)
Y(Z)yY(w) = —— + non-singular terms ,

Z—Ww
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with o/ = 2 as chosen. With this expression we will then determine the Laurent mode
algebra by bringing Eq.(3.33) into the anti-commutator of the Laurent modes {v,, 1} as
shown in Appendix A.14, and we get

{tr s} = 0rpsp - (3.35)

In the NS sector, r € Z + %, but in the R sector, r € Z and we see that there exists a 0-th
mode, with ¢)§ = 1 and since ¢ |0) = 0 for k& > 0, we have that ¢ |0) is degenerate to a
vacuum |0).

Our goal is to find the partition function of a free fermionic CFT on the torus. Similar
as what we did for bosonic fields, in order to find the 0-th Laurent mode of the energy-
momentum tensor, let us first study the canonical energy-momentum tensor for a theory
with fields ¢; (where in our case the two fields are ¢; = 9, ¢, = ¢) and Lagrangian L,
which is defined as

T = 47?0/7( — L+ Z %aﬂm) , (3.36)
where 7 is again some normalisation constant to be determined. One can easily find the

energy-momentum tensor to be

T, = (Wf _W_%) = (W% 0_> , (337)
—ypop Yoy 0 Yoy

where the off diagonal entries vanish by the equations of motions 9y = 9y = 0. Now
let us focus on the chiral part and write it using the normal ordered expression as 7., =
T(z) = yN(¢0v)(z). We have that for fermionic fields the normal ordered product of two
tields is given by

N@O)wm == > Ymibe+ > Opthm_r.

k>—ho k<—h?

N@oO)w =— > (=h" = k)bmibs+ Y (=h" — k)0t .

k>—hf—1 k<—h0—1

(3.38)
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The derivation of this equation is similar to what we have done for the bosonic case
as shown in Appendix A.7, the difference is that we will now use the radial ordering
Eq.(3.34) for fermions, which leads to a minus sign for the first term.

By Laurent expanding both sides of the equation 7'(z) = vN(10v)(z) and applying
the method used to derive Eq.(2.57), we find

Ly = YN @OY),, = v Z (k’+ )¢m Kk — 7Y Z (k’+ )¢k¢m k- (3.39)

<_,

To determine the constant -y, we will compute the commutator [L,,,, 1,]. We do the calcu-

lation in Appendix A.15 and find the following

(Lo, ] = y(=m — 27) g - (3.40)

Recall that the invariance of the fermionic action leads to the statement that the chiral part
¥(z) is a primary field with conformal dimension i = 3, then by comparing the above
result with Eq.(A.8) where we found that for a primary field with conformal dimension &
satisfies the commutation relation [L,,, ¢,] = [(h — 1)m — n]¢y,+,, We get that the constant
v = %, which is the same as what we found in the bosonic case.

For the CFT of a free fermion, its central charge is ¢ = 5 and we will verify this claim
in Appendix A.16.

To compute the partition functions for a free fermion on a torus using the operator
formalism, it is important to take time-ordering into consideration for the same reason
in any QFT. Due to the nature of fermionic fields, a minus sign is generated after each
reordering of two fermions. To preserve this feature, we introduce an operator (—1)%
where F' := Fy+ ), ¥_xy is the world-sheet fermion number (distinguish from the space-
time fermion number) in the chiral sector. Fj is defined in the periodic case in space di-
rection, and equals 0 or 1 when acting on |0) or vy |0), respectively. Similarly, we have
operator (—1)" for the anti-chiral sector with F' := Fo + >, %¥_;¥;. We insert this op-
erator into the definition of the partition function to the time-periodic case only because

the time-antiperiodic case keeps this time-ordering feature naturally. That is to say, these

37



operators are inserted into the partition functions with the (NS, R) and (R, R) boundary

conditions, and the partition function is defined as

Z . p=Trr (=) grois (—1)Fghoa) (3.41)

where - is taken to be NS or R.
Now let us compute the partition function for a free fermion CFT. To do so, we want
the 0-th mode of the energy-momentum tensor. First we will consider the NS sector, by

taking m = 0 in Eq.(3.39), we obtain the 0-th Laurent mode, which is given by

L= (k+ %)w_wwéz (k— %)w_m

k>—3 k>3

1
= U1ty + ) kvt (3.42)

3
k>3

= ki
k=1

where k € Z + 1 and in the first line we replaced k by —k in the second term. We see
that the NS sector has zero vacuum energy by computing the expectation value of T'(z) =

1N (¥0y)(z) and using the normal ordering prescription as in ordinary QFTs

(T(=) = 1 tim (w<z (=) — (b(= + (=) ) —0, (3.43)

where ¢(z + €)0¢(z) = % by Eq.(3.34) and the expectation value (¢)(z + €)0¢(z)) = 5 is
computed in Appendix A.17.

For the R sector, it is more interesting since we will see that the vacuum energy is
non-zero. Due to the ambiguity in the normal ordering at the 0-th mode ¢y, we need to
be careful and take the expectation value of the energy density into consideration when
computing L,. To obtain the vacuum energy density, we compute the expectation value
of (T'(z)) in the following, using what we found for ()(z + €)0¢(z)) in the R sector in
Appendix A.17,
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(T(2)) = 5 lim( 0(z + 00(2) — (= + )0v(2)) )

L. z+e

= — lim
ol (A ]
1.

2515%_ 822 +O( )+ 4z z(z+6)

1
1622
where we Taylor expand v/

By Eq.(2.37), we see that L is the Coeff1c1ent of the 272 in the mode expansion of the

energy-momentum tensor. Thus, we find the 0-th Laurent modes to be

= 1
Ly = Z kg with k € Z + 3 for the NS sector,
(3.45)
Z kv gy + — with k € Z for the R sector.

Then by Eq.(3.6), we see that the chiral part of the Hamiltonian on the cylinder is given
by H NS = and H R =

— i
The Hilbert space of the free fermion CFT is the Fock space generated by ¢_,,1_,

for r,s > 1 and each mode appears at most once due to the Fermi-statistics. For the

NS sector, a general chiral state in this Hilbert space can be written as |n%,n%, ) =

(W 1 )Mz (e 3)" |0), with n;, = 0 or 1 due to Fermi-statistics, and the action of L, on

the state gives

N|=

) () - 10) = >k nyngl - (346)
=1

Lo\n%,n%,..) :Zk(iﬁf
k=

For the R sector, a general chiral state is given by |ng,ny,...) = (¢0)™(¢_1)™ ...|0) with

ni = 0 or 1 for the same reason, and we get

- 1 - 1
L L= k+ — L= k+ — o) 3.47
0 |n07n17 > (;nk + 16) ’n07n17 > (kz_onk + 16) |n07n17 > ( )
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Using the above expressions we will compute the partition function of a free fermion
with the (NS, NS) boundary coundition. Recall that the central charge is given by ¢ = £

for a fermionic CFT, and we have

n%,n%,...> (3.48)

TT]:NS(qLO 24 )=q" is Z Z ...<n%,n%,... e

nl Ong =0

1 = (2miT
:q_ﬁ Z ZZ( “ )

n1:0n3:0 =0
2

ok Z Z ...i(27;f7)l(inkk)l<n;,ng,...

nl 0n3 =0 1=0 ’ -1

SRPIP I | U
_1
—2

n1 On3 =0

o0

= q_T18 H (1 + qk>
k=1
2

k=0

793 (T)
n(7)

Y

where 93(7) is the Jacobi theta function defined in Eq.(B.18). Note that the second equality
is a special case of the Jacobi triple product identity, which is proved in Appendix B.1.

Similarly, for the anti-chiral part we have

Trrys (@07 5) = | == . (3.49)

Thus, the partition function of a free fermion with the (NS, NS) spin structure is simply

the product of the traces,

Lo—f—Lo— ) —

Znsns = Trrys(q™ 57 (3.50)
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For the space-periodic and time-antiperiodic case, i.e. the (R, NS) boundary condition,

we bring in the expression for L, given in Eq. (3.47) and do similar calculation as above,

and get
] 1 11
—Trg, (qFo721) = —q_i ng,ny, .. ¥ g, g, L) (3.51)
\/§ : 2 Tg:onlo
SR
— —2q24 H (1 + qk:)
k=0
_[9a(7)
n(r)

where the 1/ V2 is a convention due to the definition of the modular function Uo(T) as
stated in Eq.(B.17). which is obtained by taking w = ¢~ 2 in the Jacobi triple product iden-
tity Eq. (B.1). Then we obtain the partition function with (R, N'S) boundary condition,

Zr NS = QTTIR(QL()*%S@ZO*&) =

, (3.52)

where the factor of 2 is conventional and we will see the reason to include this factor
when studying the modular properties of these partition functions.

For the (NS, R) boundary condition, recall that the operator (—1)* is needed since
periodic time condition fails to capture the time-ordering feature. Apply the partition

function defined in Eq.(3.41) and write (—1)" = e™™, we have

TT?NS«_UFCILO_i) = q_‘%s Z Z "'<”1,n3, . le_mFe%”Lo ni

3 bj
1 0 o7} !
1 2miT)! n
= _TSZ Z( i ) (Z(nkk_£)> <n%7 n%,>
n%zo 1=0 k:%



794(7')
n(r)

(3.53)

where the theta function ¥,(7) is defined in Eq.(B.19). Then we obtain the partition func-
tion with (NS, R) boundary condition:

_1 _T.— L
Znsr = Trrys(—1) ¢"mm (1) ghomam) =

, (3.54)

Finally, for the case with periodic boundary condition in both time and space direction,
i.e. the (R, R) boundary condition, we bring in the expression for L, given in Eq. (3.47)
and do similar calculation as above, and get
1

1
TTJ:R(qLO_z%L) =q is Z o ngny, .. eI Ing my L) (3.55)

1=

S
o
I
o
3
o

from this we reach the following result,

1

Zp = Trr (1) g™ (=) g 5) = 0. (3.56)

Taking modular invariance and the properties of theta functions as shown in Ap-
pendix B.3 into consideration, we see that for the fermionic partition function to be modu-
lar invariant, either it satisfies the (R, R) boundary condition, where the partition functino
vanishes, or it is a combination of the rest three cases, where the partition function is

given by

192 (T)
n(r)

193(7')
n(7)

194(7')

Z =ZpNns + ZnsNs + ZNsr =
n(r)

, (3.57)

which means that all three fields must be present in a modular invariant fermionic theory.

42



Chapter 4

Exploit Conformal Field Theory to

Understand Quantum Gravity

Physicists have been attempting to find the connection between quantum field the-
ory and gravitational theory for decades, and the difficulty in renormalizing the gravity
theory has been one of the biggest issues. To get rid of the infinities arising in general rel-
ativity, string theory quickly drew the attention of both physicists and mathematicians.
With the help of extra dimensions and the introduction of supersymmetry, perturbative
string theory brought revolutionary insights to our understanding of quantum gravity.
Later on, non-perturbative aspects of string theory began to emerge in 1990s. Among
these non-perturbative aspects, the AdS/CFT correspondence discovered an unexpected
relation between quantum field theory and gravity theory in one higher dimension, and
has been a useful toolkit in fields of theoretical physics such as particle and condensed
matter physics. In recent developments in the AdS/CFT correspondence, the averaging
procedure has drawn more attention. For example, the 2D Jackiw-Teitelboim gravity is
the dual of an ensemble average of random quantum mechanical systems [2]. It is natu-
ral to ask whether this duality holds in higher dimensions. To answer this question, we
will study how 3D AdS gravity emerges from the averaging procedure of an ensemble of
bosonic CFTs [4]. In this chapter, we will first give a brief introduction to the AdS/CFT
correspondence. Then we will present how gravity emerges from the ensemble averaging

procedure.
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4.1 The AdS/CFT Correspondence

This section will give a very brief introduction to the AdS/CFT correspondence with-
out going into mathematical details as its main purpose is to provide background knowl-
edge on the formulation of the partition function of a gravitational theory in three dimen-
sions.

The AdS/CFT correspondence, also known as gauge/gravity duality or holography,
was proposed by Maldacena in 1997 [1]. It is a duality relating the classical dynamics of
gravity to quantum physics of strongly coupled systems in one lower dimension. The
original formulations related the geometry of a five-dimensional Anti-de Sitter space (in
the bulk) to a four-dimensional CFT (on the boundary) [1, 17, 18]. More precisely, this
equivalence between the type IIB string theory on asymtotically AdS; xS° and the N/ = 4
supersymmetric Yang-Mills theory with SU(N) gauge group is indicated by the following

relation,

Zorrlge) = (e PO = Z0(8lo = o] (4.1)

where O(z)’s are operators of the field theory and in the gravity theory, source fields
o(z,2) = ¢o(x) when evaluated on the boundary of the bulk. We can consider the holo-
graphic duality as a geometrization of the quantum dynamics of a system, which is de-
scribed by the renormalization group flow, and we can identify couplings of the field
theory with values of bulk fields in the gravity theory at the boundary of the bulk. In
particular, a fixed point of the renormalization group flow, i.e. at which the -function
vanishes, corresponds to a theory with conformal invariance. This feature makes ge-
ometrizing CFTs much easier compared to how difficult it is in general to find a geometry
associated to a QFT.

Since dual theories share the same Hilbert space and dynamics, the AdS/CFT corre-
spondence is highly useful as we can translate one question to the dual perspective where
the problem is, hopefully, less complicated to solve. In order to understand this duality
better, we will first see how to match the degrees of freedom of the QFT and the dual
gravity theory. As we know, the entropy of a system counts its degrees of freedom. In

QFT, the entropy is extensive, thus it is proportional to the spatial volume. For example,
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in a d-dimensional spacetime with one temporal dimension, the QFT entropy satisfies the
following relation,

Sqrr o< vol (R*1) . (4.2)

On the other hand, in a gravity theory with a d + 1-dimensional spacetime, we know that
the entropy of a system within a given size has an upper bound which is the entropy of a
black hole fitting in this volume. The Bekenstein-Hawking formula tells us that this black

hole entropy is proportional to its surface area,
Sar X area(@Rd) = vol(Rd_l) , (4.3)

which is exactly the entropy in the context of quantum field theory. This relation is why
entropy also plays a crucial role in the study of the holographic duality.

In fact, there are three classical solutions that satisfy the relation in Eq.(4.1): small black
holes, large black holes, and thermal AdS. The transition between the black hole phase
and the thermal AdS phase is known as the Hawking-Page phase transition. Therefore,
our approach above which relates entropy in QFT and that in general relativity is straight-
forward but actually incomplete. Below the Hawking-Page phase transition, where ther-
mal AdS is the solution, the entropy of the gauge theory entropy is not captured by the
black hole entropy but the thermal entropy. We will not go into details as it is not the
focus of this thesis.

Now let us take a brief look at a more specific example. In the AdS3;/CFT), correspon-
dence, for the case where the conformal boundary is a genus one surface, it is shown that
the bulk partition function should be expressed as a sum over handlebodies [3]. These
handlebodies can be obtained from decomposing the genus one surface into S* x S and
filling in the first S* to make it a two-dimensional disk D?. Different decompositions gen-
erate different handlebodies, and they are related by some modular transformations. In
fact, given any handlebody obtained from the above decomposing-filling procedure, all
of the rest handlebodies with the same boundary can be obtained by performing a modu-

lar transformation on the boundary. Then we can label each handlebody with an element
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of the modular group SL(2,7Z). In addition, we know that elements in the group

P:{(l ”):nez}gSL(z,Z) (4.4)
01

leave the handlebody invariant, so after removing this subgroup from SL(2,Z), we are left
with modular transformations that generate only unique handlebodies. In other words,
all inequivalent handlebodies can be obtained by performing a modular transformation
v € SL(2,Z)/P on one handlebody D? x S'. In the next section, we will see how this
expression for the partition function of quantum gravity in three-dimensions is related to
the partition functions of two-dimensional CFTs. Note that for higher genus cases, non-
handlebodies also contribute to the sum for the full partition function expression, which
we will not consider in this thesis.

The AdS/CFT correspondence has been a success since it was discovered. First of
all, it reveals the relationship between quantum field theory and string theory. Also,
it provides an almost background independent representation of quantum gravity. We
need to make a note here that this independence of the background metric holds almost
everywhere except on the asymptotic boundary. That is to say that the definition of such a
theory only requires the asymptotic boundary conditions to be fixed but the interior needs
not. Even though a full non-perturbative definition of quantum gravity has not yet been
found, the holographic duality serves a great method. When we study quantum gravity
on an arbitrary curved space with AdS asymptotics using the AdS/CFT correspondence,
non-perturbative results are obtained because one does not need to decompose a curved
target space metric into a background (flat) metric and fluctuations, while the ordinary
definition of string theory requires such decomposition.

In addition, The AdS/CFT correspondence brings new insights into quantum field
theory, such as in integrability aspects, scattering amplitudes, correlation functions, etc.
It also serves as an important step towards understanding a quantum version of gravi-
tational theory. For example, through this relation we can identify microstates of certain

black holes to pure states in a dual CFT.
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Although it was originally discovered in the context of string theory, the AdS/CFT
correspondence has been extended to very broad range of fields in physics. Not only
does it have applications in the physics of black holes and quantum gravity, but it also
helps to develop research in quantum chromodynamics, and in condensed matter physics
such as superconductivity and quantum phase transition, etc. For reviews on different

applications of the holographic duality, please see [19-21].

4.2 Gravity as an Ensemble Average

In this section, we will first determine the Narain moduli space exploiting the modu-
larity properties of the CFT partition functions, and derive the averaged partition function
of free bosonic CFTs over the Narain moduli space focusing on genus one. Finally, we will

discuss the interpretation of this averaged CFT in the context of a gravitational theory.

4.2.1 The Narain Moduli Space for Bosonic CFT

In 1986, Narain gave a formulation of toroidal compactifications of heterotic string
theory [22, 23], which also applies to CFTs of compactified bosons. We will first give an
introduction to moduli spaces for CFTs, then we will present the derivation of the Narain
moduli space for bosonic CFTs.

Let us consider the simplest case: a single boson compactified on a circle with a radius
R as we discussed in Chapter 2, where different radius R € (0, 0o) gives different theories.
For each theory, i.e. for a theory with a certain radius R, states of the boson are labelled by
momentum number m’s and winding numbers n’s. In the lattice language in the context
of abstract algebra, all states of a theory form a lattice, where lattice elements represent
different states of the theory, and each is labelled by m and n. Then we can write the
partition function in terms of m’s and n’s as a sum over all elements in the lattice just like
the expression of the partition function of a boson compactified on a circle with radius R
shown in Eq.(3.22). Now consider the set of all such compactified free bosonic theories

with different parameter R € (0, c0), these theories form a moduli space.
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Consider a sigma-model of D free bosons with a target space of a D-dimensional torus
with fields X? where p € {1,..., D} as the coordinates, and a symmetric target space
metric GG, and an anti-symmetric tensor B,,. On a Euclidean worldsheet with flat metric,
the action of the theory is given by

S_

2o

/ 427 (G XPOX + ByydX? N dX") | (4.5)

Now let us construct the Narain moduli space M, for D free bosons. Consider vertex

operators e’ X +iFX a5 we discussed in Section 5.1. The spectrum of momenta (k, k) form
a lattice in a 2D-dimensional momentum space R”'”, and denote this lattice as L. Note
that in this case, the chiral and anti-chiral central charges are equal, i.e. ¢ =¢ = D. The

OPE of two vertex operators id given by

. kX (2)+ik-X(3) .. eik'.X(omE’Y(o) -y zk-k'zm’ : ei(k+k').X(0)+¢(E+E’)X(o) . (4.6)

For a boson compactified on a circle, the vertex operator is required to satisfy that the

product picks up a phase of e2milkk' =) — 1 when one vertex operator circles the other.

Thus, all elements k, k' € L. must meet the following requirement,
kK)=k-kK-%k-k eZ. (4.7)
Recall the definition of the dual of a lattice. Let L be a lattice, its dual lattice L* defined as
L*={vespan(L) |[Vwel, f(v,w)=(v,w)cZ}. (4.8)

We see that the condition Eq.(4.7) is equivalent to say that L. C L* .

We have also shown in Section 3.3 that the partition function of the theory is modular
invariant under 7" and S transformations. Let us investigate what constraints modular
invariance imposes on the lattice L. Under 7" transformation 7 — 7 + 1, the invariance

requires the difference between chiral and anti-chiral 0-th Laurent mode to be an integer,
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i.e. Ly — Ly € Z. That is equivalent to say that Vk € L,
(k. k) = f(k) € 2Z, (4.9)

which is exactly the definition of even lattices L.Under S transformation 7 — —1/7, ex-

tend Eq.(3.18) the partition function for D compactified bosons is given by

1 riTk? —mith
ZDJL(T) = W Z € (410)

kel

We apply the Poisson resummation formula as we did proving modular invariance in

Section 3.3,
1 2mik’ -k
> 6K —k) = 7 d e : (4.11)
kle]L k//eL*

where V1, is the volume of a unit cell of lattice L. Then we obtain the following

1 1 o 2,
ZD,]L* S e—ﬂ'zk JT+mik T /T
( ) VP 2

_ 1 2D 2Dy, 2mik’ -k 77”'k"2/7'+7riE//2/?
T X, | O wn)
1 17! . 2 72
= ~—(_Z.T)D/2(Z'?)D/2 /d2Dk 627rzk 'keTK'ZTk — itk
v/~ irn(r)[2P ng:L

1 o e 2
_ dZDk 627mk ~ke7rz7'k —miTk
n(7)[*P 2 /

k//EL*
V]L 2D 7riTk2—7rz'?E2
= o > /d k5(k' — k)e
k/’elL

_ V]L Z em'Tk’Q — itk
()P 2

= V]LZDJL(T) .

By modular invariance, we get that the unit cell has volume 17, = 1, which means the

determinant of the Gram matrix of the lattice is 1. This is exactly the definition of a uni-
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modular (self-dual) lattice. Therefore, we conclude that the lattice L has to be self-dual,
L=L". (4.13)

Therefore, the modular invariance of the partition function of compactified bosons
requires the Narain lattice L defining a compactified bosonic theory with D bosons to be
an even self-dual (unimodular) lattice in RP-”, represented by Eq.(4.9) and Eq.(4.13).

We notice that if L is an even self-dual lattice, then when a O(D, D, R) transformation
A acts on the lattice, the new lattice

L = AL (4.14)

remains even and self-dual. That is to say that the evenness and self-duality conditions
are invariant under Lorentz boosts of the 2D-dimensional space, O(D, D, R) transforma-
tions. In fact, all even self-dual lattices of a given Lorentzian signature can be obtained by
acting O(D, D, R) transformations on any single lattice, and most of these transformations
produce inequivalent theories.

Also, a transformation O(D,R) x O(D,R) acting on k, k separately leaves the mass-
shell condition and operator products involving k - k" and & - % invariant. In other words,
redefining a vector k € L as k' = Uk with an element U € O(D,R) x O(D,R) leaves the
partition function of compactified bosons unchanged, thus these transformations produce
equivalent theories. Therefore, the moduli space is reduced to O(D, D,R)/O(D,R) x
O(D,R).

In addition, there is some subgroup of O(D, D,R) that permutes elements of a lat-
tice in the above moduli space but leaves the lattice itself unchanged. This subgroup
is O(D, D, Z), which corresponds to the over-counting due to the T-duality symmetry
R — d'/R.

Thus, we conclude that the moduli space of inequivalent compactified bosonic theo-
ries is given by removing subgroups O(D,R) x O(D,R) and O(D, D, Z) from the space

obtained by acting O(D, D, R) transformations on a single lattice, written as
Mp =0(D,D,Z)\O(D, D,R)/O(D,R) x O(D,R) . (4.15)
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When one performs an averaging procedure, it is important to define a measure of the
moduli space that is being considered. The natural metric on a moduli space is defined by
the kinetic term of the bosonic theory. For the Narain moduli space, the natural measure

is the Zamolodchikov metric
ds® = G GM(dG pdGrg + dBppdBry) | (4.16)

where a detailed derivation can be found in [24].

4.2.2 An Averaged Partition Function over the Narain Moduli Space

For each CFT in the moduli space Mp, its partition function can be expressed as a
sum of Siegel-Narain theta functions over lattice points as we will shown in later this
section. To compute the average of the Siegel-Narain theta function over Mp, we will
apply the Siegel-Weil formula [25-27]. In number theory, the Siegel-Weil formula is an
identity between an integral of a theta function and an Eisenstein series, it allows us to
express the above average in terms of a real analytical Eisenstein series as we will discuss
in the following.

In this subsection, we will derive the averaged partition function of free bosonic CFTs
over the Narain moduli space focusing on genus one. First, let us consider the case D =1
in Eq.(4.5), i.e. a free bosonic CFT on a moduli space M; parametrized by the radius
of a 1-torus R € (0, 00), this is just a circle of circumference 2rR. Due to the symmetry
R — o//R, we only need the range of R € [v/o/,00). The reason why we discuss the
D =1 case separately is that this case is special compared to its D > 1 friends as we will

see shortly. The action is given in the following

2
S_

2mo!

/ dzdz 0X0X , (4.17)

and the Zamolodchikov metric and the measure of the moduli space M, are

dR? dR
2 pu— —_— = —_—
ds® =4—-, u(R) =2—. (4.18)
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For arbitrary curvilinear coordinates in N-dim (v, ..., v") with metric tensor g,,, the

Laplace operator can be expressed as

1 0 0
A= —F=—1 w—". 4.1
Vdet g OvH ( det 99 c%”) (4.19)

Recall that the natural metric of the upper half plane ‘H which is given by

2 2
_ dri 4 dr3

ds> , (4.20)

Thus the Laplacian of the moduli space M; and the Laplacian on the upper half plane #

are given by

1/ 0\ 9?02
Ay, = - R— Ay =72 =—+=— . .
M= g <R8R> ’ H=T <an i a@) (4.21)
For a free boson on a circle of radius R, with momentum number m and winding
number n, its partition function is given by Eq.(3.22). Define
O(R,7)= > Q(m.n;R.7),

mnel (4.22)

/2 2 2
Q(m,n; R, T) = exp{ — Ty (&};Z + na/ ) + QWiTlmn} ,

where O(R, 7) is the Siegel-Narain theta function for D = 1. Then we can write the

partition function Eq.(3.22) as

Zboc<R7 T) = (423)

It is easy to verify that Q)(m,n; R, 7) with modular parameter 7 = 7, + i7, satisfies the

following differential equation,

0? o2 9 1 o\ 2
of 07 07 EERYe ‘ B
<TZ <8T% T om3 ) T, T (R 8R> >Q<m’”’ B =0. (424)
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Then trivially we get the following differential equation for O(R, 7), which can be ex-

pressed as the following equation,

(AH—FTQai—AMl)@(R,T) =0. (425)

T2

Before we solve the differential equation to find a solution to O(R, 7), let us make a

few observations first. Define a function F;(7) over M, as

Fi(r) =2 /; d—Jf O(R, 7). (4.26)

Then by Eq.(4.25) we have

ROO(R, )|

. 4.27
27 OR |pyw S

0
(A0t nge ) Fl) = Aan () =
T2

We notice that the symmetry R — o//R gives O(R) = O(d//R), i.e. ©(R) is symmetric
about R = v/o/. Then, OrO|p_ya = 0. Therefore, the value of the right hand side of the
above equation goes to 0 if the term also vanishes at R = oo.

However, in the D = 1 case, the above equation does not vanish for R — oco. Thus, let
us move on to cases with D > 1.

For D free bosons, we will parametrize the moduli space M p with a symmetric con-
stant metric G, and an anti-symmetric 2-form B,,, and also denote moduli as m. For
D > 1, the measure ;(m) of the moduli space can be normalized since when D > 1 the
volume of the moduli space is finite, i.e. vol(Mp) < oo (a more detailed explanation
can be found in Appendix A.19). Then the partition function for D free bosons can be

expressed as

(4.28)

where the Siegel-Narain theta function ©(m, 7) is a sum over integer-valued momenta m,,

and winding numbers n?,

O(m, 1) = Z exp{ - % (quvpvq + qunpnq) + 27Ti71mpnq} , (4.29)

mp,nPeZP
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where v, = o’m,, + Bpyn?. From the above expression we can see that lim, ,., ©(m,7) = 1.

In addition, the Siegel-Narain theta function ©(m, 7) obeys

(AH—FDTQai—AMD)@(m,T):O, (430)
T

2

where the Laplacian on the Narain moduli space M deduced from the metric Eq.(4.16)

is given by
~ o~ 1 ~
AMD = Gmnqu (aGmpaGnq + ZaBmpaBnq) + GmnaGmn )
(4.31)
~ 1
where 0Jg,,, = 5(1 + Omn) OG-
Now we will average ©(m, 7) over Mp. Define
Fp(r) = / du(m) ©(m, 7). (4.32)
Mp
Then, the following differential equation holds
0
(AH+D728_T)FD(T):AMDFD<T):O- (433)
2

Note that even though the volume of the moduli space vol(Mp) < oo for D > 1, Fp(7)
converges only for D > 2 due to the behaviour of ©(m, 7) at infinity.

Also, as we have seen above, since lim,, .., O(m,7) = 1, we have lim,, .., Fp(7) = 1.

In addition, since the partition function is modular invariant, the modular invariance
property of Fip(7)|n(7)| 2P gives that Fip(7) has weights (D /2, D/2) under modular trans-
formations, since we have f(7) = |n(7)|* has modular weights (1/2,1/2).

Given that the function f(7) = 7 has modular weights (—1,—1), let us define the

following modular invariant function,
Wp(r) =7 Fp(r) (4.34)

then it is trivial that lim,, . Wp(7) = 75 2
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Also, we see that Wp(7) is an eigenfunction of the upper half plane Laplacian Ay
with the eigenvalue of D/2(D/2 — 1) as shown in Appendix A.20. Therefore, the function
Wp(7) for D > 2 satisfies the following conditions:

1. It is modular-invariant;

2. It behaves as the function 7;’ /2

as T, — 00;
3. It is an eigenfunction of Ay with eigenvalue D/2(D/2 — 1).
As it turns out, the non-holomorphic Eisenstein series of weight D /2 satisfies the re-

quirements above,

D/
Eopr) = D o (4.35)

chZ
where the sum is over ¢, d € Z which are coprimes up to a sign.

Therefore, the average of genus 1 partition function over the Narain moduli space M p
is found to be

Ep(7)

(Zp(m,T)) = W )

(4.36)

4.2.3 Averaged Bosonic CFT and the Chern-Simons Theory

The D free boson CFT is highly symmetric with U(1)?” global symmetry, which should
correspond to a bulk gravitational theory with U(1)*” gauge symmetry according to the
AdS/CFT correspondence. Three-dimensional general relativity is a topological theory
that can be written as the Chern-Simons theory at the level of perturbation, so let us

consider the U(1)?” Chern-Simons theory with fields A*, B* and the following action,
21
=Y — [ A*AdB* 4.37
Scs ; 5 /M A ) (4.37)

then we can compute the perturbative partition function of one handlebody M = D? x 5!

by computing the trace 7r exp(—fH) in the Hilbert space of states obtained from quan-
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tizing the disk D? [3], then this partition function is given by

1

o (4.38)

Zosm(T) =

For the reasons we explained at the end of section 4.1, to find the full partition function
of the theory, we need to sum the above partition functions Eq.(4.38) over all inequivalent
handlebodies obtained from modular transform M, we get the following expression of

the full partition function

1
Fest = 2 TP

~yeSL(2,Z)/P
(4.39)

1
with P:{( ”) :nez}gSL(Q,Z) and P 7.
0 1

The set of matrices P is removed since elements in P leave (7) invariant.

As we have discussed in previous subsection, because |5(7)|* and $(7) have modular
weight (1/2,1/2) and (-1, —1), respectively, the function f(7) = 3(7)"/2|n(7)|? is modular
invariant, i.e. f(y7) = f(7). Thus we can decompose the full partition function Eq.(4.39)

into two parts with one of which being the modular invariant function f(7)”,

D/2

S(y7) S(y7)
Zos(r) = ) =~ = ) (4.40)
/2 2D x(+\D/2 2D’
~yeSL(2,Z)/ P J(’YT) |7](7T)‘ ~ESL(2,2)/P ‘S(T) |77(T)|

In fact, the non-holomorphic Eisenstein series E,5(7) we introduced in the previous sub-
section can also be written as the sum over all modular images of the function 3(7)”/2 as

expressed in the following equation,

Epp(r)= Y, SOMP*, (4.41)
YyeESL(2,2)/ P

therefore, the full partition function of the U(1)?” Chern-Simons theory can be written as

ED 2(7’)
Zes(T) = —pp !

—t— - = {(Zp m,T)) , 4.42
PPl (r) D (Zp(m,T)) (4.42)
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which is exactly the averaged partition function of bosonic CFTs with D free bosons over
the Narain moduli space in Eq.(4.36). Thus we conclude that an averaged bosonic CFT
indeed has a gravitational interpretation.

We will not go into details for higher genus cases, but similar result holds except that
the corresponding Eisenstein series diverges when the number of genus g is larger than
D — 1. In other words, the Siegel-Weil formula fails when g > D — 1 as explained in [4].

Before we move on to the next chapter, we would like to make a comment here about
the traditional AdS/CFT correspondence. Consider the original case in the traditional
holographic paradigm, individual N' = 4 super Yang-Mills (SYM) theories are dual to
type IIB string theory on asymtotically AdS;xS°. In fact, the AdS;xS® supergravity is
also the classical limit of ensemble averaged type IIB string theory. These two dualities

hold simoutaneously as discussed in [6].
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Chapter 5

Relations between the Bosonic and the

Fermionic Theories

In the previous chapter, we presented how gravity emerges from the averaging proce-
dure over the Narain moduli space for an ensemble of free bosonic CFTs using knowledge
of CFT reviewed in chapter 2. Since all particles are either bosons or fermions, it leads to
the following question: does an ensemble of fermionic CFTs give rise to some gravita-
tional theory when it is averaged over some moduli space? Furthermore, what about an
ensemble of supersymmetric CFTs? To investigate the first question, a key step is to deter-
mine the moduli space of fermionic CFTs. Due to the Grassmannian nature of fermions,
termionic CFTs are more complicated to study. One way to circumvent this difficulty is to
exploit an equivalence between bosonic and fermionic theories known as bosonization.
Inspired by the two-dimensional quantum field theory interpretation of a mathematical
identity, the equivalence between free bosonic and fermionic theories was extended to an
interacting fermionic theory by Coleman [10] and Mandelstam [28] in 1975. Besides in
particle physics where applications of bosonization to string theory have been explored,
bosonization has also been studied in parallel in the context of condensed matter physics,
which we will not focus in this thesis.

In this chapter, we will discuss bosonization for complex fermions in the context of
conformal field theory, where the building blocks are the exponential of bosonic fields

known as vertex operators. Then, we will give an introduction to the theory of a massless
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fermionic field with a self-interaction which is called the Thirring model [8], and we will
show how it is related to bosonic theories. In the end of this chapter, we will discuss how
the couplings in ¢ = 1 bosonic CFT and ¢ = 1 fermionic CFT are related to each other [29],

then build a map between bosonic and fermionic moduli spaces.

5.1 Vertex Operators and Bosonization

Before we study bosonization for complex fermions, let us first go back to a free
bosonic CFT and present the concept of vertex operators, which were first introduced
by Fubini and Veneziano [30]. The vertex operator is a primary field of conformal dimen-
sion (h,h) = (a?/2,a2/2) and it is defined as V,,(z,2) =: ¢/*X(*3) . where : --- : denotes
the normal ordering. Such a construction is possible since a bosonic field X (z, Z) has van-
ishing conformal dimensions as we found before. One can easily verify the conformal
dimension of the vertex operator by bringing Eq.(3.11) into the V,,(z,Z) and computing
the commutator [Ly, V,(z,Z)] of the 0-th Laurent mode and the vertex operator, and we
will skip the verification here. Also, by evaluating the commutator [jo, V., (2, Z)] we obtain
that the eigenvalue of j, for the vertex operator is given by «.

For a free boson compactified on a circle of radius R, we require the vertex operator to

satisify V,, =: ei@X :=: ela(X+2rhn) .— |/ c2riakin thyg we have

with m € Z . (5.1)

™| 3

Now consider a special case where a = %1, then the vertex operator V4 (z, Z) becomes

a primary field of conformal dimension (h,h) = (1/2,1/2). Focusing on the chiral part

+iX(2) . and determine the

of the vertex operator, we will write the current as j*(z) =: e
current algebra of j*(z). Recall that for quasi-primary fields, the current algebra is deter-
mined as [j;;, ji;] = 0 and [j;, j,/] = Om4n,o using Eq.(2.48) where C}; can be found by the

three-point function Eq.(2.45) and p;;x(m, n) can be found by Eq.(2.47). Then we combine
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these commutation relations with the current algebra for j(z) = i0X(z), and get

[jmajn] = m5m+n,0 y [Lmajn] = _njm-i-n 5
s ) = Ometn,o 5 s n ) = s 30 ] = 0.

On the other hand, let us consider a system with a complex chiral fermion ¥(z) and

its conjugate WU'(z) where

1 .
W(z) = —= (40(2) + ()
Vf (5.3)
() = 5 (00) ()
with two real chiral fermions ¢(!)(z) and ¢(?(z). Laurent expand V¥(z) and ¥'(z) as we
did for real chiral fermions, we get ¥(z) = 32 W,z "2 and ¥f(z) = 3 Wiz ""2. The

Laurent modes satisify the following relations,

{\Ilra \Ijs} = {\I[;[? \Ijl} =0,

{‘;[]7”7 \Iji} = 5r+s,0 s

(5.4)

and one can verify the above relations using (W P} = gid 0r+s,0, which is a more gen-
eral anti-commutation relation than Eq.(3.35). Since ¥(z) and ¥'(z) are chiral fields of
conformal dimension h = 1/2, we can construct a chiral field of conformal dimension

h = 1 in the following way,

j(z) = =N(TU)(2) = iN(@V9@)(2) . (5.5)

Then when we Laurent expand both sides of the equation we have the following relation

for the Laurent modes,

Jn = IN(DY@), = — S 0 y® (5.6)

keZ+1
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where a detailed calculation can be found in Appendix A.18. Using the above expression

and Eq.(3.40), we find that

k€Z+1

:_ZZ (Ln}b7 nkwk +¢n k[ (2)]>
kezZ+3

S (s N Aty
kezZ+3

> (<_g_n+k>% 7+ (5 bt et
keZ+3

=ni Z 77Z}m-i—n k
keZ+3

- _njm—l—n .

Itimplies that j(z) is a primary field of conformal dimension & = 1 by comparing [L,,, j,] =
—NJm+n to EqQ.(2.43), and therefore we conclude that j(z) is a current. Now we will deter-

mine its current algebra by computing the commutator [j,,, j,] using Eq.(5.6).

o gn] = = Y W50, 98, 0@

T,SEZJr%

=- 3 (w AP @ — ) 42 ¢£i>_sw§2>)

r,sEZ-ﬁ-%

== 2 ( Sl WP + PPyl gl) )

T‘,SEZ"‘%

= > (wl Al 0P + 9L P — PPy, - wwg?wsn@ys)

r,sEZ—i—%

= Y (wﬁilsws_)r{w?),w?’}—w Ol r})

r,sEZ-i—%

= Z ( m+r n ¢(2 wmzl—n 7‘)7

€Lty

(5.8)
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where in * and ** we used {wﬁﬁ), wflj )} = 0;jOm4n,0- For the first term in Eq.(5.8), we find

Z merrwnfr: Z wmﬂ"wnfr‘i_ Z merrwnfr

T€Z+% Tgn—% T‘szr%
= Z ¢m+rwn r Z wn—rd}m—&-r"’_ Z {wm-i-ral/}n—r}
T<”7’ r2n+% r2n+%
; Z wm—&—rwn—'r - Z 7~/)m-|-'r‘¢n T + Z 5m+n0
r<n7% r<— m,, r>n+2
= Z ¢m+rwn r + Z 6m+n0 (59)
T‘f—m-f—* an—&—f
= V1 imet T Y3Upps o U st + Uy 1 Z Stm.0
7"2’)7,-’-*
= wlwnerff + w wn+m77 T w%wnerf% n+mf— 1+ Z §m+n0
r2n+2
= Z 5m+n,0
r2n+%

where in * we replaced r by n — m — r and in x* we used the anti-commutation relation

for fermions. Similarly, the second term in (5.8) is given by

Z wrmernfT = Z 6m+n,0 ) (510)

T,€Z+% r2m+n+%

Combine the above two results, we find that

m—i—n—f
]myjn - Z 5m+n0 Z 5m+n 0 — Z 6m+n 0 — m5m+n0 (511)
an—&—f r2m+n+— r= n+—

Recall that a current satifying the above algebra is a U(1) current as we mentioned
in the discussion of a free boson. In addition, we will determine the U(1) charge of the

complex fermion ¥(z) in the following,

G W) = 3 [l 2, %wg” i) (5.12)

reZ+}
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1
== > ( =it 0] + [—wﬁibw?%wé”])
\/§ rEZ-‘r%
_ % 3 (—w VPO i) o ) P —wf)wﬁi)-rw”)
TEZJr%
1
= = Z ({djm r?dj }w2)+¢m r{w })
\/§ TEZJr%
= % (i5m+s—r,0¢7(~2) + ¢1(71)—r5r+s,0)

=5 (oA i)

- +\I/m+s )

thus ¥(z) has U(1) charge +1. Similarly, the commutation relation [j,,, Uf] = —¥] . tells

m+s
us that the U(1) charge of the conjugate fermion ¥'(z) is -1.
Combine the above results we found, we have the following commutation and anti-

commutation relations,

[]Tm]n] = m5m+n,0 y [Lmajn] = _njern 5
[maﬁk] - _Em-i-k‘ ) []maﬁk] = _ﬁm-i-k; ) (513)
{\Pm»wn} = Om+4n,0 > {\Ijm’ \I/n} - {Wmaﬁn} =0.

by comparing the above relations with Eq.(5.2), we see that the current algebra of a com-
plex fermion and the current algebra of a free boson are the same.
To further prove the equivalence between the theory of two free complex fermions

and the theory of a free boson compactified on a circle of radius R = 1 (or its dual radius

R = 2), let us compare the patition functions for these two theories. Let w = ¢*™* and
define a charged character x(7, z) as
X(1,2) =Try (qL(’?ile(’) : (5.14)

For a free boson compactified on a circle of radius R, the primary fields for this theory

+imX/R

are given by the vertex operators Vim(2) =: e : with the jo charge o = % and the

63



conformal dimension h = % where m € Z. The states in the Hilbert space can be written
as

la, my, ng, ...y = zhzglojﬁlljg . Val(z,2)|0) (5.15)

with n; > 0. Then following similar calculations we did for the free boson on a circle case,

for any «, the 0-th modes L, and j, acting on this state gives

a?
L0|a,n1,n2,...> = (Zk?’%ﬁ‘g) |a,n1,n2,...) s

k>1 (5.16)
Jo la,ny,ma, ..y = ala,ny,ng, ...
Then we bring these results to the character and get
xx(7,2) = L Z q;i?w% . (5.17)
(1) £

Now let us consider the system of a complex chiral fermion ¥(z) and its conjugate
UT(z). Since their Hilbert spaces are independent of each other, we perform the same

calculations as we did in subsection 3.4 for a free fermion, then for the character we get

Yot (7, 2) = xu(r 2xun(2) =% [ | (1 ' qu) (1 " q“%wl) BNCET)
k>0
By the Jacobi triple product identity Eq.(B.1), we see that the following relation holds

when the radius Ry, = 1,

XX (Tv Z) = X, ut (7—7 Z) ) (519)

and the same relation holds for the anti-chiral part, i.e. xx(7,%) = xv vt(7, Z). Therefore,
the partition function Z;,. for a free boson on a circle with radius R = 1 and the partition
function Z; for a free complex fermion on the torus equal, which leads to the conclusion
that these two theories are indeed equivalent.

Therefore, we can express CFTs of complex fermions in term of CFTs of bosons, and
this is called the bosonization of a complex fermion. This special equivalence between a

theory of a boson and a theory of two fermions in CFTs has applications in string theory,
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for example in the covariant lattice approach, which is used to construct fermionic string
theories in maximal dimensions and below [31, 32].

In this section, we discovered the equivalence between a compact free bosonic CFT at
a certain radius R, and a free fermionic CFT through studying their current algebra and
partition functions. In the next section, we will further the exploration in bosonization
and discuss the equivalence between the free bosonic theory to an interacting fermionic

theory, which is known as the Thirring model.

5.2 The Thirring Model and the Free Bosonic Theory

Let us consider the massless Thirring model and discuss how this theory is related
to the free bosonic theory. The Thirring model consists of a massless Dirac fermion with
a current-current (or quartic-self, four-fermion) interaction as defined in the following

Lagrangian,

‘CThirring = 'LE’}/“@H\IJ - gjuj,u )
(5.20)
where j, = Vv,V ,

with g being the Thirring coupling. As we have seen before, ¥ = ¥14? is the Dirac adjoint
of a complex fermion ¥ = <_ ) . The equations of motion for ¥ and ¥ are determined

to be

iy o,V — gy, ¥ =0,

N - (5.21)
10,9y + 97, 09" =0,
respectively. Then we find that the conservation law is given by
D" = 9,5, =0 . (5.22)
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Let X be a scalar field on a circle with radius R, and define its dual field X as
8,X = €, 0"X | (5.23)

then the current can also be written as j,, ~ a,p? since the curl of the gradiant of a scalar
tield vanishes.

Solutions of the equations of motion Eq.(5.21) can be written as the following form

U(z) = \/g  exp {z';)?(x) +z’>\75X(:13)} : (1) : (5.24)

where 11 is the IR regulator mass of the scalar field X. Such a construction comes from
taking two symmetries into consideration, which rotate the individual phases of the left
and right-moving fields. For Dirac fermions, they are given by 1 — ¢t and ¢ — "7,
This is called the chiral symmetry which preserves the numbers of the left or right-moving
fermions. Using the expression Eq.(5.24), we can determine the exact form of the current
Jur which is given by

ju = %GMVaVX . (525)

In addition, since we have the equivalence relation between the free fermion and the
compact free boson at a certain radius, we can easily verify that the kinetic term in the
Lagrangian of the Thirring model and the kinetic term in the Lagrangian of the compact
free boson on a circle are related by a factor of 1/2.

Rewrite the Thirring model Lagrangian in terms of the scalar field X, it becomes

2
LThirring - ;\_ﬂ' 8;LX8#X ) (526)

which is exactly the Lagrangian for a free boson compactified on a circle with radius

R =2\/\/m.
Now let us bring the expression for the fermionic field ¥ stated in Eq.(5.24) into the

equation of motion, through a straightforward calculation we find the following relation,
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A2 T

7 T+g

(5.27)

Replace A by the radius R of the circle of a compact free bosonic theory, the relation

Eq.(5.27) becomes
R 7

4 7w+g’

(5.28)

which tells us how the Thirring coupling g relates to the compact free boson coupling (the
radius R of the circle) in the equivalence between an interacting fermion and a compact
free boson. Also, we see that this relation can be reduced to the equivalence we found in
section 5.1. When the Thirring coupling vanishes, i.e. ¢ = 0, the Thirring model becomes
simply the free Dirac fermion. On the other hand, the radius of the equivalent compact
free boson corresponding to g = 0 is R = 2, which, through the T-duality, is dual to the
R = 1 case (recall that we have chosen o = 2). Therefore, the above relation reduces the
duality we discussed in the previous section.

For more details on the equivalence between the Thirring model and the compact free
boson, please see Coleman’s paper [10] or this book on non-perturbative methods in two-

dimensional quantum field theory [33].

5.3 Relation between the moduli spaces of ¢ = 1 bosonic

and fermionic CFTs

We have seen how a compact free boson is equivalent to the Thrring model through a
relation between their couplings given in Eq.(5.28), in fact some examples of such a dual-
ity between bosonic and fermionic theories have been studied in two dimensions. Such
equivalence emerges through coupling one side of the duality by a dynamical Z, gauge
tield [29]. Note that dynamical Z, gauge fields are different from background Z, gauge
tields, but a background gauge field can be promoted to a dynamical one by being cou-
pled to another background gauge field. Table 5.1 gives a list of the dualities in quantum

tield theory. As we can see in this Table, equivalent theories through the bosonization
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fermionic side of the duality | bosonic side of the duality
Majorana Ising model / Z,
Majorana / Z, Ising model
Dirac (Ising model / Z)*
Dirac / Z, XY-model

Table 5.1: Four sets of dual theories discussed in [29].

technique require either the bosonic theory or the fermionic theory to be coupled to a
dynamical Z, gauge field. In fact, this statement also holds for conformal field theories.
Let us now build a map of couplings for bosonic and fermionic CFTs with central charge
c=1.

The moduli space for ¢ = 1 bosonic CFTs has been discussed in [34]. In Figure 5.1a),
the horizontal axis R, represents the radius of the circle on which a bosonic theory is
compact, and the vertical axis R, is the radius of the bosonic orbifold. Due to the T-
duality R — «'/R with the conventional choice of the Regge slope o = 2, we can omit
the portion of both axes with R, R, € [0,v/2) where R = /2 is known as the self-dual
radius. At the point R, = 2, we have shown in section 5.1 that by bosonization, the theory
is equivalent to a free Dirac fermionic CFT. In addition, the R, axis and the R, axis meet
at a certain point, where the free bosonic theory on a circle is at R. = 21/2 and the orbifold
free bosonic theory is at R, = /2. This equality between the partition function of a free
boson orbifold given in Eq.(3.28) and the partition function of a free boson on a circle
given in Eq.(3.22) holds due to the equivalence between the reflection X — —X and the
half-period translation X — X + 7R at the self-dual radius [35, 36], that is to say that we

have

Zo(Ro = V2) = Zue(Re = 2V2) (5.29)

An extra note we would like to make is that the above intersection point is known as
the Kosterlitz-Thouless point, due to the fact that the partition function at this point corre-
sponds to the Kosterlitz-Thouless point of the XY-model on the torus.

To construct the moduli space for ¢ = 1 fermionic CFTs, let us refine the description
of Coleman’s original bosonization, which relates the Thirring coupling ¢ of the Thirring

model to the radius R of a compact free boson through Eq.(5.28). To keep track of the
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Figure 5.1: The moduli space of a) ¢ = 1 bosonic CFTs, and b) ¢ = 1 fermionic CFTs.

chiral symmetries of the Dirac fermion, couple it to two background fields corresponding
to reflection Z% and charge conjugation Z§ symmetries. Karch, Tong, and Turner [29]
showed that at the self-dual radius R. = /2, i.e. at the green point in Figure 5.1a), the
compact boson is equivalent to a Dirac fermion coupled to a dynamical Z, gauge field
obtained through gauging the background reflection symmetry Z%. Then starting from
this duality, they re-obtained the ungauged free Dirac fermion by coupling a dynamical

Zy gauge field to the bosonic side of the equivalence:
Dirac/Z, <+ compact boson = Dirac <> compact boson/Z, . (5.30)

An essential change as a consequence of gauging the compact free boson is that now there

is a shift in the T-duality by a factor of 2. That is to say,

original T-duality: R — 2 ,

(5.31)
new T-duality: R — — .

|

This change also shifts the self-dual point in the Thirring coupling g as one can check by
replacing 1? with g using Eq.(5.28), we get that

original T-duality: g — ST 9 with self-dual point g = 7,
L+g/m (5.32)
new T-duality: g — — 7 +gg T with self-dual point g = 0.
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Therefore, even though the Thirring coupling ¢ has the range of [—m, c0), the new T-
duality allows us to omit the part where g € (0,00) as shown in Figure 5.1b). The ¢
axis depicts the moduli space of the Thirring model of one Dirac fermion with Thirring
coupling g.

We can also considered an intermediate case where either one of the two Majorana
fermions consisting the Dirac fermion is coupled with a Z, gauge field through gauging
the background charge conjugation symmetry Z$'. In other words, The intermediate case
consists one Majorana fermion and one copy of the Ising model following the second

duality in Table 5.1:
Majorana x Majorana = Majorana x Majorana/Z, <+ Majorana x Ising . (5.33)

The moduli space of the Thirring coupling g; is shown in Figure 5.1b) as the ¢; axis. In
this case, the T-duality is shifted by a factor of 2 as well, thus we only need to consider
where ¢, € [—,0].

In addition, we can couple the two Majorana fermions with two Z, gauge fields. The
subtlety here is that we have two options. One is to gauge the ZZ symmetry for both
Majorana fermions, the other way is to gauge the Z symmetry for one fermion and gauge

the Z§ symmetry for the other fermion:

(Majorana/Z,)* + (Ising)”
Majorana x Majorana = (5.34)
(Majorana x Majorana) /(Z, X Z5) .

For the first way of gauging, at the orbifold radius R, = 2, i.e. at the orange point in Figure
5.1a), the orbifold free boson is dual to two copies of dynamical Z, gauged Majorana
fermions obtained through the first way. The second way of gauging produces a similar
but different dual theory from the Z, gauged compact boson in Eq.(5.30), but its dual
bosonic theory is not exactly the orbifold boson shown in Figure 5.1a) either. In fact, its
dual theory is the compact boson with switched coupling gauge fields Z5 : X — X + 7R
and Z§ : X — —X. At the self-dual radius R, = /2, there is a symmetry S <+ C. For the
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second way of gauging, the moduli space of the Thirring coupling g, is depicted by the
g» axis in Figure 5.1b). This theory still has the original T-duality R — 2/R, therefore the
self-dual point remains at g = 7 and we omit g € (7, 00).

In the previous three paragraphs, we have sketched out the moduli spaces for the
three ¢ = 1 fermionic CFTs, namely the Thirring model, the Majorana x Ising theory, and
the two Majorana gauged by two Z, theory. However, at this stage, even though we have
been referring to Figure 5.1b) in our description of each moduli space, we have not yet
determined whether they intersect. To do so, we simply need to find the couplings at
which these theories share the same partition function. Without going into details, we
will explain the main idea of the calculation. The key of this calculation is to exploit the
above dualities and express the fermionic partition function in terms of the dual bosonic
partition function with a term involving the Arf invairant which captures the effect of Z,

gauge fields on a theory [37, 38]. The results are given in the following,

Z(ManMaj)/(ZQXZQ) (92 = 7T) = ZDirac (g = _7T/2) ) (5 35)

ZMaijaj/Z2 (91 = —7T/2) = Z(ManMaj)/(ZQXZZ)(g = —7T/2) )

which are exactly the results Karch, Tong, and Turner found plus that we applied the
new T-duality to the Dirac theory and the Majorana x Ising theory, which tells us that
g = —n/2is dual to g = 7. The reason why we choose to shift the intersections through
the new T-duality is to draw a map between the moduli spaces of the ¢ = 1 bosonic and
fermionic CFTs, which is given in Figure 5.2.

To conclude this section, we will give a summary of how the ¢ = 1 bosonic and
fermionic moduli spaces are related, which also services as an instruction on how to read
the map shown in the following diagram.

e Grey axes and black axes correspond to bosonic and fermionic moduli spaces, re-

spectively.
e R.and R, labels theories with T-duality R — 2/R, g- labels a theory with T-duality
g ET_/{;’ and g and g, label theories with T-duality g — —ﬁ.

e A portion of each axis is omitted due to T-duality.
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Figure 5.2: A map between the moduli spaces of ¢ = 1 bosonic and fermionic CFTs.

e The Thirring coupling and the radius are related by Eq.(5.28).

e Duality between moduli spaces labelled by g and R, with examples connected by a
dashed line: Dirac/Z, <+ compact boson or Dirac <+ compact boson/Z; .

e Duality between moduli spaces labelled by g, and R, with examples connected by a
dot-dashed line: (Maj x Maj)/(Zy x Zs) <+ compact boson/Z, with Z5 and ZS switched
or (Maj/Zs) x (Maj/Zs) < orbifold boson .

Therefore, using the equivalence between the moduli spaces of ¢ = 1 bosonic and
fermionic CFTs, we see that when ¢ = 1, results we found in the bosonic version hold in
the fermionic case as well. More specifically, when we average the CFTs of two interacting
Majorana fermions over its moduli space, the result diverges like it is in the bosonic case.
This makes sense since the bosonic CFTs of one compact free boson and the fermionic

CFTs of two interacting Majorana fermions are related by bosonization/fermionization.
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Chapter 6

Conclusion

In this thesis, to find a fermionic version of the duality between a gravitational theory
and an ensemble average of ¢ > 1 bosonic CFTs, we reviewed fundamentals in CFT and
the AdS/CFT correpondence. Then we presented how the partition function of Chern-
Simons gravity matches with the averaged partition function of an ensemble of compact
free bosonic CFTs over the Narain moduli space in the case where the target space is a
torus. Then we studied bosonization, and developed a relation between the couplings of
the compact free bosonic CFT and the Thirring couplings of the interacting fermionic CFT.
Using bosonization, we fermionized the moduli space of the ¢ = 1 bosonic CFTs, and built
a map between it and the ¢ = 1 fermionic moduli space. Then we found that, for c = 1
termionic CFTs of two Majorana fermions with a four-fermion interaction, averaging over
the moduli space leads to a divergence in the averaged partition function just like it does
in the bosonic case.

To continue this project, we want to carefully determine the moduli space for ¢ > 1
fermionic CFTs. We can consider an interacting theory with N Majorana fermions with
four-fermion interactions. In QFT, this model is known as the random Thirring model.
To determine which theories in the random Thirring model are conformally invariant, we
set the beta functions of the Thirring couplings to zero and solve for conditions on the
couplings which make the theory a CFT. From there, we can determine the moduli space
of the random Thirring CFTs. This method seems more complicated than applying the

bosonization trick but it is powerful because it applies to arbitrary dimensions, even when
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bosonization cannot be applied (as bosonization has not yet been found in dimensions
other than one or two).

The random Thirring model can be considered a 1 4 1 dimensional generalization
of the Sachdev-Ye-Kitaev (SYK) model, [39, 40] an exactly solvable strongly interacting
system of N Majorana fermions in 0 + 1 dimensions. In the IR, the SYK model exhibits
approximate conformal symmetry, and this nearly conformal feature is similar to the sit-
uation where we consider near extremal black holes which develop a nearly AdS, region.
Also, in the SYK model, the out-of-time-order correlators grow in a way which indicates
chaotic dynamics [40], and it matches with the growth expected in a gravitational theory
at relatively low energies. Thus it is worth to determine how the random Thirring CFTs,
as a generalization of the SYK model, are related to quantum chaos. Therefore, studying
random Thirring CFTs also leads to studies in black hole physics in AdSs;.

Due to similarities between the random Thirring model and the SYK model, we can
apply techniques developed in the SYK context to the random Thirring case. Because
black holes scramble information and back hole physics is naturally related to ideas of
quantum chaos, random matrices, and random CFTs, future explorations of an ensemble
average of the random Thirring CFTs using these techniques will contribute to black hole
physics and quantum information theory.

Moreover, ensemble averaging also appears in condensed matter physics where it is
related to quenched disorder in spin glasses, and some recent explorations indicate that
the SYK model, spin glasses, and holography are closely related [41-44]. This is another
reason why further investigations of the ensemble average of the random Thirring CFTs
will deepen our understanding of the above connection and contribute to quantum grav-
ity and studies of disordered systems in condensed matter physics.

We can also carry out the averaging procedure in two-dimensional rational confor-
mal field theories (RCFTs). Two-dimensional RCFTs and Chern-Simons theory in three
dimensions have a profound relationship, and this connection was in fact one of the first
examples of the AdS/CFT correspondence. An important example of two-dimensional
RCFTs is the Wess—Zumino—Witten (WZW) model. This model is related to bosonization

as well. When applied to non-Abelian theories, the bosonization technique becomes more
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complicated because the symmetry transformations of the fermionic theory are non-local
with respect to the bosonic fields. The work of Polyakov, Wiegmann [45, 46] and Wit-
ten [47] provided remarkable progress on non-Abelian bosonization. They started from
different points of view and arrived at an equivalent bosonic action involving the action
of the principal sigma model with a Wess-Zumino term. In addition, the Chern-Simons
action plays a important role in the generalization of the boson-fermion equivalence to
three-dimensional spacetime. Therefore, continued work on the averaging procedure
in RCFTs will provide further insights into the AdS/CFT correpondence, string theory,
condensed matter theory, and quantum computing as the WZW model has numerous
applications in these fields.

Furthermore, we can return to the original starting point of this project and ask whether
an ensemble of superconformal field theories (SCFTs) gives rise to some theories in grav-
ity /supergravity when it is averaged over some moduli space. Moduli spaces of SCFTs

are more or less well established, and it is a goal for further research.
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Appendix A

Detailed Computations

A.1 Compute the following Jacobi identity using p(n,0) = 0 and p(m,n) = —p(n, m)

0= HLmv Ln]v LO] + HLna Lo]a LM] + HL(L Lm]v Ln]

= [(m = n) Ly n + cp(m, n), Lol + [nLy + cp(n, 0), L]

+ [=mLy, + cp(0,m), L] A1)
= (m —n)(m +n)Lypin + (m —n)ep(m +n,0)
+n(n —m) Ly sy +nep(n,m) —m(m —n) Ly, — mep(m, n)
= (m+n)p(n,m).
0= [[Lon+1, L], L] + [[Ln, L], Loa] + [[L-1, Longa], L]
=[1—=2n)Ly +ep(—n+1,n), L]+ [(n+ 1)L,
Fep(n, —1), L] +[(n = 2) Ly + ep(—1, —n + 1), L]
=2(1—2n)Lo + (n+ 1)(2n — 2)Lo + (n + )ep(n — 1, —(n — 1))
— (n—2)2nLo + (n — 2)cp(—n, n)
= (n+1)ep(n—1,—(n—1)) = (n = 2)ep(n, —n) (A.2)
— pln, =) = (255 ot~ 1,~(n - 1)

- (Zt;) (nﬁ?))p(”_l—(”—?))
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(a4 n(n-1)---4
= n—m—3m—1. 12> 2

= é(n + Dn(n —1)p(2, —2)

_ %(n +n(n—1).

Conventionally, we take p(2, —2) = 1 so the central charge for free bosons is ¢ = 1.

A.2 To determine how a primary field transforms under infinitesimal conformal transfor-

mations f(z) = z + €(2) with e(z) < 1,

h yaz\ b
o2 = (9) (5L) surn e
(14 0.¢(2))"(1 4 0€(2)) " p(z + €(2),Z + €(2)) (A3)
(1 + hO.e(2) + ho=e(Z)) (¢ (2, Z) + €0.6(2, Z) + €0:¢(z,%))
(2,2) + (hOze + 0. + hse + €0: ) 6(, 2)

A.3 To determine conditions on the energy-momentum tensor of a CFT, let us first con-
sider when the conformal symmetry z# — z# + €“(z) has constant ¢*(x), we see that by

using the conservation law and Eq.(2.18), in this case
0= 0", = 0" (Tpe") = (Ty)e" (A4)
which implies that 0#7),,, = 0. Now consider a general transformation ¢ (x), we have
0" jp = (0" T )" + T, (0"€")

_ %Tw(é?“e” +oven)
(A5)

12

= EETWUW@ - €)
1

= E(@-e)TM“ :O

Since the transformation €/ (z) is arbitrary, we conclude that 7,,* = 0.
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A.4 Show that &;T.,, =0

o1, = i(ao + 101)(Too — iT10)
= i(aoToo + 01 Tho + @01 Too — 106 Tho)
= %(60%0 + 01 Tyo — i\ Thy — i06Tp1) (A.6)
i(auTnO — 10,1
—0,

where in the equality * we used Eq.(A.5) and the symmetry property of 7,, = T,,. The
last equality is obtained by the translational invariance Eq.(A.4).

A.5 In section 2.3 we stated the the OPE of the energy-momentum tensor, and we will

verify the claim by computing the following commutation relations:

m+1 n+1
Lo Lol = § 3 § 5 T(2), T(w)] (A7)
dz
w™ ZHR(T(2)T (w
%(0) 27TZ \i(w) 211 ( ( ) ( )>
:% d_wwn-l-lf ﬁzm-‘rl C/2 + 2T(w) + 0wT(’UJ)
c(o) 2mi Clw) 2T (z—w)* (z—w)? z—-w

— ]{ L (ﬁm(m2 — Dw™ 2 4+ 2(m + 1)w™T(w) + wm+lawT(w)>
C(

0) 2mi 12

c 3 d m+n 1 dw m—+n-+1 f dw m—+n—+2

c dw

= E(mg — M)0mino + 2(m + 1) ]{ 5 —w™ T (w)
dw
m+n+2 - m-+n-+1
* ]{( 0) 2ma ( T(w)) (m T 2) fi(o) 2m'w T(w)
¢ 3 dw m~+n+1

=(m—n)Lpn+ S m? - M) Omtn.0 -

12(
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[Lons 6] = f{ A0 ottt 72 )d—z_zm“R(T(z)gb(w))

c(0) 271 w 21

_ j{ dw i j{ A [_ho(w) | Oui(w)
c(o) 27 Clw) 27 (z—w)?  z—w

= D (h(m + Dw™p(w) + wm“(‘BwT(w))

d d
= h(m+1) f %w’”*"*h‘lqb(w) + ]{ 2;‘; w0 (w) (A.8)

=h(m+1) f %wm“‘%_lgb(w)

dw m-4n-h dw m+n+1
+fiz(0) — 0y, ( nt ¢(w)>—(m+n+h)£(o)%w G (w)

:[h<m+1)—(m+n+h)]]{d—“’

wm+n+h—1
271 #

w)
= [(h - 1)m - n]¢m+n .

A.6 To determine an asymptotic out-state, the complex coordinate z = ¢*'**" has the
hermitian conjugate z — 1, where we identify z with the complex conjugate z*, then we
will define the hermitian conjugate of the field ¢(z,%) to be the following and Laurent

expand it,

_ o o7 11
¢'(2,2) =7 "2 2h¢(—,:)
——2h —2h Z zn-}—h n+h¢

n,nez

—n—h 7R
= Z 2"

n,neZ

(A.9)

Compare this expression with Eq.(2.26) we get that (¢, )" = ¢_,, 7, now let w = 1/z and

w = 1/z, then we can write the asymptotic out-state as

(6] = Jim (0¢(2,2) = lim ww* (0] ¢(w,m), (A.10)

w,W—00

for this state to have non-singular at w, W — oo, we require that (0| ¢,z = O foralln < h

and 72 < h. Therefore, we reach the result Eq.(2.50).
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A.7 To determine the Laurent modes of the normal ordered product of two fields x and

¢, we bring Eq. (2.53) into N (x¢)n,

dw N dz ¢(z)x(w)
N qb W= —_ n+hX+h®—1 =2 AR
x?) jg() v f( )

0y 271 Clw) 2T 2 — W

— d_w n+hX+h®—1 ﬁgﬁ(Z')X(’lﬂ) o ﬁX(U))gﬁ(Z) Al
fé(O) 27T2w <ﬁ|>|w| 2m z—w ﬁkw 2m oz —w ) ( . )

d x
= 7{ w'wnri’h +h¢*1(I1 —T,).
(0) 211

We will first compute 7; and Laurent expand fields x and ¢ in the expression

dz 1 ¢
T, — Z—l—h w—k—hx
! »%z>|’w| 2wz —w Z ¢le

klEZ

dz 1 (w)’ —l=h?, —k—hx
f e (f) X g
el>f] 21 2 £

k€7

dz b1 —k—hX
:j% _ZZ’Z I—h®—p L=k h+p¢le (A.12)

2l>lu] 278 025 O

oo
_ —k—hX+p
= E E Ol ho4p0W O1Xk

p=0 k,lcZ

00
_ § : 2 : —k—hX+p
- w ¢7h¢—pXk )

p=0 k€eZ

where we used -2, = =75 = ; 2_,(%)". Then the contour integral on C(0) is computed

in the following,

dw o_ b_
n+h><+h II — § : § : n+h?—k+p—1
f( ) f 277'@ ¢_ ¢_pXk

2m
=0 kezZ

= Z 5k—h¢ —n—p,0 ¢—h¢ —pXk
7=0 (A.13)

[o¢]
= E P—_ho—pXhé4np
p=0

- Z gban—sa

s<—h?¢
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where in the last equality we let s = —h? — p. Similarly, for Z,, we write -1~ = ——L — =

w(z/w—1)
-1 ,(£)?, then we obtain
I, = Z Z e R
p=0 keZ (A.14)
dw |
n-i-hx-i-h<25 1I
i Xn 8¢5 .
?{ ¢ 270 s;ﬁ»

Therefore, we conclude that the Laurent modes N (x¢),, is given by Eq.(2.55).

A.8 Obtain the equation of motion for the action Eq.(3.8) by varying the action S with
respect to the field X, we get

1 3 _ _
xS = 5 / dzdz (a(5X) L 9X +0X - a(5X)>

dzdz (8(5X LIX) — 6X - 90X

2moy
L AOX - 0X) — DOX - 5x) (A.15)
= [z 6x(00x)
T/
set:to O ’

since §X is an arbitrary variation, by setting 6xS = 0, the equation of motion is 90X = 0.

A.9 Compute the following commutator

[Lins 3n] = YIN(G5)ms In
=9 Y Uit Gl +7 D Ukdim—ss Jn]

E>—1 k<—1
S (jmk[jk,jn] ¥ [jmk,jn]jk) Y (jk[jmk,jn] n Uk,jn]jmk)
k>—1 k<—1
=7 Z (kjmk6k+n,0 + (m - k>5mk+n,0jk>
k>—1
k<-1
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=7 Z ((m — K)Om—kyn0dk + k(5k+n,ojmk)

kEZ

= - 2/7njm+n )

where we applied the current algebra as stated in Eq.(3.10) for N =1 [11] and o/ = 2,

Oé/

[jmajn] = 5m5m+n,0 . (A17)
A.10 Recall the commutation relation Eq.(2.17) for the Virasoro algebra with central charge

¢, then take m = 2,n = —2 and use L,, |0) = 0 for n > —2, we get the following
c
(0 L2L—2|0) = (O[[La, L—]|0) = 3 (A.18)
Then we apply Eq.(3.15) to express (0| L, and L_, |0) in terms of modes j,, and we find

1 . . 1 .
(0| Ly = 3 (0] (j2go + 7171) = 5 (0] j11 »
(A.19)

1. .
L_,]0) = 5J-1J-1 10) ,

where we used [j,,, Jn] = %’mémmo [11] with o/ = 2. Now let us rewrite Eq.(A.17) as

C
5= (0| Ly L_2]0)

(0]j151J-17-110)

(Ol71[51, 7-1]7-110) + 1 (0]j1j-1717-110)
(A.20)

(1L, 3-110) + 5 {015 -1110)

Y

1
4
1
4
1 o 1 . 1 L
=1 (0]j1J-110) + 1 (0j1j-1[j1,7-1]10) + 1 (0]j1j-17-1110)
1
2
1
2

where we also used j,, |0) = 0 for n > —1 and (0| j,, for n < 1. Therefore, we conclude that

for a free boson CFT, the central charge ¢ = 1.
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A.11 Compute the eigenvalue of the 0-th Laurent mode of the energy-momentum tensor

acting on a state in the Hilbert space of a free boson CFT. Applying Eq.(A.17) we have

ki 575 = d-kldr, 575+ Uk, 37510k = Jkldk, 375 (A.21)

then we will prove [ji, 7" ] = ngkj"™ by induction. For n;, = 0, it is trivial that [ji, 0] = 0.
Assume that the equality holds for integer n, = m > 0, for which we have the equality

[jk, j™] = mkj™. ', then consider when n; = m + 1, we have

ks 375 1) = 5%l =] + ks 57513
= kg™ +mgTy Gk (A22)
= (m+ 1)kj(m+1) L
Therefore, we have [j_ji, 75| = nikj™. Now let us compute L, acting on a state

|1, ng,ns, . ..) = 37735 .. |, n) in the bosonic CFT Hilbert space,

L. o g
Lo |ni,ng,ms,...) = (5]0]0+Z]k]k).7 177557 Tyn)
k>1
1 - n: n n =1
= SJojoit1 505 [Thn Y+ M (Gokdn)d™ T )
k>1
1 N n n n =N
= %585 Do) + Y ™5™ ke 574 T )
= (A.23)
+Z]n1 n2 nk+1 |F TL)
k>1
:( r2+znkk> Mt |0, n)
k>1
1 2
= §F +ank |1, no,ng,y .. .) .
k>1

where we used j, |I',n) = I'|I', n). Also, following similar computations and replacing jy
by ji, we find that Lo |n1, n,n3, . ..) = (§(T' —=nR)?>+ >, mik) [ny,na,ns, . ..). Now bring

these results back to the expression for the partition function, and remind ourselves that
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the central charge c = 1 for a bosonic CFT, we get

oo o0

Tr(gro—21) = qfi Z Z Z ng,ng, . €T ng g, L) (A.24)

I''n n1=0mn2=0
'S

—rEY Y Y

I''n n1=0mn2=0

(27iT)!

NE

<n1,n2, Ce ’(Lo)l

nl,ng,...>

N
Il
o

oo o0

il
—EYY Y

(27TZT
2
F + E nik nl,ng,...|n1,n2,...>
0 n1=0na=0

=wziimwnw

I''n n1=0mn2=0

e )

:q”“H kZQIFQ
_ %quf",

WE

N
I
o

where n € Z, T is summed over discrete values, and we used - = > 2". n(7) is the

Dedekind n-function as defined in Eq.(3.20). Similarly, the anti-chiral part is given by

T c 1 1 2
TT(GLO_ﬂ) — — q§(r_nR) . (A25)
Ul PZ
Before the final step to reach the partition function, let us remind ourselves that for
two operators A, B acting on different factors of a tensor product, the trace of the product
equals to the product of traces, i.e. Tr(AB) = Tr(A)Tr(B). Therefore, we find the partition

function to be

Zyoo(7,7) = Tr(qho=51)Tr(ghos) = g TRy (A.26)

A.12 We have shown that the partition function of a boson compactified on a circle of ra-
dius R is invariant under the modular 7T-transformation in our discussion, which in turn

determines the value of I'. Now, we would also like to verify that the partition function
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Eq.(3.18) is invariant under the modular S-transformation, using the Poisson resummation
formula
Zex <—7ran2+bn>—iZeX T /{—l—i 2 (A.27)
—~ P - Va P a 270 ' ’
For more details about this formula, please see Appendix B.3.

We will apply this formula twice to the partition function as shown below,

1 1 mil? m’(I‘ —nR)?
Zboc( - ;, —;) 1/ |2 Zexp ( - = ) (AZS)

1 mil? mi(I — nR)?
|\/—_m7( >|zzexp<_ v )pr< = )>

|\/__ZT77( T \/—_W\/ﬁz exp (m'TFQ) F;Rexp ( —miT(I' — nR)z)

Lp2_1(
5 §FnR

C)n
- Zboc(Ta ?) 3
which shows the invariance under S-transformation.

A.13 We will obtain the equation of motion for the action Eq.(3.30) by varying the action
S with respect to the field ¢, we get

1 _ —
- ﬁ / dzdz (&/@p + (o) — (5¢)5¢> (A.29)
— L/ / dzdz 59 *=° 0
T

where we used the anti-commutation property of fermions. Since the variation dv is ar-
bitrary, thus, we find the equation of motion for field v is 9 = 0. Similarly, the equation

of motion for field v is found to be 9y = 0.
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A.14 Compute the following anti-commutation relation for the Laurent modes of a fermionic

tield using the OPE of the product of two fermionic fields,

{wr7¢s} = f 27‘(‘2 % 27TZ )}eréwsfé
ws™ % dz r—% _ ﬁ B T_%
- 27” (]{>|w| QWMZW(M)Z }{Kw 2mi lwhilz)z )

dw o1 dz s -l
S L 7{@) R () (w))2

2 2
i e (A.30)

dw 5_17{ dz o'/2 | 1
—w’ 2 — 272

2m Clw) 2T 2 — W

— _% r+s—1
27?2
e 5T+S 0>

T2

where we choose the Regge slope to be o/ = 2.

A.15 Calculate the following commutator using Eq.(3.35), we have
1 1

where we can compute the commutator [¢),,_ V%, V] and [¢xm—_r, .| using Eq.(A.30)

[V kPks Ur] = Vi kortr — Yrthm 1Pk
- wm—k¢k¢r + Q/Jm—kwrwk - wm—kl/}rwk - wr¢m—k¢k
= wmfk{wlm %»} - {wmflm wr}wk

- 77ZJ777,—k(5k—‘,-7°,0 - ¢k5m—k+r,0 5

(A.32)

and similarly we have [¢y ¥, —k, ¥Vr] = Vkdm—t+r0 — Ym—kOk+r0. Now bring these expres-

sions back into [L,,, ¢,| and we get the following,

[Lm7 1/}7“] =7 Z <k + %) (wm—kék—s—r,o - 77Z)k6m—k+r,0)
k>—3

86



-7 k<z_3 (k + %) <wk(5mfk+r,0 - wm*k(SkJrr,O) (A33)

1 1
:’Y<—7’+§>¢m+r _7(m+r+§)wm+r

_7<_m_2r)wm+r-

A.16 Recall the commutation relation Eq.(2.17) for the Virasoro algebra with central charge

¢, then take m = 2,n = —2 and use L,, |0) = 0 for n > —2, we get the following
(01LoL20) = (0][La, L2][0) = 5 . (A.34)
Then we apply Eq.(3.39) to express (0| L, and L_, |0) in terms of modes 1), and we find

(0] Ly = % (0] (wgw% + 2@0%@0;) = % (0] ({wg,w%} +¢%wg> = % (011

1 (A.35)
L_»0) = 51/)—%1#_% |0)
where we used [¢, 1s] = %/5r+s,0 with o/ = 2. Now let us rewrite Eq.(A.17) as
g = <O|L2L72’O>
= <0|¢%¢g¢_g@/}_%|0>
1
= £ {0l {05 v 410) - FRLETT Y [1)
(A.36)

(Of¢10_1]0) — 0
1
(O1{wy, ¥4 }10) = 7 (Ov_y35,10)

Y

1
4
1
4
1
4
1
4
1
4

1

5- Therefore, we conclude

where we also used ¢, |0) = 0 for » > —3 and (0] ¢, for r <

that for a free fermion CFT, the central charge ¢ = 1.
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A.17 We will compute the expectation value of ¢)(z + €)0v(z) in the following,

(Y(w)0:4(2)) = 0. ((w)¥(2))

=0.( > wtiz wkw»)

kl€Z+1

oo

Z k-1 -1
—= az w 2z 2

k=1

Lz ()]

(A.37)

where we used (Y1) = 0p410 with £ > 0 and 0 otherwise, and let n = k — 1 in the third

line, and - = >~ 2" Then we let w = z + e and get (¢(z + €)9¥(2)) = .

L= (k " %)mwk v (k - %)wm

k>-3 k>3

= —i%@/)—l + i%% + %/)_1%01 + Z kit

k>3
o 1 ) (A.38)
= —{Un} + 5 vt + Z Uit
> 1
= ;kwm -3

For the R sector, the Laurent modes take k£ € Z, we have

(Y (w)0:1(2)) = 8- (Y(w)i(2))
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1 1 N/ 2\"
_ = A.
0 [2\/211} i VZWw ; (w) ] (A.39)
_ 5 1 w+z
A\ 2 zww — 2
—w? 4w+ 2P
C dzyzw(w — 2)?

where we used 1“ =1+2 ", now let w = z + ¢, then we have
1

Z+ €
(h(z + €)0,0(2) 262(,/Z+€ 4/ ) He), (A.40)

then we will bring this result back to (7'(z)) to find the vacuum expectation value.

A.18 Construct a chiral field of conformal dimension h = 1 as j(z) = —N(¥UT)(z) =

N(Myp@)(2), To find an expression for the Laurent mode j, we will first prove the

following relation

N@@p®), == > i + 3 o, (A.41)
k>—1 k<-1
k—m k Z w a Z wk o
k2n+2 k<n+2
=Y e = 3 e, - Z Y Z Py
k>—1 k<—1 k>—1 k>—1
- Z W’k sy k}
k>—1

where the last equality holds since we have Y>__ f(k) = 0 for b < a. Using the above

relation, we can write the Laurent mode j, as
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G = iN(¢(1)¢(2)>n
==i 2l i 30w,

E>-1 k<-1
, , A42
=i 3 =i 3wl A2
k>-1 k<-1
. 1 2
=t Z w?&f)k I(c)'
keZ+1

A.19 Consider the case D = 2, since locally SO(2,2,7Z) = SL(2,Z) x SL(2,Z)/Z, and
SO(2,2,R) = SL(2,R) x SL(2,R)/Z,, then the Narain moduli space is given by

Ms = SO(2,2;: Z)\SO(2,2,R)/SO(2) x SO(2)
— (SL(z,Z) % SL(2,7) /Zg>\(SL(2,]R) x SL(2,R) /ZQ) / U1 xU(1)  (A43)

- (SL(Q,Z)\SL(?,R)/U(l)) X (SL(Q,Z)\SL(Q,R)/U(l)) ,

where SL(2,Z)\SL(2,R)/U(1) = SL(2,Z)\H with H being the upper half plane is isomor-
phic to the moduli space of a genus 1 Riemann surface. Thus the Narain moduli space M,
is two copies of the moduli space of the compact torus, which has finite volume. When D

increases, the volume converges faster.

A.20 Let us show that the function Wp(r) = 75’ / *Fp(r) is an eigenfunction of the upper

half plane Laplacian Ay, with eigenvalue of D/2(D/2 — 1).

AWo(r) = 2( 2+ LN\ By
WYY DAT) = T ort 0t T2 £DAT
5O L0 (D s RO g o
BEEANE orE O\ 2 T2 2 0Ty DAT
D 82 D /D D_o D_q1 (O D 82
= 2 (1) 2 Dr2 2 )a (A.44)
7—2 (7—2 a 12 2 (2 >7-2 + T2 aT2 +7-2 87'22> D(T)
D 19) D (D D
:T22 (AH+DT2_T2)FD(T> 5(5 - 1)7’22 FD(T)
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Appendix B

Theta Functions and Their Properties

B.1 Jacobi Triple Product Identity

We will prove the beautiful Jacobi triple product identity in the following. The Jacobi
triple product identity is given by

1 1 m?2
| | <1 o qr+1) (1 T qr+2w) (1 + qr+2,w1) — E qum ’ (Bl)
r>0 meZ

where |¢| < 1 and w # 0. To prove this identity, we will first derive the Eulers’ formulas

stated below, my derivation is inspired by a derivation in [48]. The Euler’s formulas are

given by
In(n—l)/an
"w) = ith 1
H(l+xw> Z(l—x)...(l—x”) with |z] <1,
neN neN
-1 (_1)nwn (BZ)

" = ith 1 1
g@”w) %(1_@...(1—:@ with f2] <1, Ju] <1,

and then simply let ¢ = z2. Let

fw) =T+ a*w), (B.3)
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then it is easy to see that

N-1 N-2

fw) = (1+w) H(l—l—ka): (1+w) H <1+xk(xw)) -

k=1 k=0

1+w
14+ 2Nw

f(zw), (B.4)

or we can express it as (1 + z¥w) f(w) = (1 + w) f(zw). On the other hand, we can write

f(w) as a power series of w with coefficients given by a function of z,

flw) = Z an(z)w" (B.5)

let a,(xz) = 0 for n < 0, then Eq.(B.4) gives

N N
(1+z wZan (1+w) Zan
n=0 n=0

N N
Z an(T)w" + Z an(z)zNw" T = Z an ()" W™ + Z an(z)z"w" (B.6)
n=0 n=0
N N
Z ( )+ 1(x):cN> w" = (an(x)x" + an,l(:c)x"_l)w” :
n=0 n=0

comparing the coefficient of w", we get the recursion relation

an (1) = (1_$—W>xn—1an_l(x)

1—2am

1 — gN-ntl] _ [ N-n+2 1 — N _— 0
o e ) | R L
_ (1 =Nty (1 - xN>$n(n—1)/2
(1—z)...(1—a)
(1 — M)l gn(n—1)/2
(1 —am)(1L — N’

(B.7)

where ay(z) = 1 by the definition of f(w), and we denote (1 —2")...(1 —z) = (1 — 2™)!l!

for convenience. Therefore, we get

N n(n—l)/2 n

= (1—aM)M
H1+xw Z D ”'1—33N - (B.8)
k=0

n—=
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By taking N — oo then z" — 0 since |z| < 1, we obtain the first formula in Eq.(B.2).
For the second Euler’s identity, we let w = —1 in Eq.(B.8) and multiply both sides by
(=1)N=22[(1 — V)N, then we get

N nn 1)/2( 1>N—n
nz T for N >1. (B.9)
Now let
g(w) =3 1—zym" = > on(wpw",
© - pn(n-1)/2 . © . ’
n=0 n=0

then the product g(w)h(w) can be expressed as

gw)h(w) = fx(@)w™  where fo(z) =1,

N N (B.11)
n(n—l)/Z( 1)N—n
and fy(z) = Zgn(x)thn(tﬁ) = Z = )W = oV =0 for N > 1
n=0 n=0

by Eq.(B.9), then we have g(w)h(w) = 1 and thus h(w) = 1/g(w). We notice that
xn(n—l)/2wn .
h(w) = T - I1 (1 ta w> (B.12)

neN neN

by the first Euler’s identity, therefore, we have

[e.9]

1" -1
> i ot = I (1+00) (B13)

which is exactly the second Euler’s identity in Eq.(B.2).
Now that we have proved the Euler’s identities, we will use them to verify the Jacobi

triple product identity by a simple calculation. To do so, we replace x by 2* and replace
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w by zw, the first Euler’s identity can be written as

n(nfl)xnwn
1 2n+1 ) _ z
[T (1+ et 2(1—x2)...(1—x2n)
neN neN

B Z $n2 nerN(l - m2k+2+2n)

nel [Tjen(1 — 22++2)
-1
X H (1 . x2k+2> an2wn H (1 _ x2k+2+2n)
keN nez keN (B 14)
*x 2k12 -1 9 (_1)m$m(m_1)x(2n+2)m .
= 1 > n?
keN nez meN
- (=1)™(
— 2k+2 n+m
_H<1—:l: > Z(l—x2) 1—:(:2m ZSL’
keN meN
-1
= (1 — $2k+2> H (1 + 22+, ) Zx "
Fen JEN ne”

where in * all terms of the sum with n < 0 are zero, in **x we applied the first Euler’s
identity with z replaced by z* and we let w = 2*"*2, and in the last equality we applied
the second Euler’s identity with 2 — 2% and w — —zw™! and replace n + m by n in the

last sum over n € N. Then we obtain the equality

H (1 . x2k+2> (1 i x2k+1w) (1 2k 71) Zw W (B.15)

keN ne’

which is exactly Eq.(B.1) with ¢ = z?, thus the proof is complete.

B.2 Relation between Theta Functions and the Dedekind

n-function

The Jacobi Theta functions are modular functions defined as the following,

di(r)=—i Y (-1 2T = —in(r)g [] (1 - qk) (1 - q'““) : (B.16)

nEZ—‘,—% k=0
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9s(7) = & = [] (1) (1+4) = %n(f)qu II(i+ qk)Q ., (B.17)
n€Z+1 k=0 k=0
n2 1 o 1\ 2
Is(r) =D g7 =n(r)g > ]| <1 + Qk+§> , (B.18)
nez k=0
Ua(7) = Z(—l)”qé =n(r)g= [ | (1 - q’“+5>2 : (B.19)
nez k=0

where the second equality in each line comes from the Jacobi triple product identity and
the Dedekind n-function is defined in Eq.(3.19). Compute the product of the last three

Theta functions and we get

U20304(73¢) = %US(T) ﬁ (1 + qk>2<1 + qk+é>2<1 - qk+%>2

(1 + q’f)Z) (ﬁ (1 - q2k_1>2> (B.20)

by comparing the second and the last lines we see that ¥,0304(7; ¢) = ¥29304(7; ¢*). Then,
from ¥29304(7;0) = 2n(7) we obtain that ¥,9304(7;q) = 2n3(7) if |q| < 1. Therefore, we
have the following identity,

o(7)93(T)04(7) = 203(7) . (B.21)

B.3 Modular Transformations of Theta Functions

As we have seen, partition functions of CFIs on the torus can be expressed using
theta functions, and to better study their modularity properties, let us now investigate

the behaviour of theta functions under the modular transformations. First of all, let us
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consider the shift 7 — 7 + 1. Recall that ¢ = ¢*™", use Eq.(B.17, B.18, and B.19) and

modular properties of the Dedekind n-function as shown in Eq.(3.19), we have

1 s 1 > s}
Yo(r+1) = 56127] esqiz H <1 4 ik k) =e1vy(7), (B.22)
e’ s > ; ; 2
a(r +1) = efi(r)e B d [T (14 emgtt) = o, (B.23)
k=0
s’ s’ s ; ; 2
W(r+1) = (3577(T)€_ﬁq_ﬁ H (1 — 62Mk+ﬂqk+%> = U3(7) - (B.24)
k=0

Before we study the behaviours of theta functions under the modular transformation
7 — —1/7, we will first introduce the Poisson summation formula, which is a useful tool
in studying modular properties of functions. It relates the sum of a function over a lat-
tice and the sum of its Fourier transformation over Fourier modes. The formula can be

expressed as the following,

Zexp —man® + bn) = \/_Zexp (— —(k—i—%) ) . (B.25)

nez kEZ
Take a = —iT and b = im, we have
e 1\?
Z(—l)” exp (’/TZ"THQ = Z exp < (k + —) ) ) (B.26)
nez ) v —iT keZ 2

then bring the above expression into theta functions and the transformation is straight-

forward to see using Euler’s formula,

< ) Z exp ( min ) = \/—_M'Z(—l)” exp (ﬂi7n2> = V—itd4y(1) . (B.27)

n€Z+ nez

Take a = —iT and b = 0, we have

. k2
%exp (7?27'712) \/__M_ % exp ( i > ; (B.28)
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then we get

193( — 1) = Zexp ( — 7rin2> = \/—_ZTZ exp (7?2'7'712) = /—it04(T) . (B.29)

T T
nez neL

For 94(7), we just need to apply modular transformation to Eq.(B.27) one more time, then

we get

T

These modular transformation properties of theta functions will be handy for computing

194( _ 1) Ly, ( - %) — /Zirds(7) . (B.30)

CFTs partition functions on a torus.
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