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Preface

These lecture notes are based on a graduate course given at the “Ludwig-
Maximilians-Universitit Miinchen” during the winter term 2007/2008 as part of the
“Theoretical and Mathematical Physics” master programme’. Although the main
target group of this course were master students, we decided to prepare these notes
for a more general audience including Ph.D. students and Postdocs.

These lecture notes are intended to give an introduction to conformal field the-
ories in two dimensions with special emphasis on computational issues important
for applications in string theory. We assume the reader to be familiar with Quantum
Mechanics on the level of a graduate course and to have some basic knowledge
of quantum field theory, even though the later is not a necessity. The notions of
conformal field theory will be introduced in due course, however, string theory is
not introduced in a self-contained manner. While familiarity with string theory is
not a prerequisite for understanding these notes, for students intending to appreciate
the presented techniques we highly recommend to study an introductory book on
string theory in parallel.

Miinchen, Germany Ralph Blumenhagen
Erik Plauschinn

1 http://www.theorie.physik.uni-muenchen.de/TMP/
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Chapter 1
Introduction

These lecture notes are mainly concerned with the study of conformal quantum
field theories in two dimensions. Over the last 20 years, the understanding and
mathematical formulation of such theories has developed to a very mature state,
and conformal field theory (CFT) has influenced both mathematics and physics. As
such, it can be considered a prototype example for a constructive interplay between
these two subjects.

Compared to ordinary quantum field theories in four dimensions, conformal field
theories in two dimensions can be defined in a rather abstract way via operator alge-
bras and their representation theory. In fact, there are many examples of CFTs where
the usual description in terms of a Lagrangian action with resulting perturbative
expansion is not even known. Instead, following a so-called boot-strap approach,
one can define these theories without making reference to an action and sometimes
one can even solve them exactly. Such a procedure is possible because the algebra of
infinitesimal conformal transformations in two dimensions is very special: in con-
trast to its higher dimensional counterparts, it is infinite dimensional and therefore
highly constraining.

The main feature of a conformal field theory is the invariance under conformal trans-
formations. Roughly speaking, these are transformations leaving angles invariant
and a particular example is the scaling ¥ — a x of a point X by some constant a.
A field theory exhibiting such a symmetry has no preferred scale and one can only
expect a physical system to have this property, if there are no dimensionful scales
involved.

At first sight, it seems hard to find examples for such systems. However, the field
theory of a free boson encounters a conformal symmetry for the case of vanish-
ing mass. And even for interacting theories it is known that at the fixed point of a
renormalisation group flow, there are only long-range correlations. Therefore, the
natural mass scale at this point, that is, the inverse of the correlation length, van-
ishes and a conformal field theory description might be available. Physical systems
with a conformal symmetry are thus more common than one would have naively
expected.

More concrete examples featuring a conformal symmetry are the following. For
statistical models in two dimensions, the continuum description at a second-order
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2 1 Introduction

phase transition is given by a conformal field theory. The prime example is the
so-called Ising model which is a two-dimensional model of a ferromagnet. It has
been shown to be integrable and to have a critical temperature where a second-order
phase transition occurs.

Another important instance featuring conformal symmetry is string theory, which
is a candidate theory for the unification of all interactions including gravity. Here,
the CFT arises as a two-dimensional field theory living on the world-volume of a
string which moves in some background space—time. The dynamics of this string
is governed by a so-called non-linear sigma model whose condition for conformal
invariance, that is, the vanishing of the B-functional, gives the string equations of
motion. The sigma model perturbation theory is governed by an expansion in £,/ R,
where £ is the natural string length and R a typical length scale of the background
geometry. With the help of CFT techniques, one can solve this theory exactly to all
orders in perturbation theory and one can sum all contributions of so-called world-
sheet instantons. Therefore, conformal field theory is a very powerful tool for string
theory, not only in the perturbative regime £;/R < 1 but also at small length scales
R ~ £ where genuine string effects become important and geometric intuition often
fails.

These lecture notes are based on a 30 x 1.5hours of graduate course for master
students and thus provide only a first introduction into the broad field of conformal
field theory. In particular, the main emphasis of this course was on applications of
CFT techniques to string theory and so we will neither attempt to give an axiomatic
approach to CFTs nor are we giving a complete survey of the many advances in
this field. Instead, we are going to present some topics important for string theory
which are usually not covered in the standard CFT literature. This includes super-
conformal field theories (SCFTs), a very powerful class of exactly solvable string
compactifications known as Gepner models, and boundary conformal field theory
(BCFT), which in string theory appears for the description of so-called D-branes. A
more detailed overview is the following:

e In Chap. 2 of these notes, we study the basic properties of conformal field theories
including the discussion of the conformal group, primary fields, radial quantisa-
tion, the operator product expansion, the operator algebra of chiral quasi-primary
fields and the representation theory of the Virasoro algebra. However, due to our
personal selection of priorities, not all mathematical details are proven in a rigor-
ous way. Instead, we put more emphasis on providing computational techniques
which have been proven to be useful in string theory.

e In Chap. 3, we discuss in more detail symmetries of conformal field theories
which are crucial for their solvability. In particular, we study infinite-dimensional
generalisations of Lie algebras known as Kac-Moody algebras, and we see how
they define concrete examples of CFTs. This involves a presentation of the Sug-
awara and coset constructions. Moreover, we also explain non-linear extensions
of the Virasoro algebra, the so-called WV algebras.
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In Chap. 4, we move forward and study CFTs on the torus where new consistency
conditions arise from the action of the modular group. We present some simple
but important examples such as the free boson, the free fermion, orbifold CFTs
and the parafermionic CFT. We also state the Verlinde formula and discuss the
simple current construction which is important for string theory.

In Chap. 5, we present the generalisations of our previous findings to Supersym-
metric conformal field theories. In particular, N' = 2 SCFTs have important
applications in string theory as they are the underlying structure for compact-
ifications preserving supersymmetry in four space—time dimensions. We will
discuss the spectral flow operator, the chiral ring and the so-called Gepner mod-
els which are exactly known backgrounds in string theory valid beyond the
perturbative level.

In Chap. 6, we finally discuss boundary conformal field theories which in string
theory describe open strings ending on D-branes. We show that these BCFT's can
be defined in an abstract two-dimensional way without referring to the space—
time notion of D-branes, we discuss the computation of partition functions for
BCFTs and we introduce CFTs defined on non-orientable surfaces. With all this
structure available, as the last result of this lecture, we derive the condition that
the orientifold of the bosonic string has gauge group S O(8192) in 26 dimensions.



Chapter 2
Basics in Conformal Field Theory

The approach for studying conformal field theories is somewhat different from the
usual approach for quantum field theories. Because, instead of starting with a clas-
sical action for the fields and quantising them via the canonical quantisation or the
path integral method, one employs the symmetries of the theory. In the spirit of
the so-called boot-strap approach, for CFTs one defines and for certain cases even
solves the theory just by exploiting the consequences of the symmetries. Such a pro-
cedure is possible in two dimensions because the algebra of infinitesimal conformal
transformations in this case is very special: it is infinite dimensional.

In this chapter, we will introduce the basic notions of two-dimensional conformal
field theory from a rather abstract point of view. However, in Sect. 2.9, we will study
in detail three simple examples important for string theory which are given by a
Lagrangian action.

2.1 The Conformal Group

We start by introducing conformal transformations and determining the condition
for conformal invariance. Next, we are going to consider flat space in d > 3 di-
mensions and identify the conformal group. Finally, we study in detail the case
of Euclidean two-dimensional flat space R*" and determine the conformal group
and the algebra of infinitesimal conformal transformations. We also comment on
two-dimensional Minkowski space R"! in the end.

2.1.1 Conformal Invariance

Conformal Transformations

Let us consider a flat space in d dimensions and transformations thereof which lo-
cally preserve the angle between any two lines. Such transformations are illustrated
in Fig. 2.1 and are called conformal transformations.

In more mathematical terms, a conformal transformation is defined as follows.
Let us consider differentiable maps ¢ : U — V, where U C M and V C M’ are

Blumenhagen, R., Plauschinn, E.: Basics in Conformal Field Theory. Lect. Notes Phys. 779, 5-86
(2009)
DOI 10.1007/978-3-642-00450-6_2 (© Springer-Verlag Berlin Heidelberg 2009



6 2 Basics in Conformal Field Theory

Fig. 2.1 Conformal transformation in two dimensions

open subsets. A map ¢ is called a conformal transformation, if the metric tensor
satisfies p*g’ = Ag. Denoting x’ = ¢(x) with x € U, we can express this condition
in the following way:

ax’? ox’°
’ /
gpg(X) dxH dxV

= A(x) g;w(x) ’

where the positive function A(x) is called the scale factor and Einstein’s sum con-
vention is understood. However, in these lecture notes, we focus on M’ = M which
implies g’ = g, and we will always consider flat spaces with a constant metric of
the form 7,, = diag(—1,...,+1,...). In this case, the condition for a conformal
transformation can be written as

ax’? ax’°
. — A Ny |- 2.1)
Mo dxH dxV ) I
Note furthermore, for flat spaces the scale factor A(x) = 1 corresponds to the

Poincaré group consisting of translations and rotations, respectively Lorentz trans-
formations.

Conditions for Conformal Invariance

Let us next study infinitesimal coordinate transformations which up to first order in
a small parameter €(x) < 1 read

X =xP 4 e(x) + OE?) . (2.2)

Noting that €, = n,,,€" as well as that ,,,, is constant, the left-hand side of Eq. (2.1)
for such a transformation is determined to be of the following form:
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ax'’ ax’? de” ) .  0€” )
Noo ——— —— = Npo (5/6 + ax_“ + O(e )) (8,, + ax_‘) + O(e ))

Jdx® odxV

0e? de” »
= Ny + Npo W"‘ﬂpv ('9)6_/‘+O(6 )

) Je,
:nw+(ﬂ+i)+0(ez).

dxVv dxH

The question we want to ask now is, under what conditions is the transformation
(2.2) conformal, i.e. when is Eq. (2.1) satisfied? Introducing the short-hand notation
a)‘?—u = d,, from the last formula we see that, up to first order in €, we have to demand

that
auev + aveu = K(X) Nuv »

where K (x) is some function. This function can be determined by tracing the equa-
tion above with n*¥

n" (fmev + aveu) = Kx)n""
20%¢, =Kx)d .

Using this expression and solving for K (x), we find the following restriction on the
transformation (2.2) to be conformal:

(2.3)

2
0u€y + 0,6, = E (8 . e) N

where we employed the notation d*¢,, = 9 - €. Finally, the scale factor can be read
offas A(x) = 14 2(9 - €) + O(e?).

Some Useful Relations

Let us now derive two useful equations for later purpose. First, we modify Eq. (2.3)
by taking the derivative " and summing over v. We then obtain

3 (aﬂev + aveﬂ) = Z0°(0 €) Ny

9, (0-€)+0eu= =9, (9-€)

[SHR ISR )

with [ = 0*9,,. Furthermore, we take the derivative 9, to find

2 aein(a-e). 2.4)

9,0,(9-€) +Oave, = y
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After interchanging u <> v, adding the resulting expression to Eq. (2.4) and using
Eq. (2.3) we get

29,0, (a.e)+D(§ (9-€) mw> =§auav(a.e),
= (10 O+ @ =2)8,0,) 0 ) =0.

Finally, contracting this equation with n*” gives

d-1DO@ ) =0 |. 2.5)

The second expression we want to use later is obtained by taking derivatives d,
of Eq. (2.3) and permuting indices

2

0,0,€, + 0,0,€, = 7 Nuw 0,(0 - €) ,
2

0,0,€, + 0,056, = E Npp 0v(9 - €),
2

0,0,€, +0,0,€, = E Np 0,,(0 - €) .

Subtracting then the first line from the sum of the last two leads to

20,0,€, = (_nuvap + Mpudy + '7\)/)6#)(8 : 6) . (2.6)

[SHN )

2.1.2 Conformal Groupind > 3

After having obtained the condition for an infinitesimal transformations to be con-
formal, let us now determine the conformal group in the case of dimension d > 3.

Conformal Transformations and Generators

We note that Eq. (2.5) implies that (9-€) is at most linear in x#, i.e. (9-€) = A+ B, x*
with A and B,, constant. Then it follows that €,, is at most quadratic in x” and so we
can make the ansatz:

€p = au +bux” + cpp x"xP (2.7

where a,, by, ¢,y <K 1 are constants and the latter is symmetric in the last two
indices, i.€. ¢, = Cupy- We now study the various terms in Eq. (2.7) separately
because the constraints for conformal invariance have to be independent of the
position x*.
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The constant term a,, in Eq. (2.7) is not constrained by Eq. (2.3). It describes in-
finitesimal translations x"* = x* + a*, for which the generator is the momentum
operator P, = —id,.

In order to study the term of Eq. (2.7) which is linear in x, we insert (2.7) into
the condition (2.3) to find

2
buu + b;w = E (npgbdp)n/w .

From this expression, we see that b, can be split into a symmetric and an anti-
symmetric part

b,u.v =0 Ny +m;w s

where m,, = —m,,. The symmetric term o n,, describes infinitesimal scale
transformations x* = (1 + «)x* with generator D = —ix"d,. The anti-
symmetric part m,,, corresponds to infinitesimal rotations Xt = (8" + m*,) x¥
with generator being the angular momentum operator L, = i(x,d, — Xx,d,).
The term of Eq. (2.7) at quadratic order in x can be studied by inserting Eq. (2.7)
into expression (2.6). We then calculate

8-e=b“M+26prp = 8U(8~e)=26ﬁv,

from which we find that

. 1
Cuvp = Nupbv + Nuvbp — Mupby with b, = p cop -

The resulting transformations are called Special Conformal Transformations
(SCT) and have the following infinitesimal form:

Xt =xt42 (x . b)x" - (x -x) b* . (2.8)

The corresponding generator is written as K, = —i (2x, x"9, — (x - x)d,,).

We have now identified the infinitesimal conformal transformations. However, in or-
der to determine the conformal group, we will need the finite conformal transforma-
tions which are summarised in Table 2.1 together with the corresponding generators.

Focus on Special Conformal Transformations

For the finite Special Conformal Transformation shown in Table 2.1, one can check
that expression (2.8) is its infinitesimal version by expanding the denominator for
small b*. Furthermore, the scale factor for SCTs is computed as

2
A(x) = (1—2(b-x)+(b-b)(x-x)) .
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Table 2.1 Finite conformal transformations and corresponding generators

Transformations Generators
translation X=Xt 4 at P, = —id,
dilation XM = axh D = —ix"d,
rotation X" = M*,x" Ly = i (x.9y —x,0,)
oo XM —(x-x)b" — v _ . o
SCT e T Y ST K, = —i (2x,x"0, — (x - X))

Let us also note that for finite Special Conformal Transformations, we can re-write
the expression in Table 2.1 as follows:

2% w
- e
XX

X

/

X /

- X
From this relation, we see that the SCTs can be understood as an inversion of x*,
followed by a translation b*, and followed again by an inversion. An illustration in
two dimensions is shown in Fig. 2.2.

Finally, we observe that the finite Special Conformal Transformations given in
Table 2.1 are not globally defined. In particular, for a given non-zero vector b*, there
is a point x* = ﬁ b* such that

1-20B-x)+ @B -b)(x-x)=0.

Taking into account also the numerator, one finds that x* is mapped to infinity which
does not belong to R%? or R¥~!!. Therefore, in order to define the finite conformal
transformations globally, one considers the so-called conformal compactifications
of R%? or R?~I:1 where additional points are included such that the conformal

TH —bH xH

,1\ /+1

Fig. 2.2 Illustration of a finite Special Conformal Transformation
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transformations are globally defined. We will not go into further detail here, but
come back to this issue in Sect. 2.1.3.

The Conformal Group and Algebra

Before we identify the conformal group and the conformal algebra for the case of
dimensions d > 3, let us first define these objects and point out a subtle difference.

Definition 1. The conformal group is the group consisting of globally defined,
invertible and finite conformal transformations (or more concretely, conformal dif-
feomorphisms).

Definition 2. The conformal algebra is the Lie algebra corresponding to the con-
formal group.

Note that the algebra consisting of generators of infinitesimal conformal transfor-
mations contains the conformal algebra as a subalgebra, but it is larger in general.
We will encounter an example of this fact in the case of two Euclidean dimensions.

Determining the Conformal Group

Let us finally determine the conformal group for dimensions d > 3. Since the group
is closely related to its algebra, we will concentrate on the later. With the help of
Table 2.1, we can fix the dimension of the algebra by counting the total number
of generators. Keeping in mind that L, is anti-symmetric, we find N = d + 1 +
@ +d= M;‘H”. Guided by this result, we perform the definitions

J pw =L, Joiu = %(PM - Ku) ’
Jio =D, Joop =35(P.+Ky).
One can then verify that J,, , withm,n = —1,0, 1, ..., (d—1) satisfy the following

commutation relations:

[-’mn» Jrs] = i(nms-]nr + nners - 7Imr-]ns - nns-]mr) . (29)

For Euclidean d-dimensional space R0, the metric 1,,, used above is 7, =
diag(—1,1,..., 1) and so we identify Eq. (2.9) as the commutation relations of
the Lie algebra so(d + 1, 1). Similarly, in the case of R¢~!! the metric is 7,,, =
diag(—1, —1, 1, ..., 1) for which Eq. (2.9) are the commutation relations of the Lie
algebra so(d, 2). These two examples are illustrations of the general result that

For the case of dimensions d = p 4+ g > 3, the conformal group of R”-¢
isSO(p+1,q+1).
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2.1.3 Conformal Group ind =2

Let us now study the conformal group for the special case of two dimensions. We
will work with an Euclidean metric in a flat space but address the case of Lorentzian
signature in the end.

Conformal Transformations

The condition (2.3) for invariance under infinitesimal conformal transformations in
two dimensions reads as follows:

dop€yg = +0;1 €1, dp€1 = —0d1 €, (2.10)

which we recognise as the familiar Cauchy—Riemann equations appearing in com-
plex analysis. A complex function whose real and imaginary parts satisfy Eq. (2.10)
is a holomorphic function (in some open set). We then introduce complex variables
in the following way:

(90 —idy) .
(90 +i01) .

7=x04ix", € =€ +iel, 9, =

7=x%—ix!', €=¢"—ie! 07 =

D= =

Since €(z) is holomorphic, so is f(z) = z + €(z) from which we conclude that

A holomorphic function f(z) = z + €(z) gives rise to an infinitesimal
two-dimensional conformal transformation z — f(z).

This implies that the metric tensor transforms under z — f(z) as follows:

9
ds’ =dzdz7 — —f—fdzdz,
9z

. . 2
from which we infer the scale factor as ]%‘ .

The Witt Algebra

As we have observed above, for an infinitesimal conformal transformation in two
dimensions the function €(z) has to be holomorphic in some open set. However, it is
reasonable to assume that €(z) in general is a meromorphic function having isolated
singularities outside this open set. We therefore perform a Laurent expansion of
€(z) around say z = 0. A general infinitesimal conformal transformation can then
be written as
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d=z4e@) =z+ ) (-2,

nez

T =7+eR) =7+ ) a(-7").

where the infinitesimal parameters €, and €, are constant. The generators corre-
sponding to a transformation for a particular n are

l,=—2""9, and I,=-7""9:. 2.11)

It is important to note that since n € Z, the number of independent infinitesimal
conformal transformations is infinite. This observation is special to two dimensions
and we will see that it has far-reaching consequences.

As a next step, let us compute the commutators of the generators (2.11) in order
to determine the corresponding algebra. We calculate

[lm’ ln] — Zerlaz (Zl’lJrlaz) _ Zﬂ+laz (Zm+laz)

— (n + l)zm-k—n-ﬁ-laZ _ (m + l)z””’”“az
m+n+1a
z

—(m—n)z
=(m—n) lm+n s (2.12)

[imy 711] =(m —n) Zern s
[ln. 1] =0.
The first commutation relations define one copy of the so-called Witt algebra, and

because of the other two relations, there is a second copy which commutes with the
first one. We can then summarise our findings as follows:

The algebra of infinitesimal conformal transformations in an Euclidean
two-dimensional space is infinite dimensional.

Note that, since we can identify two independent copies of the Witt algebra gener-
ated by Eq. (2.11), it is customary to treat z and 7z as independent variables which
means that we are effectively considering C? instead of C. We will come back to
this point in Sect. 2.2.

Global Conformal Transformations

Let us now focus on the copy of the Witt algebra generated by {/,} and observe that
on the Euclidean plane R?> ~ C, the generators [, are not everywhere defined. In
particular, there is an ambiguity at z = 0 and it turns out to be necessary not to work
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on C but on the Riemann sphere §? ~ CU{o0o} being the conformal compactification
of R,

But even on the Riemann sphere, not all of the generators (2.11) are well defined.
For z = 0, we find that

I, = —7z"'9,, non-singular at z = O only forn > —1 .
The other ambiguous point is z = oo which is, however, part of the Riemann sphere

§2. To investigate the behaviour of /, there, let us perform the change of variable
z= —% and study w — 0. We then observe that

1 n—1
l, =— (——) dw, non-singular at w = 0 only forn < 41,
w

where we employed that 9, = (—w)?d,,. We therefore arrive at the conclusion that

Globally defined conformal transformations on the Riemann sphere S? =
C U oo are generated by {I_1, ly, [+1}.

The Conformal Group

After having determined the operators generating global conformal transformations,
we will now determine the conformal group.

e Asitis clear from its definition, the operator /_; generates translations z +> z+b.

e For the operator [y, let us recall that /[y = —z d,. Therefore, /; generates trans-
formations z + az with a € C. In order to get a geometric intuition of such
transformations, we perform the change of variables z = re’? to find

i - 1 i

a¢, loz——r8,——8¢.

1
lOZ__rar+ 2 2

2 2

Out of those, we can form the linear combinations
lo+lo=—rd, and  i(lo—1lo) =—0y, (2.13)

and so we see that [y + 1, is the generator for two-dimensional dilations and that
i(ly — Iy) is the generator of rotations.

e Finally, the operator I, corresponds to Special Conformal Transformations
which are translations for the variable w = —%. Indeed, cl,z = —cz? is the
infinitesimal version of the transformations z + =7 which corresponds to
W w—c.

In summary, we have argued that the operators {/_, [y, [} generate transforma-
tions of the form



2.1 The Conformal Group 15

az+b

= 1 d with a,b,c,d eC. (2.14)

For this transformation to be invertible, we have to require that ad — bc is non-
zero. If this is the case, we can scale the constants a, b, ¢, d such that ad — bc =
1. Furthermore, note that the expression above is invariant under (a, b, c,d) +—
(—a, —b, —c, —d). From the conformal transformations (2.14) together with these
restrictions, we can then infer that

The conformal group of the Riemann sphere S? = C U oo is the Mobius
group SL(2, C)/Zs.

Virasoro Algebra

Let us now come back to the Witt algebra of infinitesimal conformal transforma-
tions. As it turns out, this algebra admits a so-called central extension. Without
providing a mathematically rigorous definition, we state that the central extension
g = g ® C of a Lie algebra g by C is characterised by the commutation relations

~ o~ ~

[‘xvy]’g‘:[x7y]g+cp(xvy)v %vyeai
[X.c].=0, X,y€Eg,

[c,c]~= ceC,

L=}

where p : g x g — C is bilinear. Central extensions of algebras are closely re-
lated to projective representations which are common to Quantum Mechanics. In
the following, we are going to allow for such additional structure.

More concretely, let us denote the elements of the central extension of the Witt
algebra by L, with n € Z and write their commutation relations as

[Li. Ly] = (m —n) Lyyn + cp(m, n) . (2.13)

Of course, a similar analysis can be carried out for the generators 1, < L,. The
precise form of p(m, n) is determined in the following way:

e First, from Eq. (2.15) it is clear that p(m, n) = —p(n, m) in order for p(m, n) to
be compatible with the anti-symmetry of the Lie bracket.

e We also observe that one can always arrange for p(1, —1) = 0 and p(n,0) =0
by a redefinition

~ - 1,—1
Ln:Ln+cp(n,O) for  n£0, LO:LOJF%)_
n

Indeed, for the modified generators we see that the p(n, m) vanishes
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[zn,zo] =nL,+cpn0) = nzn ,
[Li,T.1] =2Lo+cp(l,—1) = 2L, .

Next, we compute the following particular Jacobi identity:

0= [[Ln. L] Lo] + [[Ln- Lo]. Lw] + [[Lo. Ln]. La]
0=@m—n)cp(m+n,0)+ncpn,m)—mcp(@m,n)
0=(n+n)pn,m)

from which we infer that in the case n % —m, we have p(n, m) = 0. Therefore,

the only non-vanishing central extensions are p(n, —n) for |n| > 2.
We finally calculate the following Jacobi identity:

0= [[L7n+1» Ln]v L*l] + [[Lna L*l]v LfnJrl] + [[Lflv L7n+1]a Ln]
O=(2n+Depd,-1)+n+1)cpn—1,—n+ 1)+ (n — 2) cp(—n, n)

which leads to a recursion relation of the form

n+1
p(n, —n) = _zp(n—l,—n+1)=___
1 /n+1 1
—§< 3 )—E(n—i—l)n(n—l)

where we have normalised p(2, —2) = % This normalisation is chosen such that
the constant ¢ has a particular value for the standard example of the free boson
which we will study in Sect. 2.9.1.

The central extension of the Witt algebra is called the Virasoro algebra and the
constant c is called the central charge. In summary,

The Virasoro algebra Vir, with central charge ¢ has the commutation
relations

c

TAGROL P (2.16)

Remarks

Without providing a rigorous mathematical definition, we note that above we
have computed the second cohomology group H? of the Witt algebra. It is gen-
erally true that H(g, C) classifies the central extensions of an algebra g modulo
redefinitions of the generators. However, for semi-simple finite dimensional Lie
algebras, one finds that their second cohomology group vanishes and so in this
case there do not exist any central extensions.
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e Since p(m,n) = 0 for m,n = —1,0,+1, it is still true that L_; generates
translations, L, generates dilations and rotations, and that L; generates Spe-
cial Conformal Transformations. Therefore, also {L_;, Lo, L} are generators of
SL(2,C)/Z, transformations. This just reflects the above mentioned fact that the
finite-dimensional Lie algebras do not have any non-trivial central extensions.

e By computing ||L_,|0)||* = (0|LynL_n|0) = 5 (m* — m), one observes that
only for ¢ # 0 there exist non-trivial representations of the Virasoro algebra. We
have not yet provided the necessary techniques to perform this calculation but we
will do so in the rest of this chapter.

e In this section, we have determined the conformal transformations and the
conformal algebra for two-dimensional Euclidean space. However, for a two-
dimensional flat space—time with Lorentzian signature, one can perform a similar
analysis. To do so, one defines light-cone coordinates u = —f+x and v = +¢+x
where ¢ denotes the time direction and x the space direction. In these variables,
we find

ds* = —dt* + dx*> = dudv ,

and conformal transformations are given by u — f(u) and v +— g(v) lead-
ing to ds* = 9, f 0yg du dv. Therefore, the algebra of infinitesimal conformal
transformations is again infinite dimensional.

2.2 Primary Fields

In this section, we will establish some basic definitions for two-dimensional confor-
mal field theories in Euclidean space.

Complexification

Let us start with an Euclidean two-dimensional space R? and perform the natural
identification R*> ~ C by introducing complex variables z = x° + ix! and
7 = x — ix'. From Eq. (2.12), we have seen that we can identify two commuting
copies of the Witt algebra which naturally extend to the Virasoro algebra. Since the
generators of the Witt algebras are expressed in terms of z and Z, it turns out to be
convenient to consider them as two independent complex variables. For the fields ¢
of our theory, this complexification R — C? means

qﬁ(xo,xl) —  ¢(z.2),

where {x°, x'} € R? and {z,Z} € C?. However, note that at some point we have to
identify 7z with the complex conjugate z* of z.
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Definition of Chiral and Primary Fields

Definition 3. Fields only depending on z, i.e. ¢(z), are called chiral fields and fields
¢(2) only depending on 7 are called anti-chiral fields. It is also common to use
the terminology holomorphic and anti-holomorphic in order to distinguish between
chiral and anti-chiral quantities.

Definition 4. If a field ¢(z, 7) transforms under scalings z — \z according to
$(2,2) > ¢'(2.2) =N 2" ¢(hz,22)

it is said to have conformal dimensions (h, h).

Definition 5. If a field transforms under conformal transformations z — f(z) ac-
cording to

= - Af\r(af\" <=
922~ (7)) = (22) (32) 6(f@.7@) . (2.17)
0z 97

it is called a primary field of conformal dimension (h, h). If Eq. (2.17) holds only for
f € SL(2,C)/Z,, i.e. only for global conformal transformations, then ¢ is called a
quasi-primary field.

Note that a primary field is always quasi-primary but the reverse is not true.
Furthermore, not all fields in a CFT are primary or quasi-primary. Those fields are
called secondary fields.

Infinitesimal Conformal Transformations of Primary Fields

Let us now investigate how a primary field ¢(z,z) behaves under infinitesimal
conformal transformations. To do so, we consider the map f(z) = z + €(z) with
€(z) < 1 and compute the following quantities up to first order in €(z):

h
(%) =1+4+haez)+ 0O,

¢z +€(2).7) = () +€(2) 9:0(z, D) + O(€)) .
Using these two expressions in the definition of a primary field (2.17), we obtain
B2 > 32, + (hize + €. + T o€ +€0:)6(2, )

and so the transformation of a primary field under infinitesimal conformal transfor-
mations reads

bt D= (hoetes +hoF+20) 0D | (218)
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2.3 The Energy—Momentum Tensor

Usually, a Field Theory is defined in terms of a Lagrangian action from which one
can derive various objects and properties of the theory. In particular, the energy—
momentum tensor can be deduced from the variation of the action with respect to
the metric and so it encodes the behaviour of the theory under infinitesimal trans-
formations g, — guv + 88,y With8g,, < 1.

Since the algebra of infinitesimal conformal transformations in two dimensions
is infinite dimensional, there are strong constraints on a conformal field theory. In
particular, it turns out to be possible to study such a theory without knowing the
explicit form of the action. The only information needed is the behaviour under
conformal transformations which is encoded in the energy—momentum tensor.

Implication of Conformal Invariance

In order to study the energy—momentum tensor for CFTs, let us recall Noether’s
theorem which states that for every continuous symmetry in a Field Theory, there is
a current j, which is conserved, i.e. 0" j,, = 0. Since we are interested in theories
with a conformal symmetry x* — x* + e"(x), we have a conserved current which
can be written as

Ju=Tue", (2.19)

where the tensor 7),, is symmetric and is called the energy—momentum tensor. Since
this current is preserved, we obtain for the special case €* = const. that

0=0"j, =" (T e") = (3"Tyw) € = T, =0. (2.20)

For more general transformations €*(x), the conservation of the current (2.19) im-
plies the following relation:

0=0"j, = (0"Tu)e" + Tu(0"€")

1 1 1
=045 T (" +0"€") = 5 Tun(9-¢) 7 = 7 T,"(0-€) .

2
d

where we used Eq. (2.3) and the fact that 7}, is symmetric. Since this equation has
to be true for arbitrary infinitesimal transformations €(z), we conclude

In a conformal field theory, the energy—-momentum tensor 7),, is trace-
less, that is, 7,,* = 0.
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Specialising to Two Euclidean Dimensions

Let us now investigate the consequences of a traceless energy—momentum tensor
for two-dimensional CFTs in the case of Euclidean signature. To do so, we again
perform the change of coordinates from the real to the complex ones shown on p. 12.
Using then 7}, = 2 MT,,[,«; forx* = J(z+2) and x' = 2-(z — 2), we find

ax ax’
1 .
T, = Z(TOO —2iTyo—Ti) ,

1 1 u
) Tzz=Tzz=Z(Too+T11)=ZTM =0,
Iz = Z(Too +2i Tio—Ti)

where for T,z we used that ,, = diag(4+1, +1) together with 7,* = 0. Employing
the latter relation also for the left-hand side, we obtain

1 1
T, = E(Too —iTyo) . Iz = E(Too +1i To) - (2.21)

Using finally the condition for translational invariance (2.20), we find
doToo + 01110 =0, doTor + 01111 =0, (2.22)
from which it follows that

1 . . 1 . .
071, = Z(ao +i91)(Too — iTio) = Z(é’oToo +01Tio+id1 Too —idg Tio ) =0,
=-Tn = To

where we used Eq. (2.22) and 7, = 0. Similarly, one can show that 9,73; = 0
which leads us to the conclusion that

The two non-vanishing components of the energy—momentum tensor are
a chiral and an anti-chiral field

T.(z,2) = T(2), T(2,2) = T(2) .

2.4 Radial Quantisation

Motivation and Notation

In the following, we will focus our studies on conformal field theories defined on
Euclidean two-dimensional flat space. Although this choice is arbitrary, for con-
creteness we denote the Euclidean time direction by x° and the Euclidean space
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direction by x'. Furthermore, note that theories with a Lorentzian signature can be
obtained from the Euclidean ones via a Wick rotation x* — ix?.

Next, we compactify the Euclidean space direction x! on a circle of radius R
which we will mostly choose as R = 1. The CFT we obtain in this way is thus de-
fined on a cylinder of infinite length for which we introduce the complex coordinate

w defined as
_ .0 -1 .
w=x +ix , w~w—+ 27,

where we also indicated the periodic identification. Let us emphasise that the theory
on the cylinder is the starting point for our following analysis. This is also natu-
ral from a string theory point of view, since the world-sheet of a closed string in
Euclidean coordinates is a cylinder.

Mapping the Cylinder to the Complex Plane

After having explained our initial theory, we now introduce the concept of radial
quantisation of a two-dimensional Euclidean CFT. To do so, we perform a change
of variables by mapping the cylinder to the complex plane in order to employ the
power of complex analysis. In particular, this mapping is achieved by

z=¢" =e° - ¢F (2.23)

which is a map from an infinite cylinder described by x° and x! to the complex
plane described by z (see Fig. 2.3). The former time translations x° > x° 4 a are
then mapped to complex dilation z > ez and the space translations x' + x!' 4+ b
are mapped to rotations z > ez

As it is known from Quantum Mechanics, the generator of time translations is
the Hamiltonian which in the present case corresponds to the dilation operator.

%
X/

|

|

Fig. 2.3 Mapping the cylinder to the complex plane
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Similarly, the generator for space translations is the momentum operator corre-
sponding to rotations. Recalling Eq. (2.13) together with the observation that the
central extension for Ly and L vanishes, we find that

H=Lo+Lo, P =i(Ly— L) . (2.24)

Asymptotic States

We now consider a field ¢(z, ) with conformal dimensions (%, ) for which we can
perform a Laurent expansion around zop =79 = 0

$@D= Y T (2.25)

n,meZ

where the additional factors of 4 and / in the exponents can be explained by the
map (2.23), but also lead to scaling dimensions (n, m) for ¢, 7. The quantisation of
this field is achieved by promoting the Laurent modes ¢, 7 to operators. This pro-
cedure can be motivated by considering the theory on the cylinder and performing a
Fourier expansion of ¢(x’, x!). As usual, upon quantisation the Fourier modes are
considered to be operators which, after mapping to the complex plane, agree with
the approach above.

Next, we note that via Eq. (2.23) the infinite past on the cylinder x° = —oo is
mapped to z = 7 = 0. This motivates the definition of an asymptotic in-state |¢) to
be of the following form:

[¢) = lim $(z.2)]0). (2.26)

However, in order for Eq. (2.26) to be non-singular at z = 0, that is, to be a well-
defined asymptotic in-state, we require

¢ [0)=0 for n>—h m>—h. (2.27)

Using this restriction together with the mode expansion (2.25), we can simplify
Eqg. (2.26) in the following way:

[¢) = lim ¢(z,2)[0)=¢_, 5 [0) |- (2.28)

Hermitian Conjugation

In order to obtain the hermitian conjugate ¢! of a field ¢, we note that in Euclidean
space there is a non-trivial action on the Euclidean time x° = it upon hermitian
conjugation. Because of the complex conjugation, we find x° > —x° while the
Euclidean space coordinate x' is left invariant. For the complex coordinate 7 =
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exp(x®+ix"), hermitian conjugation thus translates to z — 1/z, where we identified
z with the complex conjugate z* of z. We then define the hermitian conjugate of a
field ¢ as

¢T(Z 7) = 772h —2h ¢<% , l) . (2.29)

Z

Performing a Laurent expansion of the hermitian conjugate field ¢' gives us the
following result:

¢T(Z,Z) — Z—Zh Z—zﬁ Z z+n+h Z+H+E ¢n,ﬁ — Z Z+n_h Z+m—ﬁ ¢)n,ﬁ , (2‘30)

n,mez n,mez

and if we compare this expression with the hermitian conjugate of Eq. (2.25), we
see that for the Laurent modes we find

(b)) = b - (2.31)

Let us finally define a relation similar as Eq. (2.26) for an asymptotic out-states
of a CFT. Naturally, this is achieved by using the hermitian conjugate field which
reads

(¢ = lim (0] ¢'c. 0= _lim ww> (0] pw. ),

where we employed Eq. (2.29) together with 7 = w™! and z = w~'. However, by
the same reasoning as above, in order for the asymptotic ouz-state to be well defined,
we require

(0| ¢pm=0 for n<h, m<h.

Recalling for instance Eq. (2.30), we can then simplify the definition of the out-state
as follows:

(6| = lim w?w* (0] pw. W) = (0] ¢, 1 |- (2.32)

w,w—>00

2.5 The Operator Product Expansion

In this section, we will study in more detail the energy—momentum tensor and
thereby introduce the operator formalism for two-dimensional conformal field the-
ories.
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Conserved Charges

To start, let us recall that since the current j, = T),,€" associated to the conformal
symmetry is preserved, there exists a conserved charge which is expressed in the
following way:

0= /alxl Jo at x¥ = const. . (2.33)

In Field Theory, this conserved charge is the generator of symmetry transformations
for an operator A which can be written as

SA=[0,A],

where the commutator is evaluated at equal times. From the change of coordinates
(2.23), we infer that x = const. corresponds to |z| = const. and so the integral
over space [ dx' in Eq. (2.33) gets transformed into a contour integral. With the
convention that contour integrals ¢ dz are always counter clockwise, the natural
generalisation of the conserved charge (2.33) to complex coordinates reads

0=_L f (dz T(2)e(z) +dz T(3) z(z)) . (2.34)
2mi C

This expression allows us now to determine the infinitesimal transformation of a
field ¢(z, 7) generated by a conserved charge Q. To do so, we compute §¢ = [Q, @]
which, using Eq. (2.34), becomes

1 1 _
See w, W) = — f dz[T(@)e(@), p(w, W)| + =— f dz [T(2)E@), p(w, w)] .
Tl Jc 2mi c
(2.35)

Radial Ordering

Note that there is some ambiguity in Eq. (2.35) because we have to decide whether
w and w are inside or outside the contour C. However, from quantum field theory
we know that correlation functions are only defined as a time ordered product. Con-
sidering the change of coordinates (2.23), in a CFT the time ordering becomes a
radial ordering and thus the product A(z) B(w) does only make sense for |z| > |w|.
To this end, we define the radial ordering of two operators as

A(z) B(w) for |z| > |w]|,
R(A(z)B =
( @) (w)) { B(w) A(z) for |w| > |z] .
With this definition, it is clear that we have to interpret an expression such as
Eq. (2.35) in the following way:
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fdz[A(z), B(w)] :fl | ‘dz A(Z)B(w)—f ‘ ldz B(w) A(z)

- ?g(w) dz R(A(z)B(w)) ,

where we employed the relation among contour integrals shown in Fig. 2.4. With
the help of this observation, we can express Eq. (2.35) as

(2.36)

1
deep(w. W) =5 — 3 )dz €(2) R(T(z)d)(w, w)) +anti-chiral . (2.37)

However, we have already computed this quantity for a primary field at the end
of Sect. 2.2. By comparing with our previous result (2.18), that is,

Seep(w, W) = h(due(w)) p(w, W) + e(w) (9, ¢(w, W)) + anti-chiral ,

we can deduce a relation for the radial ordering of the energy—momentum tensor
and a primary field. In particular, employing the identities

1
( we(w)) d(w, w) = dzh ——— €@

o(w, w) ,
_ 2
1 Clw E((ZZ) w) (2.38)
e(w) (dudp(w, ) = 3 dz dud(w, W) ,
T C(w) Z—
for a bi-holomorphic field ¢(w, w), we obtain that
_ h 1
R (T@ow. M) = e ¢, D)+ —— @, W) ..., (239)
(z—w)

where the ellipsis denote non-singular terms. An expression like (2.39) is called an
operator product expansion (OPE) which defines an algebraic product structure on
the space of quantum fields.

fm fw %W

Fig. 2.4 Sum of contour integrals corresponding to Eq. (2.36)
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To ease our notation, in the following, we will always assume radial ordering for
a product of fields, i.e. we write A(z)B(w) instead of R(A(z)B(w)). Furthermore,
with the help of Eq. (2.39) we can give an alternative definition of a primary field:

Definition 6. A field ¢(z, Z) is called primary with conformal dimensions (h, h), if
the operator product expansion between the energy—momentum tensors and ¢(z, 7)
takes the following form:

1
T(2)p(w, w) = o(w, w) + dwd(w, w) + .

h
_ 2
(@~ w) (2.40)

T@ ¢(w, w) = d(w, w) + z—;w dwp(w, W)+ ... |

_r
(z —w)?

where the ellipsis denote non-singular terms.

Operator Product Expansion of the Energy—-Momentum Tensor

After having defined the operator product expansion, let us now consider the exam-
ple of the energy—momentum tensor. We first state that

The OPE of the chiral energy—momentum tensor with itself reads

/2 2T(w) | auT@w)
z—w)y*  (z—w)? Z—w

T()T(w) = (2.41)

where ¢ denotes the central charge and |z| > |w]|.

A similar result holds for the anti-chiral part T(7), and the OPE T'(z) T (w) contains
only non-singular terms.

Let us now prove the statement (2.41). To do so, we perform a Laurent expansion
of T'(z) in the following way:

1
T(z) = Zz_n_an where L, = 2—7” f dz 7" T(z). (2.42)
nez

If we use this expansion for the conserved charge (2.34) and choose a particular
conformal transformation €(z) = —e,z"*!, we find that

dz
— il T n+l - _ —1 - _ L .
On % ri (2) ( €l €n Z % 27_” €n Ly

Referring to our discussion in Sect. 2.1.3, we can thus identify the Laurent modes
L, of the energy—momentum tensor (2.42) with the generators of infinitesimal con-
formal transformations. As such, they have to satisfy the Virasoro algebra for which
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we calculate

[Ly. L] 7! w"“[nz), T(w)]

f 2mi 2m

:¢ n+1 e m+]R(T(Z)T(U)))
C(0) 277.’1 C(w) 2mi

:¢ lf m+1( c/2 N 2T(w) N awT(w)>
) i ) 270 C-—w} (@-wP z-w

n-H m—2 ¢

_ 1 -1 _

7?;(0) 27i (o on =1y 0 2.3l

F2m+ 1w T(w)+ w’"“awT(w))

:% d_u) (i(m3 _ m) w1
2mi \ 12

+2(m+ D) w" " T(w) + w" awT(w)>

- %(m’ —m) 8w +2(m+1) Ly,

d
+0— yg_w (m +n +2) T(w) w"+
2mi

=(m+n+2) Lm+n

C
=(m —n) Lyyn + E(m3 - m) 8m,—n s

where we performed an integration by parts to evaluate the d,,7 (w) term. Therefore,
we have shown that Eq. (2.41) is the correct form of the OPE between two energy—
momentum tensors.

Conformal Transformations of the Energy-Momentum Tensor

To end this section, we will investigate the behaviour of the energy—momentum
tensor under conformal transformations. In particular, by comparing the OPE (2.41)
with the definition (2.40), we see that for non-vanishing central charges, 7' (z) is not
a primary field. But, one can show that under conformal transformations f(z), the
energy—momentum tensor behaves as

2
T'(z) = <%> T(f(2)+ 1C_2 S(f(2),2). (2.43)

where S(w, z) denotes the Schwarzian derivative
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1 3
Sw.9) = -5 (0:0) (020) = 5 (@)’ )

We will not prove Eq. (2.43) in detail but verify it on the level of infinitesimal
conformal transformations f(z) = z+€(z). In order to do so, we first use Eq. (2.37)
with the OPE of the energy—momentum tensor (2.41) to find

5 T@ = dwew) Tw)TE)
27‘[! C(z)
1 c/2 27() | 8.T()
=5 C(Z)dwe(w) ((w—z)4 w_22 " w_z +)
= = 036(2) + 2T(2) 8:6(2) + €() 9. T(2) - (2.44)

Let us compare this expression with Eq. (2.43). For infinitesimal transformations
f(2) = z + €(2), the leading order contribution to the Schwarzian derivative reads

S(z+e@).z) = m ((l + 0.€) 92 — ; (6?6)2) ~ 9e(z) .

The variation of the energy—momentum tensor can then be computed as
8.T)=T'(zx) —T(2)

(l + aze(z)) (T(z) + €(2) azT(z)> + T d7€(z) — T(2)

= % a;fe(z) +2T(z)0d.€(z) +€(2)0.T(2),

which is the same as in Eq. (2.44). We have thus verified Eq. (2.43) at the level of
infinitesimal conformal transformations.

Remarks

e The calculation on p. 27 shows that the singular part of the OPE of the chiral
energy—momentum tensors 7'(z) is equivalent to the Virasoro algebra for the
modes L,,.

e Performing a computation along the same lines as on p. 27, one finds that for a
chiral primary field ¢(z), the holomorphic part of the OPE (2.40) is equivalent to

[Lmv ¢n] = ((h - l)m —n ) ¢m+n (245)

for all m, n € 7Z. If relations (2.40) and (2.45) hold only form = —1, 0, +1, then
@(2) is called a quasi-primary field.
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e Applying the relation (2.45) to the Virasoro algebra (2.16) for values
m = —1,0,+1, we see that the chiral energy—momentum tensor is a quasi-
primary field of conformal dimension (#, h) = (2,0). In view of Eq. (2.25), this
observation also explains the form of the Laurent expansion (2.42).

e It is worth to note that the Schwarzian derivative S(w, z) vanishes for SL(2, C)
transformations w = f(z) in agreement with the fact that 7'(z) is a quasi-primary
field.

2.6 Operator Algebra of Chiral Quasi-Primary Fields

The objects of interest in quantum field theories are n-point correlation functions
which are usually computed in a perturbative approach via either canonical quan-
tisation or the path integral method. In this section, we will see that the exact two-
and three-point functions for certain fields in a conformal field theory are already
determined by the symmetries. This will allow us to derive a general formula for the
OPE among quasi-primary fields.

2.6.1 Conformal Ward Identity

In quantum field theory, so-called Ward identities are the quantum manifestation of
symmetries. We will now derive such an identity for the conformal symmetry of
two-dimensional CFTs on general grounds. For primary fields ¢;, we calculate

dz
(§ 3re@T@ rwr, ). dCuy. ) (2.46)

2mi

(o0 (S 7@ b ) by, )

(wy) 27T

N
i=1
N

Z<¢1(wl,wl) e (hi de(w;) + E(wi)awi>¢i(wi7 w;). ~-¢N(wNwa)>
i=1

where we have applied the deformation of the contour integrals illustrated in Fig. 2.5

and used Eq. (2.37). Employing then the two relations shown in Eq. (2.38), we can
write

dz _ _
0= y§ TE(Z)I:<T(Z) d1(wy, wy) ... pn(wy, wN)> (2.47)
Tl

N
h; 1 B B
_ ;(Q — w; )2 + P aw,)(¢l(Wl, w)...on(wy, wN)>]

Since this must hold for all €(z) of the form €(z) = —z"*! with n € Z, the integrand
must already vanish and we arrive at the Conformal Ward identity
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g "
@ fdz

fdz
- = e @
$dz
Fig. 2.5 Deformation of contour integrals
(T@ @i, D). puwy, )
1
Z(@ —s w,)<¢l<wl, T (wy, W)
(2.48)

2.6.2 Two- and Three-Point Functions

In this subsection, we will employ the global conformal SL(2, C)/Z, symmetry to
determine the two- and three-point function for chiral quasi-primary fields.

The Two-Point Function

We start with the two-point function of two chiral quasi-primary fields

(61(2) o (w)) = g(z, w) .

The invariance under translations f(z) = z + a generated by L_; requires g to be
of the form g(z, w) = g(z — w). The invariance under L, i.e. rescalings of the form
f(2) = Az, implies that

($1(2) o (w)) = (W11 (2) M2 o (how)) = A1 H2 g (M(z — w)) = gz — w)
from which we conclude

di2

g(z—w)ZW,
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where dj, is called a structure constant. Finally, the invariance of the two-point
function under L; essentially implies the invariance under transformations f(z) =
—% for which we find

1 1 1
<¢1(Z) ¢2(U))> e < % md’l(—z) ¢>2(—

2h1 2h2 1 1 hl+h2
7w 1 L
(=i +3)

w
! din
T (z—w)nth

1

w

)

which can only be satisfied if #; = h,. We therefore arrive at the result that

The SL(2, C)/Z, conformal symmetry fixes the two-point function of
two chiral quasi-primary fields to be of the form

dij 8n;.n;

m . (2.49)

(i) pj(w)) =

As an example, let us consider the energy—-momentum tensor 7'(z). From the
OPE shown in Eq. (2.41) (and using the fact that one-point functions of conformal
fields on the sphere vanish), we find that

c/2

(T Tw))= Gowp -

The Three-Point Function

After having determined the two-point function of two chiral quasi-primary fields
up to a constant, let us now consider the three-point function. From the invariance
under translations, we can infer that

(#1(z1) 2(22) P3(23)) = f (212, 223, 213)

where we introduced z;; = z; — z;. The requirement of invariance under dilation
can be expressed as

(P12 222 B3(z3)) = (M1(hz) A a(hza) A p3(Az3))

= AMFhaths £ 210, Az03, A213)
|
= f(z12, 223, 213)

from which it follows that
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Cis

a b _c
212423213

3

f(z12, 223, 213) =

witha + b + ¢ = h; + hy 4+ h3 and Cjp3 some structure constant. Finally, from the
Special Conformal Transformations, we obtain the condition

b .
1 (z122)" (2223)” (2123)° 1

2hy _2hy 2h a b _c ~— _a b ¢

212 025 212223213 212223213

Solving this expression for a, b, ¢ leads to

a=hy+hy—hs, b=hy+hs—hy, c=hy+h3—hy,

and so we have shown that

The SL(2, C)/Z, conformal symmetry fixes the three-point function of
chiral quasi-primary fields up to a constant to

C
(¢1(Z1)¢2(Z2)¢3(Z3)>: Tt +ha—hs ha+;t2;3—h1 hithi—hy ° (250)
212 L3 0 i3

Remarks

e Using the SL(2, C)/Z, global symmetry, it is possible to map any three points
{z1, 22, z3} on the Riemann sphere to {0, 1, co}.

e The results for the two- and three-point function have been derived using only
the SL(2, C)/Z, ~ SO(3, 1) symmetry. As we have mentioned before, the con-
formal group SO(3, 1) extends to higher dimensions R%? as SO(d + 1, 1). By
analogous reasoning, the two- and three-point functions for CFTs in dimensions
d > 2 then have the same form as for d = 2.

e In order for the two-point function (2.49) to be single-valued on the complex
plane, that is, to be invariant under rotations z +— >z, we see that the conformal
dimension of a chiral quasi-primary field has to be integer or half-integer.

2.6.3 General Form of the OPE for Chiral Quasi-Primary Fields

General Expression for the OPE

The generic form of the two- and three-point functions allows us to extract the gen-
eral form of the OPE between two chiral quasi-primary fields in terms of other
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quasi-primary fields and their derivatives'. To this end we make the ansatz

; 1
i) = 3 Ck Pow), @51

3] n! (Z—w)h‘+hf_h*_"

where the (z—w) part is fixed by the scaling behaviour under dilations z + Az. Note
that we have chosen our ansatz such that a;’j « only depends on the conformal weights
hi, hj, hy of the fields i, j, k (and on n), while C ,k, contains further information about
the fields.

Let us now take w = 1 in Eq. (2.51) and consider it as part of the following
three-point function:

((6@6,0) 60 ) = 3 €L e (0D 100).

Ul oo
n:
1,n>0 (Z

Using then the general formula for the two-point function (2.49), we find for the
correlator on the right-hand side that

dik Sy,
W@@%@ﬂ]=@<ﬁj%)

7=

2hy +n—1
:(—1)"”!( k " )d[k (Sthlk‘

z=1

‘We therefore obtain

n

@wwwme%@%<

1,n>0

dhy4n—1 (—1)"
(Z _ 1)h,’+hj—hk—n : (2'52)

However, we can also use the general expression for the three-point function (2.50)
with values z; = z, zp = 1 and z3 = 0. Combining then Eq. (2.50) with Eq. (2.52),
we find

2hy +n—1 (=1 ! Ciik
1 n = J
Z Cij dik dijk ( n > (z — 1)h,»+h,v7hk7n - (z — 1)h,~+hj7hk Zhithi=h; >

1,n>0

B 2hy +n—1 n n ! Ciik
1.n=0 n (I+@@—-1) !

Finally, we use the following relation with x = z — 1 for the term on the right-hand
side of the last formula:

' The proof that the OPE of two quasi-primary fields involves indeed just other quasi-primary
fields and their derivatives is non-trivial and will not be presented.
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1 = H+n-1
—— =N -1y "
A+ 07 Q ) ( n >x

Comparing coefficients in front of the (z — 1) terms, we can fix the constants Ci’ ;
and a;;, and arrive at the result that

The OPE of two chiral quasi-primary fields has the general form

n
ik 1
Uonl (Z _ w)hi+hj—hk—n

¢ p;w)= Y C

k,n>0

"o(w)  (2.53)

with coefficients

. QhpAn—1N\"(h+hi—h;j4+n—1
Aijk = )

n n

Cijx = C}; diy .

General Expression for the Commutation Relations

The final expression (2.53) gives a general form for the OPE of chiral quasi-primary
fields. However, as we have seen previously, the same information is encoded in
the commutation relations of the Laurent modes of the fields. We will not derive
these commutators but just summarise the result. To do so, we recall the Laurent
expansion of chiral fields ¢;(z)

¢ =) domz ",

where the conformal dimensions /; of a chiral quasi-primary field are always integer
or half-integer. Note that here i is a label for the fields and m € Z orm € Z + %
denotes a particular Laurent mode. After expressing the modes ¢, as contour
integrals over ¢;(z) and performing a tedious evaluation of the commutator, one
arrives at the following compact expression for the algebra:

(2.54)

[Bims D] = ZC,"/ pijk(m, n) @gom+n + dij Sm,—n ( 2 — 1

k

with the polynomials
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. —m+h; —1 —n+h;j—1
pumm = X e () (),

r,s € Zg
I'+S=h,‘+h,'7hk71

Ciik = (=1y’ @h—1)! 2h; —2 a 2h; —2
’*5_(_)(hi+hi+hk—2)zn( i=2=r=n[]@h 2= -

t=0 u=0
(2.55)

Remarks

Note that on the right-hand side of Eq. (2.54), only fields with conformal dimen-
sion hy < h; + hj can appear. This can be seen by studying the coefficients
(2.55).

Furthermore, because the polynomials p;j; depend only on the conformal di-
mensions h;, hj, h; of the fields i, j, k, it is also common to use the conformal
dimensions as subscripts, that is, pp, hih;-

The generic structure of the chiral algebra of quasi-primary fields (2.53) is ex-
tremely helpful for the construction of extended symmetry algebras. We will
consider such so-called V algebras in Sect. 3.7.

Clearly, not all fields in a conformal field theory are quasi-primary and so the
formulas above do not apply for all fields! For instance, the derivatives 9" ¢ (z)
of a quasi-primary field ¢(z) are not quasi-primary.

Applications I: Two-Point Function Revisited

Let us now consider four applications of the results obtained in this section. First,
with the help of Eq. (2.54), we can compute the norm of a state ¢;)—,|0). Assuming

n

> h, we obtain

[ 901-010) IF = (0] -, d-0 [0
= <0| Gayen Pliy—n |0>
= (OI [Diirn Diir—n] \O)
= Cl; phnn, (0, =) (0] 0 [0) + dis (

h; —1
=d;; " .
2h; — 1

2h; — 1

Employing then Eq. (2.28) as well as Eq. (2.32), we see that the norm of a state
|¢) = ¢_1|0) is equal to the structure constant of the two-point function

(@|8)=1(0]dsnd-1n|0) =dypy . (2.56)
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Applications II: Three-Point Function Revisited

Let us also determine the structure constant of the three-point function between
chiral quasi-primary fields. To do so, we write Eq. (2.50) as

hytha—hs hotha—hy it —h
Cioz = 25 7 23T 2T (1 (21) a(22) ¢3(23))

and perform the limits z; — o0, z3 — 0 while keeping z; finite. Using then again
(2.28) as well as (2.32), we find

Sha—hy _haths—hy _hi+hs—h
Cin _zlgréo hino Ziythahs 253 T TR (1 (21) da(22) 3(23))
1 3

= lim lim 2" T B1(21) 9(22) B3(23)

71—>00 730

=2 0] by, $2(22) Gy [0) -

Because the left-hand side of this equation is a constant, the right-hand side can-
not depend on z, and so only the zg term does give a non-trivial contribution. We
therefore conclude that

Ci23 = (0] ptyin P@ms—n, D3, |0) - (2.57)

Applications III: Virasoro Algebra

After studying the two- and three-point function, let us now turn to the Virasoro
algebra and determine the structure constants C;; k and d;; ;. From the general expres-
sion (2.54), we infer the commutation relatlons between the Laurent modes of the
energy—momentum tensor to be of the following form:

m+ 1
[Lms L ] CLL p222(m n) Lm+n +dLL Sm —n ( 3 ) s

where in view of the final result, we identified C 1]i , = O0fork # L. Note also that the
subscripts of p;j; denote the conformal weight of the chiral fields involved. Using

the explicit expression (2.55) for p;j; and recalling from p. 29 that the conformal
dimension of T(z) is h = 2, we find

—m+1 —n+1
=i (et (1)

with coefficients C2* of the form
3! 3!
Clz?ozz(—l)l 47.2:__ and Cg?lzz(_l)o'472:+—'

Putting these results together, we obtain for the Virasoro algebra
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n m3—m

[Lmv Ln] = CiL mT_ Lm+n + dLL (Sm,—n 6

If we compare with Eq. (2.16), we can fix the two unknown constants as

diy = % , cl, =2. (2.58)

Applications IV: Current Algebras

Finally, let us study the so-called current algebras. The definition of a current in a
two-dimensional conformal field theory is the following:

Definition 7. A chiral field j(z) with conformal dimension h = 1 is called a current.
A similar definition holds for the anti-chiral sector.

Let us assume we have a theory with N quasi-primary currents j;(z) where i =
1,..., N. We can express these fields as a Laurent series ji(z) = ), .5 27" jiyn in
the usual way and determine the algebra of the Laurent modes j;y, using Eq. (2.54)

Ljms jgm] = Z Cl{(j P11, 1) Jooman +dij M Sy . (2.59)
k

From Eq. (2.55), we compute py;(m, n) = 1 and so it follows that C{‘]- = —Cfi due
to the anti-symmetry of the commutator.

Next, we perform a rotation among the fields such that the matrix d;; is diag-
onalised, and by a rescaling of the fields we can achieve d;; — k§;; where k is
some constant. Changing then the labels of the fields from subscript to superscript
and denoting the constants Ci"i in the new basis by f/*, we can express the algebra
Eq. (2.59) as '

L i1 =D F7 G +em 87 85 (2.60)
1

where f%/! are called structure constants and k is called the level. As it turns out,
the algebra (2.60) is a generalisation of a Lie algebra called a Kac—Moody algebra
which is infinite dimensional. conformal field theories based on such algebras pro-
vide many examples of abstract CFTs which we will study in much more detail in
Chap. 3.

2.7 Normal Ordered Products

Operations on the field space of a theory are provided by the action of derivatives
d¢;, 9>¢;, ... and by taking products of fields at the same point in space—time. As
known from quantum field theory, since the ¢; are operators, we need to give an
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ordering prescription for such products. This will be normal ordering which in
QFT language means ‘“‘creation operators to the left”.

In this section, we will illustrate that the regular part of an OPE provides a notion
of normal ordering for the product fields.

Normal Ordering Prescription

Let us start by investigating what are the creation and what are the annihilation
operators in a CFT. To do so, we recall Eq. (2.27) which reads

$um |0)=0  for n>—h, m>—h. (2.61)

From here we can see already that we can interpret operators ¢,  withn > —h or
m > —h as annihilation operators.

However, in order to explore this point further, let us recall from Eq. (2.24) that
the Hamiltonian is expressed in terms of Lo and Lo as H = Lo + L, which moti-
vates the notion of “chiral energy” for the L eigenvalue of a state. For the special
case of a chiral primary, let us calculate

Lo ¢n |0) = (Lo ¢u — ¢n Lo) [0) = [Lo. ¢u] |0) = —n ¢, |0) (2.62)

where we employed Eq. (2.45) as well as L |0) = 0. Taking into account (2.61),
we see that the chiral energy is bounded from below, i.e. only values (2 + m) with
m > 0 are allowed. Requiring that creation operators should create states with
positive energy, we conclude that

bn with n>-—h are annihilation operators ,

bn with n<-h are creation operators .

The anti-chiral sector can be included by following the same arguments for Ly.
Coming then back to the subject of this paragraph, the normal ordering prescription
is to put all creation operators to the left.

Normal Ordered Products and OPEs

After having discussed the normal ordering prescription for operators in a conformal
field theory, let us state that

The regular part of an OPE naturally gives rise to normal ordered prod-
ucts (NOPs) which can be written in the following way:

$(2) x(w) = sing. + % N(xd"¢)(w) . (2.63)
n=0 ’
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The notation for normal ordering we will mainly employ is N(x¢), however, it is
also common to use : ¢y :, (@px) or [¢px]o. In the following, we will verify the
statement above for the case n = 0.

Let us first use Eq. (2.63) to obtain an expression for the normal ordered product
of two operators. To do so, we apply sz ¢ dz(z — w)~! to both sides of Eq. (2.63)
which picks out the n = 0 term on the right-hand side leading to

d
N (x ¢)(w) = f Az pQ)xw). (2.64)

C(w) 27Tl Z—Ww

However, we can also perform a Laurent expansion of N(x¢) in the usual way
which gives us

N (x¢)w)=Y w" "M N(xoe),.

nez

N(X¢)n=y§ dv

o WU (r p)(w) (2.65)
C(0) Tl

where we also include the expression for the Laurent modes N(x ¢),. Let us now
employ the relation (2.64) in Eq. (2.65) for which we find

N (x ), Zfé dw wn+h¢+h)(71£ dz ¢@)x(w) (2.66)

) 2mi (w) 2ri z—w

_ 7§ dw wn+w+hx_l< 7{ dz p@xw) _ yg dz. x(w)¢(z)>
i lel>w| 270 2 — W lel<jw] 27T Z—w

7

T,
where we applied the deformation of contour integrals formulated in Eq. (2.36).
Expressing ¢ and x as a Laurent series, the term Z; can be evaluated as

dz 1 [ X
I, = — E 7T st
! f;>w| 2mi Z—w ¢r Xs

r,s

dz 1 P o hx
:f _Z _ (%) Zz—r—h¢w—s—h ¢r s
|

zl>fwl i z p=0 s

dz ] s
LTy
|z|>w] 471

p=0 7.5

Note that we employed F#w = Z(1+w/) as well as the geometric series to go from

the first to the second line and that only the z~! term gives a non-zero contribution.
Thus, performing the integral over dz leads to a §-function setting r = —h? — p and
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so the integral 7, reads

dw
—s—hX+p+n+h®+h*—1
Iz=¢%§ E w™* pmn D_ho—p Xs

p=0 s

for which again only the w~! term contributes and therefore s = p +n + h?. We
then arrive at the final expression for the first term in N(x ¢),

L= ¢ wop Xioinip = Y Bk Xnk -

p>0 k<—h?

For the second term, we perform a similar calculation to find ) ko —nt Xn—k®r>» which
we combine into the final result for the Laurent modes of normal ordered products

N (X ¢)n = Z Xn—k P + Z bk Xn—k |- (2.67)

k>—h¢ k<—h?

Here we see that indeed the ¢ in the first term are annihilation operators at the right
and that the ¢ in the second term are creation operators at the left. Therefore, the
regular part of an OPE contains normal ordered products.

Useful Formulas

For later reference, let us now consider a special case of a normal ordered product.
In particular, let us compute N(xd¢), and N(dx¢), for which we note that the
Laurent expansion of say d¢ can be inferred from ¢ in the following way:

=0 "= (—n—h)yz g, (2.68)

Replacing ¢ — d¢ in Eq. (2.66), using the Laurent expansion (2.68) and performing
the same steps as above, one arrives at the following results:

N(xag),= > (-h*=K)xuste + > (=h*—k)dx Xus -

k>—h?—1 k<—h¢—1
N(ax @), = D (=h*—n+B)xuidc + Y (=h* —n+k) e xux -
k>—h? k<—ho

(2.69)

Normal Ordered Products of Quasi-Primary Fields

Let us also note that normal ordered products of quasi-primary fields are in general
not quasi-primary, but can be projected to such. To illustrate this statement, we
consider the example of the energy—momentum tensor. Recalling the OPE (2.41)
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together with Eq. (2.63), we can write

/2 2T(w) 9T (w)

T()T(w) = FET i sl t— +N(TT)w)+.... (2.70)

However, using the general expression for the OPE of two quasi-primary fields
shown in Eq. (2.53), we observe that there is a 9T term at (z — w)" with coefficient

a3 5\7'(3) _ 3
Cr, % where ary = (2) <2) =10 and Cr,=2.

Q271

But, since the index & in Eq. (2.53) runs over all quasi-primary fields of the theory,
we expect also other terms at order (z — w). If we denote these by A'(T'T'), we find
from Eq. (2.70) that

N(TT)=N(TT)+ % O’T .

One can easily check that 4>T is not a quasi-primary field, and by computing for
instance [L,,, N(T T),] and comparing with Eq. (2.45), one arrives at the same con-
clusion for N(T T). However, we note that

N(TT)=N (TT) - 13—0 *T (2.72)

actually is a quasi-primary normal ordered product. Moreover, it turns out that this
procedure can be iterated which allows one to write the entire field space in terms
of quasi-primary fields and derivatives thereof.

2.8 The CFT Hilbert Space

In this section, we are going summarise some general properties of the Hilbert space
of a conformal field theory.

The Verma Module

Let us consider again the chiral energy—momentum tensor. For the Laurent expan-
sions of T(z) and 9T (z) as well as for the corresponding asymptotic in-states, we
find
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T =Y z"7L, «—  L,]0),
nez

aT(z) = Z(—n -2 z" 3L, s L_510),
nez

where we employed the relation (2.28). The state corresponding to the normal
ordered product of two energy—momentum tensors can be determined as follows.
From the Laurent expansion

N(TT)=) z"*N(TT),,

nez

we see that only the mode with n = —4 gives a well-defined contribution in the
limit z — 0. But from the general expression for the normal ordered product (2.67),
we obtain

N(TT),= Y Lo Li+ ) Li Lok,

k>—2 k<—2
where the first sum vanishes when applied to |0) and the second sum acting on the

vacuum only contributes for n — k < —2. Taking into account that n = —4 from
above, we find

N(TT) ,|0)=L,L,|0) and N(TT) <«— L_,L|0).

Finally, we note that using Eq. (2.69), one can similarly show N (T9T) <> L_3L_,|0).
These examples motivate the following statement:

For each state |®) in the so-called Verma module
{Li, ... Li,|0) - ki <=2},

we can find a field F' € {T, aT, ..., N(.. .)} with the property that
lim; o F(2)0) = |P).

Conformal Family

Let us consider now a general (chiral) primary field ¢(z) of conformal dimension 4.
This field gives rise to the state [¢) = |h) = ¢_,|0) which, due to the definition of
a primary field (2.45), satisfies

Lo |#)=[La 4] [0) = (h 1+ D=n)a[0)=0,  @73)
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for n > 0. Without providing detailed computations, we note that the modes of
the energy—momentum tensor with n < 0 acting on a state |h) correspond to the
following fields:

Field State Level

#(2) é-nl0) = |h) 0

a¢ L_1¢-410) 1

% Ly L_1¢4]0) 2

N(T9) L_»¢_;10) 2 (2.74)
P L_\L_{L_1¢_;0) 3

N(Ta¢) L_oL_i¢_; |0) 3

N(3T¢) L 3¢, 10) 3

The lowest lying state in such a tower of states, that is |4), is called a highest weight
state. From Eq. (2.74), we conclude furthermore that

Each primary field ¢(z) gives rise to an infinite set of descendant fields
by taking derivatives o and taking normal ordered products with 7. The
set of fields

[6(2)] :={¢, op. ¢, ... N(T¢). }

is called a conformal family which is also denoted by {ikl e iku o(2) :

Remarks

e Referring to the table in Eq. (2.74), note that there are P(n) different states at
level n where P(n) is the number of partitions of n. The generating function for
P(n) will be important later and reads

1 o0
Hl_qﬁNZ:OP(N)qN-

n=1

e For unitary theories, we know that the norm of all states has to be non-negative. In
particular, recalling Eq. (2.56), for the structure constant of a two-point function
this implies dgy > 0, where ¢ is a primary field. Let us then consider the norm
of the state L_;|¢) for which we compute
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1 al) I = (@] Lot Lot [6) = (][ Ler. L1116) = (8] 2Lol) = 2 dye.

where we employed Eq. (2.73) as well as the Virasoro algebra (2.16). In order for
this state to have non-negative norm, we see that 27 > 0. Therefore, a necessary
condition for a theory to be unitary is that the conformal weights of all primary
fields are non-negative.

2.9 Simple Examples of CFTs

So far, we have outlined part of the generic structure of conformal field theories
without any reference to a Lagrangian formulation. In particular, we introduced
CFTs via OPEs, respectively, operator algebras which, as we will see later, is ex-
tremely powerful for studying CFTs and in certain cases leads to a complete solution
of the dynamics. However, to make contact with the usual approach to quantum field
theories and because they naturally appear in string theory, let us consider three
simple examples of conformal field theories given in terms of a Lagrangian action.

2.9.1 The Free Boson

Motivation

Let us start with a real massless scalar field X(x°, x') defined on a cylinder given
by x° € R and x! € R subject to the identification x' ~ x! 4 2. The action for
such a theory takes the following form:

1
Szz_/ﬁﬁdﬁJmmw%x%x
i (2.75)

1 2 2
= — [ axax’ ((820%)" + (20 X)%)

where h = det hypg with hyg = diag(+1, 4-1), and « is some normalisation constant.
This is the (Euclideanised) world-sheet action (in conformal gauge) of a string mov-
ing in a flat background with coordinate X. Since in this theory there is no mass term
setting a scale, we expect this action to be conformally invariant.

In order to study the action (2.75) in more detail, as we have seen in Sect. 2.4, it
is convenient to map the cylinder to the complex plane which is achieved by

s= e e (2.76)

Performing this change of variables for the action (2.75) and denoting the new fields
by X(z, 7), we find
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1
S = —/dz dz/\gl g 9. X0, X (2.77)
4K
1
dzdz 9X -0X (2.78)
471

with a, b standing for z and 7. Note that here and in the following we will use the
notation d = 9. and 9 = 9- interchangeably. Furthermore, in going from Eq. (2.77)
to Eq. (2.78), we employed the explicit form of the metric g,, which we obtained

via gup = &5 3’;,, has and which reads
0 L , [0 22
gab=[12“}, g“=[ = .
7 0 2ZZ 0

Basic Properties

In the last paragraph, we have provided a connection between the string theory
naturally defined on a cylinder and the example of the free boson defined on the
complex plane. From a conformal field theory point of view, however, we do not
need this discussion but can simply start from the action (2.78)

1

dzdz 90X -9X |. (2.79)
471

The equation of motion for this action is derived by varying S with respect to X.
We thus calculate

0=25yS
| _ _
= dz dz <88X -0X +0X - B(SX)
4mc
1 _ o _
= — [dzdz (a(ax : ax) —5X 09X + a(ax . 6X> — 39X - sx)
TK

- 2]/< dz dz 8X (aﬁx)

which has to be satisfied for all variations § X. Therefore, we obtain the equation of
motion as

90 X(z,2) =0

from which we conclude that

J(@)=10X(z,2) is a chiral field,
= —w, . o (2.80)
Jj@) =idX(z,2) is an anti-chiral field.
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Next, we are going to determine the conformal properties of the fields in the
action (2.79). In particular, this action is invariant under conformal transformations
if the field X(z, 7) has vanishing conformal dimensions, that is, X'(z,7) = X(w, w).
Let us then compute

1
S — dzdz 0.X'(z,2)-9:X'(z,2)
A
1 o ow _
— —dw—d —8 wX(w, w) - —8 7 X (w, w)
471;( Jw Jw 0z

dw dw 9, X(w, w) - 0z X(w, w)
47[

which indeed shows the invariance of the action (2.79) under conformal transforma-
tions if X (z, 7) has conformal dimensions (%, E) = (0, 0). Moreover, by considering
again the calculation above, we can conclude that the fields (2.80) are primary with
dimensions (h, h) = (1, 0) and (h, h) = (0, 1) respectively. Finally, because we are
considering a free theory, the engineering dimensions of the fields argued for above
is the same as the dimension after quantisation.

Two-Point Function and Laurent Mode Algebra

Let us proceed and determine the propagator K(z,z, w, w) = (X(z,2)X(w, w)) of
the free boson X (z, 7) from the action (2.79). To do so, we note that K(z, z, w, w)
in the present case has to satisfy

0.9: K(z,Z, w, W) = =2k §P(z — w) .

1

Using the representation of the §-function 276® = .7, one can then check that

the following expression is a solution to this equation:
K7 w,w) = (X(z,2) X(w, w)) = —« log |z — w|*, (2.81)

which gives the result for the two-point function of X(z, 7). In particular, by com-
paring with Eq. (2.49), we see again that the free boson itself is not a quasi-primary
field. However, from the propagator above we can deduce the two-point function of
say two chiral fields j(z) by applying derivatives 9, and d,, to Eq. (2.81)

~{0:X(2, D)0, X (w, W) = —k0.0, (~ log (z — w) — log (£~ W) )

(i) jw)= (2.82)

(z—w)?’

and along similar lines we obtain the result in the anti-chiral sector as well as
(j(z) j(w)) = 0. We can then summarise that the normalisation constant of the
two-point functionis d;; = k.
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Let us finally recall our discussion on p. 37 about current algebras and determine
the algebra of the Laurent modes of j(z). Since we only have one such (chiral)
current in our theory, the anti-symmetry of C l"j = —C j?i implies C J/ ; = 0 which
leads us to

[jm’ jn] =Km 8m+n,() . (283)

The Energy-Momentum Tensor

We will now turn to the energy—momentum tensor for the theory of the free boson.
Since we have an action for our theory, we can actually derive this quantity. We
define the energy—momentum tensor for the action (2.77) in the following way:

(2.84)

where we have allowed for a to be determined normalisation constant y and a, b
stand for z and 7 respectively. Performing the variation of the action (2.77) using

1
8Vlgl=—3 Vgl gar 88",

we find the following result:
T =y 0X0X, Tz=T;=0, T =y 0X0X .

However, for a quantum theory we want the expectation value of the energy—
momentum tensor to vanish and so we take the normal ordered expression. Fo-
cussing only on the chiral part, this reads

T(z)=y N(0X0X)(2) =y N(jj) (@) .

The constant y can be fixed via the requirement that j(z) is a primary field of
conformal dimension & = 1 with respect to 7'(z). To do so, we expand the energy—
momentum tensor as 7(z) = ), z7"2L, and find for the Laurent modes

L,=vy N(JJ)n =Y Z Jn—k Jk +¥ Z Jk Jn—k » (2.85)

k>—1 k<—1

where we used the expression for normal ordered products derived in Sect. 2.7.
Recalling the Laurent expansion (2.84) of j(z), we can compute the following com-
mutator:
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[Lms jn] =VY [N(.]])mv .]n]

=7 2 (sl i)+ Lo i)

k>—1

+ 7 3 (lmss du] + Lo dLim-+)
k<—1

=YK (Z jmfk k (Sk,fn + (m - k) (Smfk,fn jk

k>—1

+ Z Je(m —k) 8k —n + k S —p jm7k>
k=1

= 2)//( n le-H'l ’
where we employed Eq. (2.83). If we compare this expression with Eq. (2.45), we
see that for 2y« = 1 this is the commutator of L,, with a primary field of conformal

dimension & = 1. Therefore, we can conclude that the energy—momentum tensor
reads

1
T(2)=3- N(jj)@ . (2.86)

The Central Charge

After having determined the energy—momentum tensor 7'(z) up to a constant, we
can now ask what is the central charge of the free boson conformal field theory. To
determine ¢ we employ the Virasoro algebra to compute

Cc
= 3

(0|L42L—5]0) = (0[[ L2, L_,]|0) (2.87)

where we used that L,,|0) = 0 for n > —2. Next, we recall L, = iN(jj)ﬁ from
which we find

1 1 1
Lo |o)= 5 jorinal0). (0[Lwa = 5 (0] (2o + i ir) = 5= (0] ji -

where we used that <O] J2jo = —(O| jo j» = 0. Employing these expressions in
Eq. (2.87), we obtain
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— (0] ji jr j-1 j-1 ]0)

(00 v gt g g 10) 0] i L i) [0])

l\)lh

“I “I
—_ —_

:Lz (O| Jisd=1] s - 1]|O)+"(0|[11’] 1]|0))

Ta2 T2
where we employed [j;, j_1] = « as well as that j;|0) = 0 for k > —1 and that
(0] jx = 0 for k < 1. We have therefore shown

The conformal field theory of a free boson has central charge ¢ = 1.

Remarks

e Let us make contact with our discussion in Sect. 2.6.3 and compare our results
to Eq. (2.58). First, by recalling equation (2.56) we obtain from Eq. (2.87) that
dy, = % Second, with the help of Eq. (2.57) we can determine C . as follows:

Crir = (0]La Lo L5]0) = (0|2 [Lo, L2][0) = 2(0] L2 L a]0) =2 = ¢

[\

where we also employed Eq. (2.87). Finally, referring to p. 34, we use C l"j =
Ciji (di)~" to find C,fL = 2 which is in agreement with Eq. (2.58). Therefore, as
expected, the Laurent modes of the energy—momentum tensor (2.86) of the free
boson satisfy the Virasoro algebra.

e Note that on p. 16, we have chosen the normalisation of the central extension
p(2, —2) in such a way that we obtain ¢ = 1 for the free boson.

e Usually, one chooses the normalisation constant ¥ to be k = 1 in order to
simplify various expressions such as

1
(j@jw)=—— and T == N(jj)Q. (2.88)

(z — w)?

N =

Centre of Mass Position and Momentum

Let us come back to the chiral and anti-chiral currents from Eq. (2.80) and recall
once more their Laurent expansion

jQ=i0X@ =) jz"". j@=idX@=) j,"",

nez nez

which we can integrate to find
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X(z,2)=x0—i (jolnz—i-folnf) +i Z%(jn ™" +7nz_"> - (2.89)
n#0

If we identify 7 with the complex conjugate z* of z, then the field X is defined on
the complex plane. As such, it has to be invariant under rotations z > >’z which,
referring to Eq. (2.89), implies that

Jo=Jo - (2.90)

However, as we will see in Sect. 4.2.2, for the free boson X(z, 7) compactified on a
circle, this relation will be modified.

Let us furthermore recall from the beginning of this section that the example of
the free boson can be related to string theory. In particular, using the mapping (2.76),
we can express Eq. (2.89) in terms of coordinates x° and x' on the cylinder

X(x% x") = x0 — i (jo + jo) x° + (jo — Jo) x"

+i Z %(]n efn(x°+ix') +7n efn(xofix])> )
n#0

Computing the centre of mass momentum 7 of a string, we obtain

L[> IBX(xO,xl) jo+Jjo .
=0 ] @ oy~ (2.91)

o

where the additional factor of (—i) is due to the fact that we are working with
Euclidean signature. Similarly, the following expression

2
1 0 _ 1 _
T | dx X(x —(),x)—xo

shows that x is the centre of mass coordinate of a string. Performing then the usual
quantisation, not only j, and j, are promoted to operators but also xo. Since xo and
7y are the position, and momentum operator, respectively, we naturally impose the
commutation relation

[x0. m0] =i . (2.92)

Vertex Operator

As we have mentioned earlier, the free boson X(z, 7) is not a conformal field since
its conformal dimensions vanish (&, 1) = (0, 0). However, using X(z,z) we can
define the so-called vertex operators which have non-vanishing conformal weights.
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The vertex operator V(z,7Z) =: ¢**& : is a primary field of confor-
mal dimension (&, i) = "‘72, "‘72) with respect to the energy—momentum
tensors 7(z) = 3N(jj)(z) and T(2) = 1N(j /)@

Here we have used the notation : ... : to denote the normal ordering which is also
common in the literature. In the following, we will verify that this vertex operator
has indeed the conformal dimensions stated above.

To do so, we start by making the expression for the vertex operator more concrete
using Eq. (2.89). Keeping in mind that j, for n» > —1 are annihilation operators, we
can perform the normal ordering to obtain

— . jn — jn — —_—
. = — — ny. 1 n\ . ,
V (Z Z) eXp(lO{X() o E Z ) exp(omo nz o E —Z ) U(Z)

n<—1 n>1

(2.93)

where for convenience we have put all the anti-holomorphic dependence into v(Z).
Next, let us compute the jy eigenvalue of this vertex operator which we can infer
from [jo, V]. Because of [}, j,] = m 8,,,—n, we see that j, commutes with all j,
and so we only need to evaluate

[ . iaxo] i (io{)k [ . k] l(l()l)k k—1 . ( ) ioxg
Jo, € = Jo,Xo| = — Yo = THU@)e
o K== = (k= D!
=k (—z)xo

(2.94)

where we employed Eq. (2.92). We therefore find that [ jy, V] = o V. Recalling then
our definition Eq. (2.28) of an asymptotic state and computing

jole) = lim [jo, Va(z. D] [0) = lim & V(z,D)[0) =« |e),

we see that the jj eigenvalue of the vertex operator (2.93) is «.

Now, we are going to determine the conformal dimension of the vertex opera-
tor (2.93) by computing the commutator [Lg, V]. To do so, let us first recall from
Eq. (2.88) the explicit form of L

1 1 1
oLt 1 o1 -
0 2]0]0+2 ;J k]k+2 k;]]k]k

Next, we note again that only jy has non-trivial commutation relations with xy so
we find for the first factor in Eq. (2.93)

. 1 . . .
[L07 ezwro] _ 5 []0 Jo, ezotxo] — %(10 el¥o y plXo ]0> . (2.95)
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For the terms in Eq. (2.93) involving the modes j, with n # 0, let us define

_Z{/l_"z—n’ J-‘r:_Z]’;l_”Z—n,

n<—1 n>1

for which we calculate using [Lg, j,] = —n ji,
LOv Z Jnzt=z0,J", [Lo,J+]=Z31J+.
n<-—1

Performing then the series expansion of the exponential and employing our findings
from above, we can evaluate

i ‘;‘—T kz(as7) (47)!

0

(0.0 =30 % [0 (7))

o~
Il
=}
~
Il

k

Lza(()) =z,

0

ol

~
Il

and we find a similar result for J*. Observing finally that [L¢, v(z)] = 0, we are
now in the position to calculate the full commutator of Ly and V (z, 7) to determine
the conformal dimension of V(z, 7)

[LOy V(z, Z)] — [LO, eiaxo]eaj’zanoeaJ+v+ eiaxO[L(), eotJ’]Zam)eaJ*v
4 eiotXertJ’ [L07 Zaﬂo]ea‘]*i_’_ eiaxoeal OUTU[ ]
) ozrroeozl =

o . i .
— E(Joeloz)m +elaxojo)eaJ ZanoeaJ U+elax0(za e

+O+eiaxoeozj ang(za e )v

o .o . _
— _(joezomu + etaxojo)eaj Zomoeozj 6_‘_ ZaV(Z,Z)

[\S]

. _ i
_ ezaxoeaJ (Zazzano)e(xl O]

o . . -
— _(joetotxn + etaxojo)eaj Zanoeaj v+ ZaV(Z Z)

2
—a eiowmjo eaj_zam)eaj*'v
Cr. - +_ —
= E[Jo,e’”“]eaj 2™ 5 + 20V (2,7)

Ol2
=3 V(z,2)+2z0V(z,2)

where we used Eqgs. (2.94) and (2.95). Let us then again recall our definition (2.28)
of an asymptotic state in terms of an operator and compute
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2
Lo|a)= Jim [Lo. Va(z.2)] |0) = im (% V(z,2) +z9V(z, Z)) |0)
Ol2 _ Olz
5 lm0 V(z,2) |O> = 5 ‘oz) .

i
z,2—>

The conformal weight of a vertex operator V,(z, 7) therefore is h = %, and a sim-

ilar result is obtained in the anti-chiral sector. This verifies our statement from the
beginning of this paragraph regarding the conformal weights of the vertex operator.
In order to show that V(z, 7) is a primary field, one can compute along similar lines
the commutator [L,,, V(z,Z)] |0) and compare with the definition of a primary field
given in Eq. (2.45).

Next, let us note that the action of a free boson (2.79) is invariant under trans-
formations X(z,z) — X(z,7) + a where a is an arbitrary constant. In order for the
correlator of two vertex operators ( V,, Vg ) to respect this symmetry, we infer from
the definition V,, =:¢/®X : the condition o« + 8 = 0. Recalling then our discussion
in Sect. 2.6.2 and keeping in mind that V,(z, 7) is a primary field, for the two-point
function of two vertex operators we find

1

z—w*E-w*

(V_a(z, D) Vo(w, W) =

Here we have included the result for the anti-holomorphic sector, which can be
obtained in a similar fashion as the holomorphic part. However, we will study non-
holomorphic OPEs in much more detail in Sect. 2.12. Since « + 8 = 0, for the
two-point function of vertex operators with equal j, eigenvalues, we have

(Vig Vi) = (Voo Vo) = 0.

Let us also mention that the current j(z) = idX(z,Z) is conserved and that the
conserved charge is Q = ¢ % Jj(z) = Jjo. We can thus interpret « as the charge of
an vertex operator V,(z, z) and the requirement « + 8 = 0 as charge conservation.

In passing, we note that vertex operators play a very important role in string
theory, where the charge « is interpreted as the space—-time momentum along the
space—time direction X. The condition of charge conservation then corresponds to
momentum conservation in space—time.

Current Algebra

After having verified the conformal dimension of the vertex operator V,, =: e/®X :
to be (h, h) = ("‘72, 0’72), let us now turn to the special case o = ++/2 for which
V. s3(z, 7) has conformal dimension (4, h) = (1, 1). Therefore, following our def-
inition from p. 37, these fields are currents. In order to simplify our discussion in
this paragraph, let us focus only on the holomorphic part of the vertex operator
(including the position operator xo) which we write as
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JE@) =1 etV
and study the current algebra of j*(z) and j(z) = i(0X)(z). On p. 37, we have

given the general form of a current algebra of quasi-primary fields which we recall
for convenience

[j(i)ms j(j)n] = Z Clkj j(k)m+n + dij m 8m,7n s Clkj = _C‘]](l .
k

Let us then determine the normalisation constants of the two-point function d;;. By
the argument that the overall j, charge in a correlation function should vanish, we
see that

djj=d+—=d—+: , dj:lzzdij:o’

where we use subscripts % for j*(z) and employed the usual normalisation. Next,
using Eq. (2.57) as well as relations (2.26) and (2.28), we can compute

Crjm = (0] Jo i~ 0) = lim 0] j" jo V_ 2(2) |0)
= —v2(0| ji j=, |0)
- _\/§d+_ = _\/E 5

and a similar computation leads to C_;; = ++/2. Noting that also for the three-
point function the overall jy charge has to vanish and using the relation C;j; =
C ll ;dik together with the anti-symmetry of C ,k, we can determine the non-vanishing
structure constants to be

Ci.=-Cl,=+v2., C_=-C;=-V2, (. =-C,.

The only unknown constant C i_ can be fixed using the relation C;j; = C f ; dj; from
p- 34 in the following way:

A ) y 1
Cl=Cijd’ =C,d_d=V2-1. 0 =V2.

Combining all these results, we can finally write down the current algebra of j*(z)
and j(z) which reads

[jm’jn] = M min0 [Jrilt’]ni] =0,
(2.96)
[jma Jni] = +2 jr:rll:-kn ) [Jy:’ ]n_] = \/Ejm-'rn + M Smyno -
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However, in order to highlight the underlying structure, let us make the following
definitions:

.1 1 P . 2 1 PN .— .3 .
= — + y = — — s = .
T G+ ST =77 =

The commutation relations for the Laurent modes of the new currents are deter-
mined using the relations in Eq. (2.96). We calculate for instance

1 1
Ui 2] = 57 (<L 14 Ui 1) = 37 (292 ) = +iv2 5
R L ~ s
Lim ] = 5 Line i+ 0] = 5 (V2o = V2a) = #1200
1 1
Line id] = 5 (Ui i 1+ D 1) = 5 0 =mbuino = mbuino.

from which we infer the general expression

L 3] =i V2 € jh, +m 87 8,
k

where €'/* is the totally anti-symmetric tensor. These commutation relations define

the su(2) Kaé-Moody algebra at level k = 1, which is usually denoted as §u(2);.
These algebras are discussed in Chap. 3 in more generality. Furthermore, this current
algebra is related to the theory of the free boson X compactified on a radius R = %

which we will study in Sect. 4.2.2.

Hilbert Space

Let us note that the Hilbert space of the free boson theory contains for instance the
following chiral states:

level 1 : j-1]0),
level 2 : ]:,2 o), ]:,1 J:,l o), o 297
level 3 : Jj-310), Jj—2j-1]0), Je1j-1j-1]0),

where we have used tEat [j=m> j—n] = 0 for m,n > 0. Taking also the anti-chiral

sector as well as [j,, j,] = 0 into account, we can conclude that the Hilbert space
of the free boson theory is

H = {Fock space freely generated by j_,, j_,, forn,m =1} .
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The number of states at each level N is given by the number of partitions P(N) of
N whose generating function we have already encountered at the end of Sect. 2.8.
The generating function for the degeneration of states at each level N in the chiral
sector therefore is

1 o0

za) =[] merie D LLULA (2.98)
N=0

n>1
Combining now the chiral and anti-chiral sectors, we obtain

1

Zeo=Ila—pma—a-

n>1

In Chap. 4, we will identify such expressions with partition functions of conformal
field theories and relate them to modular forms.

2.9.2 The Free Fermion

Motivation

As a second example for a conformal field theory, we will study the action of a
free Majorana fermion in two-dimensional Minkowski space with metric hy,g =
diag(+1, —1)

1 _
S= o dx’dx"\/Ih| (=)W y® 9, ¥, (2.99)
TTK

where « is a normalisation constant. Here, W is defined as ¥ = Piy0 where t
denotes hermitian conjugation and the {y*} are two-by-two matrices satisfying the
Clifford algebra

vevP vty =201,

with 1, the two-by-two unit matrix. There are various representations of y-matrices
satisfying this algebra which are, however, equivalent. We make the following

choice:
o_ (0 1 (0 1
¥=\1 0)" V'=\-10)"

for which the Majorana condition becomes that the components 1/, ¥ of the spinor
W are real. We then perform a Wick rotation x; — ix; under which the partial
derivative transforms as d; — —id;. Effectively, the Wick rotation means choosing
the y-matrices
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o (0 1 L (0 —i
YV =\1 0)" y=\i o)~

and we furthermore note that the Wick rotation introduces an additional factor of i
for Eq. (2.99). We can simplify the action (2.99) by observing

do+10 0 = 0
0 s _ 0(0 1.y _ (90 1 _ z
yyto,=y (y80+y61)—( 0 ao_ial)—Z(O az),

where we have defined z = x° 4+ ix!. As we have seen before, it is convenient
to work with fields depending on complex variables and so we write the Majorana

spinors as
we (V).
V(z,2)

Note that ¥/(z, ) and ¥(z, Z) are still real fields, in particular ¥ = 1 and V=7
Employing then the various arguments above, we can write the action (2.99) after a
Wick rotation in the following way:

1 _ dz 0
— i z
S—m/"“’“'g'“’ (0 az)q'

1 _ _ _
=mfdzdz(1ﬁ31ﬁ+lﬁa¢) (2.100)

where we used that the components of the metric g, obtained from /g via the
change of coordinates z = x0 4+ ix! read

1 Y 0 2
gubz[ (z)}, gbz[z o]' (2.101)

R—- O

Basic Properties

From a conformal field theory point of view, we do not necessarily need the deriva-
tion above but can simply start from the action (2.100)

s=_L dzdz(w§w+waw) . (2.102)

T dmk

The equations of motion for this theory are obtained by varying the action with
respect to the fields ¢ and ¢ which reads
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1 _ _
0=8yS= o [ &z (s0 3w + w3(ov) )
1 _ _
:m/dzz (&p oy +a(yvsy) — (ay) 81#)
_ 1 2, 505
_E/d z8y oy

where we performed a partial integration on the second term and noted that fermionic
fields anti-commute. Since the equation above has to be satisfied for all variations
81, we find for the equations of motion

Y =0y =0, (2.103)

where we also included the result for the variation with respect to 81 obtained along
similar lines. We can then conclude that ¥ = v/ (z) is a chiral field and ¥ = ¥ (2) is
an anti-chiral field.

Next, we will determine the conformal properties of the fields ¥(z) and ¥/ (z). By
performing similar steps as for the example of the free boson, we see that the action
(2.102) is invariant under conformal transformations if the fields ¥ and v are pri-
mary with conformal dimensions (7, 2) = (4, 0), and (h, ) = (0, 1) respectively.
Let us verify this observation by computing

S — L/dzdz(w/(z,z)azw/(z,Z)+E’(z,2)aj’(z,2))
4K

1 oz oz (ow %I//( o P (2 %w( -
=— [ Zaw=aw|(= w, W) — g | — w,w
4k Jw ow daz az "\ oz

P Ly dw (oW i
+(a_z> I/f(w,w)g w <£> Y(w, w)

L (w(w,w) 9w Y (w, W) + F(w, W) 9y ¥ (w, w))
4k

which shows that the action is indeed invariant under conformal transformations if
¥ and ¥ are primary fields of conformal dimension % Furthermore, because we are
studying a free theory, the engineering dimension % agrees with the dimension in
the quantum theory.

Finally, let us note that due to the fermionic nature of fields in our theory, there
are two different possibilities for their behaviour under rotations by 2. In particular,
focussing on the chiral sector, on the complex plane we have

(€™ 7) = +¥(2) Neveu-Schwarz sector (NS),
v v (2.104)

V(e z) = —¥(2) Ramond sector (R).
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Radial Ordering and Laurent Expansion

Let us recall that our theory of the free fermion is defined on the complex plane
with coordinate z = x° 4+ ix!, where x° and x! are coordinates of R2. However, we
have seen in Sect. 2.4 and explicitly for the example of the free boson, the quantum
theory is usually defined on a cylinder of infinite length. Without providing a de-
tailed derivation, let us just assume we started on a cylinder and have performed the
mapping to the complex plane giving us our present theory.

This allows us in particular to introduce the concept of radial ordering also for
the fermions. Taking into account the fermionic nature of the fields, we define

| +Y@)06w) for |z| > |w|,
R(‘I’(z)@(w)) '_ {—@(w) W(z) for |w|> |z|. (2.105)

Next, keeping in mind the conformal weight % of our fields, we can perform a Lau-
rent expansion of ¥(z) in the usual way

Y@= Y, (2.106)

and similarly for the anti-chiral field. However, due to the two possibilities shown
in Eq. (2.104), the values for r differ between the Neveu—Schwarz and Ramond
sectors. It is easy to see that the following choice is consistent with Eq. (2.104):

rez+ % Neveu—Schwarz sector (NS),

r ez Ramond sector (R).

OPE and Laurent Mode Algebra

Recalling our discussion on p. 34 together with the observation that 1(z) is a pri-
mary field of conformal dimension 1 we can determine the following OPE:

Y(2) y(w) = LI , (2.107)
Z—w

where the ellipsis denote non-singular terms. The normalisation constant of the
two-point function « is the same as in the action (2.102) which can be verified by
computing the propagator of Eq. (2.102). Note furthermore that this OPE respects
the fermionic property of ¥ since interchanging z <> w leads to a minus sign on the
right-hand side which is obtained on the left-hand side by interchanging fermions.
This fact also explains why there is no single fermion 1(z) on the right-hand side
because (z — w)’% ¥ (z) would not respect the fermionic nature of the OPE.

Let us now determine the algebra of the Laurent modes of 1/(z). To do so, we
recall that the modes in Eq. (2.106) can be expressed in the following way:
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dz _1
w,=f—.w<z>z’ 3
2mi

Because the fields under consideration are fermions, we are going to evaluate
anti-commutators between the modes ¥, and not commutators. Knowing the OPE
(2.107), keeping in mind the radial ordering (2.105) and the deformation of contour
integrals illustrated in Fig. 2.4, we calculate

{¥r, ¥} 7§ % 5 [@), yw)} 272 w2
T

=Q —w'" 2<?|§ —W(Z)w(w)z’ :

2mi z|>|w| 2mi

d 1
—¢ —5—wmwwzz>

zl<|w| 2mi

_ dw S_%f d R( )
=P v C(w)z— Y (¥ (w)

—w
dw _
=K : wr+s 1
2mi

=K 8450 - (2.108)

Energy—-Momentum Tensor

Let us also determine the energy—momentum tensor from the action (2.102). For
fermionic theories, the definition of 7, differs from the bosonic expression (2.84)
and we would have to introduce additional structure to state the explicit form. Let
us therefore provide a different but equivalent way to obtain the energy—momentum
tensor. The canonical energy—momentum tensor for a theory with fields ¢; and
Lagrangian £ is defined as

. oL
T, =8nky (—n,w L+ ZL: Wﬁv@) ;

where we allowed for a to be determined normalisation constant . However, in
general T° is not symmetric but can be made so using the equations of motion.

For the action (2.102), we can compute the canonical energy—momentum tensor
using the metric (2.101) together with the observation that 9° = 29> as well as
9% = 29.. We then find

T,=yyoy, Tz=-yvyoy, TZz:_ngl/fa TE:VEW-

We see that so far, the energy—momentum tensor is not symmetric, but using
Eq. (2.103) shows that Tz = Tz, = 0. In this way, we have arrived at the result
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which we would have obtained using a modified form of Eq. (2.84). Focussing then
only on the chiral part 7(z) = T, and using at the quantum level the normal ordered
expression, we find

T()=y N(yay). (2.109)

To compute the Laurent modes L,, = y N(y¥dv),, of T'(z), we note that the deriva-
tion in Sect. 2.7 leading to expressions for normal ordered products was done for
bosonic fields. For fermionic fields, we need to take into account the modified ra-
dial ordering prescription (2.105). Performing then the same analysis, we find for
Eq. (2.67) in the case of fermionic fields

= Y b+ Y O Y (2.110)

s>—h? s<—h?

However, employing the same reasoning also for our expression involving deriva-
tives (2.69), we can express the Laurent modes of the energy—momentum tensor
(2.109) in the following way:

1 1
m_yzlpmsws(w )—VZ%%”(sﬂLz) (2.111)

‘4
<—
§>— 3 N

Let us now fix the constant y by requiring ¥/(z) to be a primary field of conformal
dimension % with respect to the energy—momentum tensor (2.109). We therefore
calculate the commutator between the modes L,, and the Laurent modes of the field

¥(2)

[Lnu 1/fr] =+vy z:}[wm—sws’ %] <S + %)

-7y Z Vs¥m— wwr](s"';)

S<—2
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=+ykK <<—I‘+%) wm+r - <m+r+%> ‘/fm+r)

=+ i (=m = 2r) Yo .

If we then choose y«x = %, we find

(Lo ] = (=5 =7) Vintr »

and by comparing with Eq. (2.45), we indeed see that {/(z) is a primary field of
conformal dimension & = % with respect to the energy—momentum tensor (2.109).
In order to simplify the following formulas, let us in the following choose the usual
normalisation:

Kk =+1.

The Central Charge

We will now compute the central charge ¢ of the free fermion theory and start by
recalling a general expression derived previously from the Virasoro algebra

O L2 L2 ]0) =3 .

From Eq. (2.111), we then infer that

1
2
1

= §<0|<{‘”%’ Vil 1//%)

_1()|
—5( Vi s

1
Loty =5 v vy o). (0] La=5(0(vy vy +2v, vy)

and so we calculate using the anti-commutation relations (2.108)

1
§=(0| Ly L2 [0)= 7 (0] ¥y ¥ vs v [0)
1
= Plvi{yy vl o) -0
1 1
= Z(0|{1//%,1ﬂ_%}|0>—021 .

We therefore conclude that

The central charge of the conformal field theory given by a real free
fermion is ¢ = %
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Complex Fermions and Bosonisation

Let us now turn to a system with two real chiral fermions 1" (z) and ¥ (z) which
we combine into a complex chiral fermion in the following way:

V(z) = L(w“)(z) +i W)(z)) . (2.112)

V2

Note that we will always work with chiral quantities so we can denote the complex
conjugate of W(z) by W(z) which has, however, no relation with the anti-chiral part
or the notation in Eq. (2.99). Furthermore, similarly to the real case, we can expand
W(z) in a Laurent series as W(z) = ), \I’,z”’% and we can easily check that the
modes satisfy

{\Prs \Pa} = {@ra W5} =0 s {\Praws} = 81‘+s,0 s

where we applied the same expansion also for W(z). However, besides these two
chiral fields of conformal dimension 4 = 5, we find now an additional field in the
theory which is expressed as

2’

j@=N(V¥¥))=—i N(vVy?) ). (2.113)

In order to write j(z) in terms of the real fermions ¥?(z), we have used that
N Dy®)y = —N@®y@) with a, b = 1, 2. To verify this relation at the level
of Laurent modes, we write out the normal ordered product (2.110) and perform the
change s — —s + r in the summation index

N(w(a)llf(b)) — Z 1p(a) w(b) + Z I/f(h)l/f(”)

1 1

s>—— YE_E
== >+ Y v
s<r+2 52r+1 1
r=3
=— Z w%“” + Z %(b)dﬂ(“) Z{‘”@ <b> }
Y<** s>7§ x:%
— —N(w(b)l/f(a)) .

Note that the sum over {/@, )} = §9§, , in the last line gives no contribution
since the summand is only non-zero for r = 0 for which the sum disappears. Fur-
thermore, because the modes in general do not (anti-)commute, one has to be careful
when changing the summation index.
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Let us proceed and perform a series expansion of Eq. (2.113) as j(z) =
>, jnz""! and investigate the algebra of the modes j,. Writing out the normal
ordered product and noting that ¥V and v anti-commute, we find

Z 1//(1) r(2) .

rEZ-‘rz

Here and in the rest of this paragraph, we concentrate on fermions in the Neveu—
Schwarz sector with half-integer modes but the result in the Ramond sector is ob-
tained in a similar fashion. Employing then that the energy—momentum tensor of
W(z) is a sum of the individual ones, we calculate

[Lmv ]n] = Z [Lf’rl) + Lg)’ —i I/filf)s Vﬁ@]

SEZ-&-%
1 (1 2 (H 2 2
= 3 (L @ — i (L2, 9 )
S€Z+%
m m
. (D) 2 (1) (2)
= Z <_(_3_n+s>lwm+ns Iﬁs() W <_5_S) m+s>
S€Z+%
= _njm+n 5

where in going from the third to the last line we performed a redefinition s — s —m
in the last summand. Note that this equation is the statement that j(z) defined above
is a primary field of conformal dimension # = 1 and thus a current. Let us then
move on and determine the current algebra

[jm, Jn] — Z [ (1) 1//(2)’ ]51—);‘ 1/,}2)]

r,SEZ‘F%
(1) 1 2 2 2 2 (1) (1)
= Z ( m—s ¥ n—r {1//5( )’ wr( )} - w;ﬂ )I/fs( ) { n—r» mfs}>
r,s€Z+%
(1) (H 2),1.(2)
= Z ( m4r¥n—r Wr( )‘Wnerfr) .
r€Z+%

In order to proceed, we have to perform a careful analysis of the first term in the
sum above. As mentioned above, because of the fermions do in general not anti-
commute, we cannot simply shift the summation index but have to also take care of
the normal ordering. We find
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Z Wm+r1ﬁn—r = Z 1:[/m-‘rr Wn—r + Z wm-ﬁ-r 1,lfn—r

reZ+3 r<—3i+4n r=4+4n
= Z 1pm-‘,—r Ynor — Z Ynr me-&-r + Z {‘/fm+r, ‘(/fn—r}
r<—j+n r>3+n r>5+n
_§+n
= Z 1pm-‘,—r Ynor + Z 8m+n0 = Z 8m+n0 s
r_:—m r>=s +n r=s +n

where the step from the second to the third line can be understood by relabelling
r — —r + n — m in the second sum. Furthermore, the last step is easily verified
using the anti-commutation relation for fermions. With this result, we arrive at

—%-&-m-}—n
]ma ]n E Smtn,0 — E Sman,0 = E Smtn,0 =M 8uino -
r>L4n r=t4mtn r=4+n

A current satisfying this algebra is called a U(1) current and we will study such
theories in more detail in Chap. 3. However, let us finally determine the U(1) charge
of the complex fermion W(z) and its complex conjugate W(z). To do so, we calculate

Lin )= 30 [, 5 (0 0]

r€Z+%
f Z ( n(:lrsws(l)}w(m—‘rl//(l) {y®, %a)})
rEZ+2
= +\I’m+x 5

and for @(z), we find along the same lines that [ j,,, @s] = —Wmﬂ. Therefore, the
complex fields carry charge 1 under the current j(z). Let us now summarise the
algebra generated by the complex fermions W(z) and W(z) defined in Eq. (2.112)
and the current j(z) defined in Eq. (2.113) as

{\Irma Wn} = 5m+n,0 s {q,m7 \Pn} - {Wl‘)‘la Wn} =0 s
Lims Jn] =m8uino [Lons jn] = =1 jmtn s (2.114)
[jm, lIjs] = +\Pm+s > [jmv Ws:| = _Tm+s .

Note that this algebra can also be realised by a free boson X(z, 7) compactified
on a circle of radius R = 1 for which, focussing only on the holomorphic part, we
have the following fields:
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J(@)=1i0X(z,72), 5 @) = Vay(z) = X 0.

As we have seen before, the chiral field j(z) has conformal dimension # = 1 and
for the vertex operators j*(z), we find h = % using h = "‘72 with « = *1. The
algebra of j(z) and j*(z) can be determined using the general expressions (2.54)
and (2.55) for the commutation relations of quasi-primary fields. In particular, the

only non-vanishing constants p;;x(m, n) of Eq. (2.55) are found to be
p%]%(n/“n):l’ plll(m5n)=15

where the subscripts label the conformal dimension of the fields. By the same argu-
ment as before, since the overall charge in a correlation function has to vanish, we
find for the two-point functions that

dij=dy =d_, =1, diz=dey =0,

where we employed the usual normalisation. Applying the same argument to the
three-point function, we find that C_;; = —C,;_ = 1. Together with the anti-
symmetry C; = —C}; and the relation C],dy = C};, we conclude that the non-
vanishing structure constants are

+ _ + _ -
CL=-C=+1, C,._= _j
Using these results in the general expression (2.54), we can easily write the down
the algebra of Laurent modes of the fields j(z) and j*(z)

[jm’ Jn] = M in []rjl_’ Jn_] = Smtn.0 »
Limo i) = Fdwin > L ds’] =0,

By comparing with Eq. (2.114), we see that the algebra of a complex fermion can
indeed be realised in terms of a free boson.

It is not surprising that a theory of a boson can equivalently be expressed as a
theory of two fermions, but it is very special to conformal field theories that we can
also express the fermions in terms of the boson. This is called the bosonisation of a
complex fermion. We note in passing that this intriguing relation has been used in
the so-called covariant lattice approach to string theory model building.

Hilbert Space

Let us finally turn to the Hilbert space H of the free fermion theory. For the Neveu—
Schwarz sector, we find the following chiral states:
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0).  vifo). v
—0

=

where we have used that {,, ¥s} = §, _;. In particular, due to Fermi-statistics, each
mode v, can only appear once. Taking also the anti-chiral sector into account, we
can conclude that in the Neveu—Schwarz sector, the Hilbert space is

Hns = {Fock space freely generated by ¥_,, _ forr, s > % } .

The generating function for the degeneration of states at each level N in the chiral
sector can be shown to be of the form

Zw@ =[T(1+a) = X PV ",

r=0 Nelz

We will perform a detailed study of these expressions in Chap. 4. In the Ramond
sector, that is, for r € Z, there will be fermionic zero modes vy which deserve a
special treatment. This issue will be discussed in Sect. 4.2.4.

2.9.3 The (b,c) Ghost Systems

After having studied the free boson and the free fermion conformal field theories,
we will now briefly consider the (b, ¢) ghost system which plays an important role
in the covariant quantisation of the bosonic string.

Basic Properties

Let us start on the complex plane for which we have the metric shown in Eq. (2.101).
The action of the (b, ¢) ghost system reads

1 _
S=_- d*z (by, 0°¢* + bz 9°¢7) (2.115)
T

where 9° = 207 and 9% = 20, due to the metric (2.101). Here the fields b and ¢ are
primary free bosonic fields of conformal dimension #* = 2 and h¢ = —1 satisfying
the wrong spin-statistics relation, that is, they are anti-commuting bosons.

The equation of motion is obtained in the usual way by varying the action above
with respect to b and c. Since the calculation is similar to the ones we have presented
previously, we just state the results
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dzb,; =0 = b, = b(z),
@bz=0 = bz=b),
dzc* =0 = ¢ =c(z),
9. =0 = & =¢@),

where we also indicated a new notation for the holomorphic and anti-holomorphic
fields. Taking into account the conformal dimensions of these fields, we perform a
Laurent expansion in the following way:

b@) =) by "7, @)=Y ez,

nez nez

and similarly for the anti-chiral fields. Note also that the modes satisfy b, |0) = 0
forn > —2andc, |0) =0 forn > 1.

Let us finally determine the propagator of this theory given by the action (2.115).
The condition to be satisfied for the propagator as well as its solution read

Fb@ew) =41 8Pz -w) = (b)) = Z%w .

Recalling Eq. (2.53) and taking into account the anti-commuting property of the
fields, we can conclude that the OPE has the form

1
b()c(w)y=—+...,
z—w

from which we can determine the anti-commutation relation of the Laurent modes
by employing b, = 5= § dzz"*'b(z) as well as ¢, = 5 § dzz"%c(z). We then
find

{bm’cn}:8n+m,0’ {bmabn}z(), {Cm,Cn}ZO. (2116)

Energy—-Momentum Tensor and Central Charge

As we have argued on general grounds, the energy—momentum tensor has conformal
dimension 2 = 2 which of course also applies to the (b, ¢) ghost system. Without
providing a detailed derivation for the energy—momentum tensor, we simply make
an ansatz for 7'(z) similar to the free fermion

T(z)=aN(bdc)+BN(dbc),
and fix the constants « and g by requiring #* = 2 and h¢ = 1. Using our formula

for the Laurent modes of normal ordered products involving derivatives (2.69) and
keeping in mind the anti-commuting property of the fields, we find
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Ly = +a(—mek c (F1 =)+ (+H1 k) bmk>

k=0 k=0 2.117)

+ﬂ<_zbm—k Ck (—2—m+k)+ZCk bm—k (_2_m+k)> .

k>1 k<1

With the help of the anti-commutation relations (2.116), we can then compute

L() |b> = Lob,Q |O> = {Lo, b,2}|0> = Olbfz{Cz, b,2}|0> = o |b>

Lole) = Loerlo) = {Lo.e}0) = ~Berfbse}lo) = 8 c)
from which we conclude that « = 2 and § = 1. Knowing the energy—momentum
tensor, we can finally compute the central charge of the (b, ¢) ghost system. As in

the previous examples, we first note that L,L ,|0) = 5 |0). From Eq. (2.117), we
find

L5 ]0)=2cob_s|0)+cib3]0).

Furthermore, we have

Ly=2 (— Y by (—k+ 1)+ (—k+ ey b2k>

k>0 k=<0

+ (— Y- -Dbya+) (-2-k) -2 bz_k> :

k>1 k=<1

The only terms in L, which do not commute with L_, and therefore do not anni-
hilate |0) are those involving (c», by) as well as those with (c3, b_1). We therefore
extract the relevant expressions from L; in the following way:

Lo =2(b0€2+2b_163)+(2b0€2+b_1C3)+... =4bycry+5b_1c3+...
from which we calculate
L2 L,Q |0) =38 bo Cy Cp b,Q |0) +5 b,1 Cc3 Cq b,3 |0> = (—8 — 5) |0) =-13 |O> .

Comparing now with Ly L _,[0) = 3 |0), we arrive at the result that

The central charge of the (b, c) ghost system conformal field theory is
c = —26.
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Remark

The result that the (b, ¢) ghost system has central charge ¢ = —26 is the reason
for the statement that the bosonic string is free of anomalies only in D = 26 flat
space—time dimensions, because the CFT of a single free boson has central charge
¢ = 1. For Superstring Theory, each free boson X* is paired with one free fermion
Yy*, where u = 0, ..., D. In this case, in addition to the (b, ¢) ghost system, also
commuting fermionic ghosts (B, y) of conformal dimensions (3/2, —1/2) have to
be included. The central charge of this sector is determined as ¢ = 11, so that the
superstring can be consistently quantised in D = %(26— 11) = 10 dimensions where
the factor % comes from the central charge ¢ = 1+ % = % of a single boson—fermion
pair.

2.10 Highest Weight Representations of the Virasoro Algebra

After having studied in detail three examples of conformal field theories, our aim
in the present section is to study the representation theory of the symmetry algebra
A® Aon general grounds. Here, A denotes the chiral sector, while A stands for
the anti-chiral part. In particular, we will focus on the minimal case with A and A
being the Virasoro algebra generated by T'(z) and 7' (%), respectively. However, it is
possible for CFTs to have larger symmetry algebras, for instance the so-called W
algebras, which we will consider in Sect. 3.7.

Highest Weight Representations and Verma Module

Analogously to the su(2) spin algebra in Quantum Mechanics, we want to construct
highest weight representations (HWR) of the Virasoro algebra. As we have seen in
Egs. (2.62) and (2.73), a highest weight state |h) corresponding to a primary field
of conformal dimension % has the property

L,,|h)=0 for n>0,
(2.118)
Lo |h)=h|n),

so that the action of L, for n < 0 on the state |h) creates new states. The set of all
these states is called the Verma module Vj, ., where h stands for the highest weight
state |h) and c is the central charge of the Virasoro algebra. The lowest level states
in the Verma module Vj, . are

L_y|h), L.|h), L_L_y|h), L_3h),

Roughly speaking, the Verma module V,, . is the set of states corresponding to the
conformal family [¢(z)] of a primary field ¢(z) with conformal dimension 4.
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Depending on the combination (%, ¢), there can be states of vanishing or even of
negative norm in a Verma module. For unitary theories, the later should be absent
and vanishing norm states should be removed from V}, .. However, it turns out that
states of vanishing norm generate an independent Verma module which is “orthog-
onal” to the parent one. We will not go into further detail but refer to the existing
literature.

Null States and the Kac¢-Determinant

To illustrate how to determine zero-norm states in a Verma module, we are going
to consider a simple example from linear algebra. Suppose we have a vector |v)
in a real n-dimensional vector space with basis vectors |a). Note that in particular,
this basis does not need to be orthonormal. We then express our vector as |v) =
> i Aq la) where not all A, are zero. The condition for |v) to have vanishing
norm is

n n

T

O=l1vIP= ) ralalb)hy= Y haMwry =1 Ma
a,b=1 a,b=1

where we defined the elements of the matrix M as M,, = (a|b). This expression

is zero if X is an eigenvector of M with eigenvalue zero. The number of such (lin-
early independent) eigenvectors is given by the number of roots of the equation
detM = 0.

Let us now come back to the null states in the Verma module. Analogously to
the example above, to decide whether there exist zero-norm states, we are going to
compute the so-called Kac-determinant at level N. We denote the corresponding
matrix as My(h, c) where the entries are defined as the product of states in the
Verma module

(h|HL+k, HL_m/. |n) ZkFij:N,

with all k;,m; > 0. Note that the condition on the right-hand side guarantees
that we are considering only states at level N. For two states at different level,
the corresponding matrix element vanishes because the net number of operators
Soki— ) ;mj is non-zero and so only creation or only annihilation operators
survive.

Let us illustrate this procedure for the first and second level. For N = 1, we have
only one state in the Verma module and so we find

Mi(h,c)=(h| Ly L_y |h)=2(h| Lo |h)=2h.

The Kac-determinant is therefore trivially



72 2 Basics in Conformal Field Theory

det My(h,¢) =2h .

Here we see that for 7 = 0, we have one null state at level N = 1. Atlevel N = 2,
there are the two states L_, |h) and L_; L_y |h) in the Verma module. For the
elements of the two-by-two matrix M, (h, c), we use Eq. (2.118) to calculate

h| Ly L_, |h) h| = +4L0|h> —4h+ =

2’

(

(h| Ly Ly L_5]|n) = h|L1~3L_1 |h)=6h,
(

(

h| Ly Ly Loy Loy |h)=(h| Ly [Ly,L\] Ly |h)+ (k| Ly Ly Ly L_y |h)
= ]’l\ Li2LyL_, |h>+(h} [Ll, L,1] [Ll, L,1] |h>
2(h| Ly [Lo, L] |h) + 4 1> + 4 h?

=4h+8n%.

={
(
h|LyL_yL_y|h)  =(h|3Ly-L_y|h)=6h,
(
(

For the Kac¢-determinant at level N = 2, we then find

o (4h+s 6k B B 1
deth(c,h)—det( 6h 4h(2h+1)) =32h <h §h+ 8hc+EC> )

The roots of det M,(c, h) are the following:

h1,2=—5_c—i (1-c)(25-0),
16 16
hi1=0,
5—c¢ 1

h2,1=1—6+1—6 (1-¢)(25-¢),

where our notation will become clear in the following. We can then write the Kac-
determinant as

det My(c, h) = 32 (h _ hl,l(c)) (h - hl,z(c)) (h _ hz,l(c)) .

In summary, at level N = 2, we found three states of vanishing norm where the root
hy,1 = 0is due to the null state at level 1. This is a general feature: if a null state
|h 4+ n) occurs at level n, then at level N > n there are P(N — n) resulting null
states. Here P(n) is again the number of partitions of n.

V. Kac found and proved the general formula for the determinant det My (c, k) at
arbitrary level N.
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The so-called Ka¢-determinant at level N reads

detMy(e. ) =ay [ (h=hpe©) e

P.q=N
P.q>0

with
2
m+1)p—m —1 1 1 /25—
hp,q(m)z(( )P q) ) m=—- £ - C-
dm@m+1) 2 2 1—c¢

Here, ay is a positive constant and we note that in general, m is not an integer but
complex. For ¢ < 1, one conventionally chooses the branch m € (0, 0o); however,
h, 4 possesses the symmetry {p — m — p,q — m + 1 — g} so that det My is
independent of the choice of branch in m as it can be compensated by p < q.

Unitary Representations

So far, we have focused on the null states in a Verma module. However, to find
unitary representations we have to exclude also the regions in the (%, ¢)-plane where
states of negative norm appear. We will not discuss all the details but just summarise
the results.

h

h4,2

h2,4

[SIE

Sl

Fig. 2.6 Some curves &, ,(c) of vanishing Ka¢-determinant. Unitary representations are labelled
by a dot
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e Forc > 1and h > 0, there are no zeros and all eigenvalues of My are positive.
Therefore, unitary representations can exist.

e In the case of c = 1, one finds det My = 0 for h = % where n € Z.

e The region ¢ < 1 and & > 0 is much more complicated. It can be shown that all
points which do not lie on a curve &, ,(c) where det My = 0 are non-unitary. A
more careful analysis reveals that in fact non-negative states are absent only on
certain intersection points of such vanishing curves. This is illustrated in Fig. 2.6
where the dots stand for unitary representations.

‘We can summarise the results as follows:

For the case of ¢ < 1 and i > 0, the discrete set of points where unitary
representations are not excluded occur at values of ¢

6

=1-— =3,4,....
m(m + 1)

To each ¢ there are only () allowed values of

((m+1)p—mq)2—1 (2.119)

p.q(m) = Amm+1)

withl <p<m-—1landl <qg <m.

So far, this condition is only necessary. But we will see later that concrete con-
formal field theories can indeed be found.

Because of the severe constraints on unitary CFTs, only a discrete set of values
¢ with a finite number of highest weight representations survive. conformal field
theories with this latter property are known to exist only for rational values of the
central charge and are therefore called Rational CFTs or RCFTs.

Examples

To close this section, let us consider some examples for the case ¢ < 1 and & > 0.
Form =3, we find ¢ = % aswellas 1 < p <2and 1 < ¢ < 3. The possible values

of i, 4 are then conveniently organised in the so-called conformal grid

()

=R NEISIES
SN
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which in the present case describes the critical point of the second-order phase tran-

sition of the Ising model. For the case of m = 4, we find ¢ = L which is the

10
tri-critical Ising model. The conformal grid is displayed below.

- <

() 5|— wlw | W
SERERER
S

DL [ W

Finally, form = 5, we get c = ‘5—‘ which is the three states Potts model.

Remarks

e Note that for deriving the results in this section, we have not referred at any stage
to a concrete realisation of a CFT, but have solely exploited the consequences of
conformal symmetry. This shows the far-reaching consequences of the conformal
symmetry in two dimensions.

e For Euclidean CFTs and their application to statistical models, unitarity, that is,
reflection positivity, is not a necessary condition. Weakening this constraint and
allowing for states with negative norm, the representation theory of the Virasoro
algebra contains a more general discrete series of RCFTs. These are given by the
central charges

2
_elP—4)
P4

c=1 (2.120)

with the p, g > 2 and p, ¢ relatively coprime. The finite set of highest weights
is given by

(pr—gqsP?—(p—q)?
dpgq

hr,.v(p7 61) =

withl <r <g—1land1 < s < p — 1. Unless |p — ¢g| = 1, there always
exist highest weight states of negative norm, and the unitary series is precisely
givenby p = m+2,q = m + 3 with m > 1. As an example, note that the
model (p, q) = (5, 2) with central charge ¢ = —22/5 describes the Yang—Lee
edge singularity.

e Note that the theories defined by Eq. (2.120) are called minimal models. In the
caseof p =m +2,q =m + 3 withm > 1, i.e. if the theory is unitary, they are
called unitary (minimal) models.
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2.11 Correlation Functions and Fusion Rules

In this section, we are going to discuss one of the most powerful results of the
boot-strap approach to CFTs. We will see that the appearance of null states in the
unitary models with 0 < ¢ < 1 severely restricts the form of the OPEs between the
primary fields @, q).

Null States at Level Two

We start by discussing the null states at level N = 2. Note that in the previous
section, we did not determine their precise form, however, in general such a state is
a linear combination written in the following way:

Lo|h)+aL_yL|h)=0. (2.121)
If we apply L, to this equation, we can fix the constant a as
0= [L], L_z] }h) +a [L], L_IL_I] ‘h)

=3L_y|h)+a(2LoL_y+2L_; Lo)|h)

=(3+2a(2h+1)) L, |h) = .

T T22h+ 1)

where we used that L_|h) # 0 for i # 0. Next, we apply L, to Eq. (2.121) in order
to determine the allowed values for &

0=[L>,Ls]|h)+a[Ly, Loy L_y]|h)
=(4Lo+ 3 ) W)+ aLor[Lo L] ) +a Lo, Lor] Ll
= (4h+3 ) |n)+6an [1)

2h
2h +1

= (4n+ 5 +6an ) |n) = = (5 - 8h) .

Therefore, we have shown that for a theory with central charge ¢ = %(5 — 8h)
the null state at level N = 2 satisfies

3 ) B
(L_2 T Lfl) h)=0. (2.122)

Let us quickly check Eq. (2.122) for the unitary series from the last section. We
found that in theories with central charges ¢ = 1 — m > 3, there is a highest
weight at level two characterised by

_6
m(m+1)°

(2m+1D)-m)' =1 (m+2?—1

hoalm) = o T ammil)
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Solving this equation for m leads to m =

2h(5—8h) -
2h+1

4, 7, which gives a central charge ¢ =

in agreement with our result above.

Descendant Fields and Correlation Functions

We already mentioned that the fields in the Verma module obtained by acting with
L, are called descendant fields and we will now formalise the concept of descen-
dants to some extend. Given a primary field ¢(w), the descendant fields L _,¢ for
n > 0 are defined to be the fields appearing in the OPE

TR W)=Y (z—w)" > L, pw).

n>0

Performing a contour integration, we find for the descendant fields

-~ d 1
L_, ¢p(w) = f —Z — T@)¢w) |. (2.123)
2wi (z — w)

If the conformal dimension of ¢ is integer, we can determine the descendant fields
for the first values of n from Eq. (2.40) as

Logpw)=how), L_i¢w)=2adpw), L_o¢w)=N(¢T)w). (2.124)

Let us now derive an expression for the correlator of a descendant field with
a number of other primaries. For convenience, we work with chiral primaries,
however, the result for the anti-chiral part is obtained along similar lines. We use
Eq. (2.123) for the descendant field and the deformation of contours illustrated in
Fig. 2.7 to find

(T, ¢p(w) p1(wy). .. px(wy))

zi L ey (1@ ) ditwn). o)

(w) 2mi
al dz
- Zyﬁ( L CO LU GO LX) )
— Z% aiads (Z w)lfn x
Caw;) 27n
hi 1

(= m (= w) ™ Ay + (= w)' ™" 0, ) (@) 1w p(wn) ),

|I
.Mz

i=1
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Fig. 2.7 Transformation of contour integrals on the sphere. Note that the orientation on the very
right is clock-wise so the residue picks up a minus sign

where from the third to the fourth line we used the OPE of a primary field and in the
last step we employed the residue theorem. We have therefore shown that

The correlator involving a descendant field Z,nq) can be computed from
the correlator involving the corresponding primary field ¢ by applying
the differential operator £_, in the following way:

(Lo pw) gr(w))...dn(wy) ) = Loy (Sw) ¢1(wr) ... py(wy))

where the operator £_, has the form

N
. :Z( (n=Dhi ! _ aw,,) . (2.125)
, (wi —w)"  (w; —w)yr~!

Two Particular Examples

Let us consider again Eq. (2.122) for a null state at level two. We see that the corre-
sponding descendant field

~ 3 -~
L_¢(z) — qu #(2)

is a null field where L2, ¢(z) is understood as (/L\,l(’l:,lqb))(z) = 0°¢(z). Further-
more, this relation implies an expression for the differential operators £_,, acting on
correlation functions involving ¢(z), i.e.

3
22,) (9w) $1wn) . p(wn))

0=(t2 5@ S

From Eq. (2.124), we recall that 2_1 ¢(w) = 9, ¢(w) and therefore L£_ acts as J,,.
Employing then the definition (2.125) for £_,, we find
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N h; 1
°" (Z<(wi —w)?  w—w awi)

i=1
3
2Qh+ 1)

(2.126)
312,)) (p(w) pr(wy) ... py(wy)).

Working out this differential equation for the example of the two-point function
yields

B h L, 3 » d
S\ —w? wi—w 2@+ 1) ) (w— wy)
3 d
O=(h+2h—=———2n2h+1) )| ————,
( T @ e )) (= w)?

and we realise that it is trivially satisfied. However, for the three-point function we
will find a non-trivial condition. Recalling the precise form of this correlator

C
< P(w) ¢r(wi) Pa(w) > = [ XIR2

(w — w)Hh=he (wy — wy)hthe=h (w — wy)rth=h

and inserting it into the differential equation (2.126), after a tedious calculation one
obtains the following constraint on the conformal weights {h, hy, h,}:

2Qh+ 1) (h+2hs—h) =3 —hy+ho) (h—hy +ha+ 1)

This expression can be solved for £, leading to

1 h 2\/ 1 3 1
hy=—+4+—+h,+=,/h2+3hhy — =h+ ~h; + — . (2.127)
2 6+3+ 1 3 + 1 > +21-|-16

Fusion Rules for Unitary Minimal Models

Next, let us apply Eq. (2.127) to the primary fields ¢, 4 of the rational mod-
els with central charges c(m) studied in Sect. 2.10. In particular, if we choose
h = hyi(m) and hy = h,,(m) then the two solutions for h, are precisely
{hp—1,4(m), hpy1,4(m)}. Therefore, at most two of the coefficients Cygy, 4, Of a three-
point function will be non-zero. The OPE of ¢, = ¢, 1) with any other primary field
@(p,q) in a unitary minimal model is then restricted to be of the form

[¢(2,1)] x [‘P(p,q)] = [¢(p+1-,q)] + [¢(1}—1,q)] ) (2.128)
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where [¢, ;)] denotes the conformal family descending from ¢, 4)%. Still, the co-
efficients Cyy,4, could be zero, but at most two other conformal families appear on
the right-hand side of Eq. (2.128).

This strategy can be generalised to higher level null states. Without detailed
derivation, we note the final result that the conformal families in a unitary minimal
model form a closed algebra

pi+pa—1 q1+g2—1

[d)(Pl,QI)] X [d)(Pz,qz)] = Z Z [¢(k’l)] ’ (2.129)

k=1+|p1—pz2| [=1+|q1—q|
k+p1+p2 odd I4+q;+¢> odd

These are the so-called fusion rules for the conformal families in the unitary minimal
models of the Virasoro algebra.

Let us briefly illustrate these rules for the Ising model, i.e. for m = 3. We label
the relevant fields ¢, 4 as

oan =1, P =0, Qa3 =€,
$o3n =1, P2 =0, P =€ .

Using the formula above, we then find

[l x[oc]l=1o], [e] x [e] =[1], [o] x [o] =[1]+ [€],
[1] x [e] = [€], el x[o]=[o].
Fusion Algebra

The fusion rules (2.129) for the unitary minimal models of the Virasoro algebra
can be generalised to arbitrary RCFTs. In particular, the OPE between conformal
families [¢);] and [¢;] gives rise to the concept of a Fusion algebra

[¢i1x (1= Nil¢xl (2.130)
k

where N '; € Zé . Furthermore, one finds Ni’;- = 0if and only if C;j; = 0, and for

1
unitary minimal models of Vir, ), we get Nl.kj € {0, 1}.
Let us note that the algebra (2.130) is commutative as well as associative and
that the vacuum representation [1] containing just the energy—momentum tensor as

2 Let us make clear how to interpret Eq. (2.128). This equation means that the OPE between a
field in the conformal family of ¢, 1) and a field in the conformal family of ¢, 4 involves only
fields belonging to the conformal families of ¢(,11,¢) and ¢,_1,4). However, more work is needed
to determine the precise form of the OPE.
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well as its descendants is the unit element because Nl."1 = §;x. Commutativity of

Eq. (2.130) implies N;; k=N fl, and for the consequences of associativity consider

MhﬂwmeﬂszNMMZZMN“%
Lm

MHM,HM—Z mww

from which we conclude that

DNy Nif = ) Ny Nig
1 1

Defining finally the matrices (N)) ik = N, ;> We can write this formula as

N; Ny =Ny N; |. (2.131)

We will come back to these fusion rules in the discussion of one-loop partition
functions, where we will find an intriguing relation between the fusion coefficients
Nl.kj and the so-called modular S-matrix.

2.12 Non-Holomorphic OPE and Crossing Symmetry

In this chapter, so far we have mainly focussed on the chiral sector of two-
dimensional conformal field theories. However, for non-chiral fields the structure
is very similar and so we can briefly summarise it here.

Two- and Three-Point Functions

In particular, the results for the two- and three-point functions of chiral quasi-
primary fields ¢;(z) carry over directly to non-chiral fields ¢;(z, z). The two-point
function is determined by the SL(2, C)/Z, x SL(2, C)/Z; conformal symmetry up
to a normalisation factor as

dia

hy+hy —hy+h;
i 2

(6121, 7)) (22, %2) ) =

Shyha O, Ty 5

where again z), is defined as z;, = z; — z» and similarly for 7. The three-point
function is fixed up to the structure constant C,3 in the following way:
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(#1(21.20) 9222, 72) $3(23, Z3)) =
_ Cins

T _hitha—hy _haths—hy _hi+hs—hy  —hi+ha—hy —ho+hs—hy —h+hs—hy
212 23 13 212 23 13

OPE of Primary Fields

The general form of the OPE of two non-chiral quasi-primary fields can be deter-
mined following the same steps as for the case of chiral fields studied in Sect. 2.6.3.
The OPE takes the form
paky Pk} Kk, —
g B ¢p T (ww)
(o DV (11 T — P ij ij
$i(z.2) ¢;(w, W) = Xp: {ka:} cl Py =y (2.132)

where the multi-index {k, k} labels all the descendant fields

~

{L—k| e il—k,, i—kl .. .f_k” ¢,;(Z, Z)}

in the conformal family of the primary field ¢,(z, z). Moreover, we have introduced
K =Y,k and K = Y, k; as well as the coefficients 2" and Ei’j’.’(“. The later
govern the coupling of the descendants and depend only on the central charge of the
theory as well as on the conformal dimensions of the fields involved?. Therefore, in
principle, the only unknown parameters are the structure constants C f;. among the
primary fields. '

Four-Point Functions and Crossing Symmetry

However, from the operator algebra point of view there are additional constraints for
the structure constants Ci’; coming from Jacobi identities (see also Sect. 3.7). At the
level of the OPE, these constraints arise from what is called crossing symmetries.
These appear first at the level of four-point functions to which we turn now. Due to
the SL(2, C)/Z, x SL(2,C)/Z, symmetry, a general four-point function

G(2.7) = ($i(21. 71 b (22, 22) 1(23, T3) b (24, 7)) (2.133)

can only depend on the so-called crossing ratios

212234 _ 212234
X = , X=_—""
213 224 Z13 224

3 We will compute some of these coefficients in Sect. 3.7, when we discuss the construction of W
algebras.
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Cp Clm Z O;]mch l

Fig. 2.8 Illustration of the crossing symmetry for four-point functions

This can be made plausible for instance by using the conformal symmetry to map
the four points z; to z; = 0, zo = x, z3 = | and z4 = oo and similarly for Z;. One
can then evaluate the amplitude (2.133) in several different ways.

First, one can employ the OPE for ¢;(z1,21)¢;(z2,72) and then the one for
¢1(23, 73) G (24, Z4)- As a result, the amplitude (2.133) can be expressed as

2)=) ClCh Frpl0F, (D, (2.134)
P

where the contributions of the descendants of the primary field ¢, factorise into a
holomorphic and an anti-holomorphic piece. These in general quite complicated
expressions .E’;”( p | x) are called conformal blocks and depend only on the con-
formal dimensions of the primary fields involved and on the central charge of the
CFT.

One can evaluate the four-point function (2.133) also by first using the OPE for
¢;(z2, 22) ¢1(z3, 73). Effectively this means exchanging ¢;(z2, 72) and ¢, (24, 74)
which on the level of crossing ratios is achieved by x — 1 — x. The resulting
four-point amplitude can now be expressed as

—jl —
Zcf' Ch Fi(p|1—x) Fl(p|1-%). (2.135)

Similarly, one can first evaluate the OPE ¢;(z2, 22) ¢ (24, 74) which leads to the
following form of the four-point amplitude:

1
G(z,z) =x* 2 ZCP ch, }:]m< |;) ‘7:11 (P|_>' (2.136)

Equating the three expressions (2.134), (2.135) and (2.136) for the four-point func-
tion gives a number of consistency conditions for the structure constants C f; among

the primary fields. These so-called crossing symmetry conditions are depicted in
Fig. 2.8.
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In the boot-strap approach to quantum field theories the hope is that these condi-
tions eventually determine all such structure constants, so that the whole theory is
solved. In the case of chiral fields with necessarily (half-)integer conformal dimen-
sions, these crossing symmetry conditions are equivalent to the Jacobi-identity for
the corresponding operator algebra.

2.13 Fusing and Braiding Matrices

In the previous section, we have discussed the crossing symmetry of the four-point
function of primary fields. For RCFTs a simplification occurs, as there are only
a finite number of conformal families which can propagate as intermediate states.
This means that the conformal blocks for the three different channels form a finite-
dimensional vector space. The crossing symmetry then says that the different classes
of conformal blocks are nothing else than three different choices of basis which must
be related by linear transformations. We can therefore write

fﬁuux)::EjB[{f]%qfﬁ(qli)- (2.137)

q

The matrices B are called braiding matrices and in the example above {i, j, k, /}
are indices of B while (p, g) denote a particular matrix element. For the second
crossing symmetry, one similarly defines the so-called fusing matrices

A=Y F11] FAai-o. (2.138)

q

It is very useful to introduce a graphical notation for these two transformations,
which also clarifies the choice of name for them. The braiding matrices defined in
Eq. (2.137) are depicted as
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These matrices satisfy two important identities which can be derived by considering
a five-point function and successively applying the braiding, and fusing operations,
respectively. Again the origin of these relation is more transparent using the graphi-
cal notation. First, the commutativity of the diagram

k7 1 [ A
I e I O
3 m 3 m
p s p i
Jj k1 Ik J
I L
r s u 1
J 1k I J  k
O e N
i m 7 m
T q u o q

leads to the so-called hexagon identify for the braiding matrices
0], o], o, =l o, oL,
; lsrp pom o, ltpu § rmsq L umqt

which is very similar to the Yang—Baxter equation arising for integrable models.
Similarly, the commutativity of the diagram

k J ok
J
| l l
p w p
_»}
3 m K3 m
T
/ \j
k
J k1 t
]| l
u
3 m K3 m
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implies a pentagon identity for the fusing matrices
R PR Y WD DL % W e i P
U im g, ; rmsp im ., ulpt

We will see in Sect. 4.3 that the pentagon identity also plays a very important role
in the proof of the so-called Verlinde formula.
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Chapter 3
Symmetries of Conformal Field Theories

In the last chapter, we have seen how conformal symmetry can be used as a tool
for studying, and in some cases even “solving”, conformal field theories. In par-
ticular, we identified the chiral and the anti-chiral sector of a CFT whose structure
is severely constrained by the conformal symmetry Vir @ Vir. Most notably, for
theories with central charges 0 < ¢ < 1, only a discrete series of unitary CFTs, the
so-called unitary minimal models, can exist for which we determined the operator
algebra in terms of fusion rules. Let us emphasise that for all these results, we never
needed a concrete realisation of the CFT!

Therefore, conformal symmetry has far-reaching consequences for a Field The-
ory and it is worthwhile studying what other symmetries conformal field theories
can have.

3.1 Kac-Moody Algebras

We already came across conformal field theories where not only the energy—
momentum tensor generates the Virasoro algebra, but also other fields satisfy a
symmetry algebra. Indeed, as we have seen on p. 37, currents form a closed algebra
called a Kac-Moody algebra.

On general grounds, a Ka¢c—Moody algebra §; is defined via the commutation
relations

g it ] =1 > F jon +km 8™ Suin . 3.1)

where f9%¢ are the structure constants of the Lie algebra g and k denotes its central
extension called the level of the Kac-Moody algebra ;. Furthermore, from Eq. (3.1)
we see that the zero modes jj of the currents j“(z) form a finite subalgebra of g
which precisely is the Lie algebra g

Lig-ds =13 s -

c
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For a concrete example, let us recall Sect. 2.9.1 where we considered the
Kac—Moody algebra of currents expressed in terms of the free boson. In particular,
we found a realisation of §1(2); via

j(@) =i0X(), () = V@

The usual su(2) relations were then recovered via the linear combinations j! =
S0+ = 5T = j7)andby jP = j.

As we have already seen several times, the algebra expressed in terms of the
commutation relations of the Laurent modes is equivalent to the operator product
expansion of the corresponding fields. Using the usual Laurent expansion of a chiral
field with conformal dimension 2 = 1

@)= Zj,i‘ 7, 7§_ " jU(2), (3.2)

nez

one finds that the commutation relations (3.1) of the Kac—Moody algebra §; are
equivalent to the OPE

» " _ k(sab ifabc .
J@) (w>—m+;Z_ J)+ -

3.2 The Sugawara Construction

The symmetry algebra of the CFTs studied in the last chapter was the Virasoro
algebra generated by the energy—momentum tensor. Now, we want to consider sym-
metry algebras realised by currents which of course have to be compatible with
the Virasoro algebra. This implies there should exist an inherent definition of the
energy—momentum tensor such that with respect to T'(z), the currents j“(z) have
conformal dimension # = 1. This is the subject of the present section.

The Energy—-Momentum Tensor

Guided by the example of the free boson, we make the following ansatz for the
energy—momentum tensor 7'(z)':

dimg

T) =y Z V@),

! The expression for T(z) can be derived from the action of the corresponding Wess—Zumino—
Witten model. However, taking a different point of view, we can also define the CFT via the energy—
momentum tensor and in principle also allow for a more general quadratic ansatz for 7(z) in terms
of the currents.
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where y is some constant which we will determine in the following. By requiring
that the j“ are primary fields of conformal dimension # = 1, we can write the ansatz
above in terms of the Laurent modes as

dimg
Ln=y ) (Z F AR S A j;‘) : (33)

a=1 \l<-1 I>—1

In order to determine the conformal weight of a primary field, let us then recall
Eq. (2.45) from the previous chapter

[Lmv ¢n] = ( (h—1Dm—n ) Dmtn s (3.4

with ¢, the Laurent modes of a chiral primary ¢(z). In order to fix y by demanding
that j has conformal weight 1 = 1, we calculate

(L. ]

=y Z (Z W i)+ Dl it ,-;])

[<—1 I>—1

e (Z( A ER B A VA o S A 2 B j;]j;’)>

I<—1 I>—1

= _2)/ nk jr(rJ1+n +vy Zifbac Z (jlb jtfz+n—l + jﬁ}—n jr[;—l)
b,c 1<—1

+v Z ifhe Z Fvint 30 dmt Jfin) -

I>—1

Because of the anti-symmetry of the structure constants of a Lie algebra, i.e. f?¢ =
—fe, we have Y, . frejb je = =3, . f"j¢ j? and so we can write for the
last two terms in the expression above

Z(jlbjtf1+n—l - jlizi-njncq—l) = Z jlbjlfl-‘rﬂ—] Z .]n Jm+n 1= Z]l Jm+n I

I<—1 I<—1 I<—1+n

L
D Ginatdl = i) = Y Jointdl = > Jetdl =D Fen it
=0

I>—1 I>—1 I>—14n

where we assumed without loss of generality that n > 0. Using these expressions,
the commutator [L,,, j;] above becomes
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n—1

[Lm’ ]:] = _27/ nkjna1+n -V Zifbac Z[-]lb’ jrihtnfl]

b,c =0
n—1
2k -y Dir S YL,
b,c =0 d

— _2Vnkj,?,+n +yn Z fbac fbcd j;i-}—n )
b,c,d

For the structure constants £, let us note the following relation:
bac rbed __ ad
be ST =2G 8 (3.5)
,C

where Cj is the dual Coxeter number of the Lie algebra g. For su(V), which we will
mostly consider, we have for instance C; = N. Using Eq. (3.5), we can express the
commutator above as

(Lo ji] = =2y n(k+Ca) i -

Demanding that the current j“(z) has conformal weight 4 = 1 and comparing with
Eq. (3.4), we find y~! = 2(k+ Cy). We thus have obtained the following expression
which is the so-called Sugawara energy—momentum tensor of a CFT given by the
current algebra §;:

dimg

1 @ a
T(z) = ITEaeN) YN |- (3.6)

a=1

The Central Charge

Next, we will determine the central charge of the conformal field theory defined by
the energy—momentum tensor (3.6). Let us start by recalling from Sect. 2.7 that

Lol =y Y0 00, amd jglo)=0.

where in favour of readability we have not written out the constant . Along the
lines we have followed already several times, we calculate
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= (0| L+2 L72 |0>

= > o[t v j% i [o)

=2 (0] 2 it =11 g% [0} + (ol [t 2.1t 4110)
a,b

-7y (,- 2 7ol P Lis. i¢4110)+ ko] jf ¢y [0) 8" + kzsbd)
a,b ¢

— )/2 Z (_ Zfbdcftdd(o‘[‘]f), .]f[:”()) + 2k25ba)
a,b

c,d
— )/2 Z (_ Z fbac‘fcad k de + 2k28bu>
a,b c,d

2\ _  kdimg
—y (ch k+22k> TCETAR

where we employed Eq. (3.5). Therefore, we can conclude that

The central charge of the conformal field theory defined by the current
algebra g; with respect to the Sugawara energy—momentum tensor is

kdim g
k+Cq -

c= 3.7)

Remarks

For 511(2);, the dimension of the corresponding Lie algebra is dim g = 3 and the
dual Coxeter number reads Cy = 2 which leads to ¢ = k 2 The case k = 1 gives
¢ = 1, which can be realised via the CFT of the free boson.

For 5u(3), we have dim g = 8 and Cy = 3 leading to ¢ = %. The case k =1
has central charge ¢ = 2 which reflects the fact that §1(3), can be realised by two
free bosons compactified on the root lattice of su(3).2

In general, for §1(N); we find dimg = N2 — 1 and Cy = N. Therefore, the
central charge is given by ¢ = (1\2:1\],)/‘. For the case k = 1, we havec = N — 1
which can be realised by (N — 1) free bosons.

2 The (N — 1)-dimensional root lattice of su(N) is spanned by the simple roots of the algebra. For
the special case when the bosons are compactified on such root lattices, the symmetry among the
currents is enhanced to s1(N);.
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e For the A-D-E Lie algebras su(N), so(2N), ¢6, ¢7 and ¢8, the corresponding
current algebra g, at level one naturally appears in the heterotic string. Indeed,
compactifying the heterotic string in the bosonic left-moving sector on the root
lattice of the Lie algebra g gives the free-field realisation of §; and leads to
massless spin 1 string excitations transforming in the adjoint representation of
the Lie algebra g. From the space—time point of view, these are nothing else than
non-abelian gauge fields in the gauge group G.

3.3 Highest Weight Representations of $11(2)y

Analogously to the Virasoro algebra, let us now study the representation theory of
Ka¢-Moody algebras. However, we will not present a rigorous analysis but only
illustrate the main features at the example of the most common 5u(2); algebra.
Implementing more structure from the theory of Lie algebras, the generalisation
to other simple Ka¢—Moody algebras is fairly straightforward.

Highest Weight Representations

Let us recall the current algebra (3.1) but use instead of £ the usual structure
constants ~/2 €%%¢ of the Lie algebra su(2) where € is the anti-symmetric tensor

Lig 3] =iv2 Y e joy +kmSuinod® . (3.8)
Next, we define the raising and lowering operators
N 1 A 1
:3 -3 T+ .1 )
== ’ m — = Un i m
In = 5 I i =5 Un %1 in)

to rewrite the commutation relations (3.8). The non-trivial commutators in the new
basis read

mk

[}7;317 }3] = T 8m+n,0 ’ [j}i? .}ni] = :t}yim ’ [.;rj;’ jn_] =km 5m+n,0 + 2}y§[+n'

Similar to Sect. 2.10, we can now define a highest weight state |h, g) via the re-
quirements

Jn [hoq) =75 |h.g)=0 for n >0,
Je h,q)=% h.q). (3.9)

Jo |h.a)=0.
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In the following, we will study the properties of the highest weight representations
in more detail.

1.

For each primary field with conformal dimension 4, the corresponding high-
est weight state |#) forms a finite-dimensional representation of the Lie algebra
su(2) which is the subalgebra of the zero modes. We thus define

)= ()" [h.a) -

As is known from Quantum Mechanics, for a spin é representation of su(2) with
[=0,1,2,...wehavea =0,1,2,...,laswellasqg =/ and g, = — 20c. We
therefore conclude that

The eigenvalues of 2}3 are integer, that is, g € Z.

The zero modes }Oi and }3 form only one particular su(2) subalgebra of §1(2);.
There exist other su(2) subalgebras which can be used to further constrain high-
est weight representations of 51(2). To investigate this point, let us define

~ 1 ~ 1 ~ 1 k
s .1 ) < .1 .2 <3 .3

= — _ +l - , = — —1 , = — - =,
J \/E (J 1 J l) J \/z (J+l J+1) J \/5 Jo 2

which satisfy an $11(2) algebra. Indeed, using Eq. (3.8) one observes that these
operators obey the commutation relations

[P 7P]=0.  [FF]l=+".  [NiT]=27°.

Therefore, each unitary representation of 51(2); must be a (reducible) unitary
representation not only of 51(2) but also of $1(2). Similarly as above, 2}3 then
has integer eigenvalues and since we know already that 2}3 has integer eigenval-
ues, it follows from the definition of }3 that k € Z.

To summarise, unitary highest weight representations of §11(2), can exist only
for k € Z.

. Let us now consider the L eigenvalue of |, g,) which is the conformal weight

or the (chiral) ground state energy. Using for instance Eq. (3.3), the Laurent mode
L of the energy—momentum tensor (3.6) is determined to be of the form

3

I<—1 I>—1

Here, we also employed that Cy = 2 and dim g = 3 for su(2). Computing the
action of L on a highest weight state |/, g,) we find
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3

h.g,) =
o) 2(k+2 ;J

3

o L

a=1

Ly

(3.10)
_la+2

4(k +2)

h, )

for |h, q,) a spin 3 L representation of §1(2). Here, we observed that >, jg}g is

the Casimir operator of 51(2) with eigenvalue l(l+2>

In conclusion, because Ly|h, g4) = h|h, q4), we have found that the
conformal dimension of a highest weight state |k, g,) in the spin % rep-
resentation has to be

1 +2)

= @3.11)

4. Let us finally take the highest jg state in |k, g,) which is |k, [). It is in a spin

% representation of the ground state and we have }(;r |h,l) = 0. Computing the

norm of j |k, 1) we obtain

(]G 7" [ty = (h L[5 7 ][ A )

=(h,1|-27|h.1)
=—2(n.1] 33 = & [n.1)
:_l+k7

where we employed Eq. (2.31) to observe that the hermitian conjugate of j*
is j~. Because in a unitary representation the norm of all states has to be non-
negative, we have to require that 0 </ < k.

To summarise, unitary highest weight representations of 511(2); are only
allowed for 0 <[ < k withk € Z™.

Subalgebras of 511(2); and Generating Functions

In the last paragraph, we have studied two particular subalgebras of the §u(2), Kad-
Moody algebra. However, one can even find an infinite set of §U(2),,) C Su(2);
subalgebras defined by the following operators:
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with n € Z. Using these, one can deduce a lot of information about highest weight

T+
Jy =
Joy =

~3 _
Jy =

1
1

1 5 nk
ﬁJO 2 3

7 Gl +ij2) .

E (j-&l-n —i J-%-n) ’

95

representations of 51(2);. We explain this at the example of 511(2); which is illus-

trated in Fig. 3.1.

e We start with the highest weight state |k, g) = |0, 0) transforming in the singlet

representation of the zero mode 5u(2) algebra, i.e. }3 |0,0) =0.

e Relative to the §11(2)(;) algebra, this state has ](31) eigenvalue —1/2 which we infer

from the definition of }(31) Therefore, |0, 0) must be in the spin % representation

of §11(2)1). Working out the definition of i), we see that j)[0,0) = 0 and so

h A

9 4

~ _ 1 ~ . ~ . 1
ty=+ 3ty=0: iy=-4

A

T

-3

—1

=
—
[\)

ity=—

Fig. 3.1 Highest weight representations of 51(2),. The arrows represent various raising operators,
and for some representations the j&) eigenvalues can be found. The empty dots indicate that the

action of some ](J;) vanishes
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there is precisely one other state in this representation, namely jJ)IO, 0), which
has (h, g) = (1, 1) in our notation from Eq. (3.9).

e We can continue with this type of arguments and observe that with respect to
$U(2)2), the state ;'(Jlr)|0, 0) is a singlet representation and with respect to 51(2)3
it is in a spin % representation. Therefore, there exists one other state in the
$11(2)3) representation, namely }(Jg) ](J[)|O, 0), with (1, ) = (4, 2).

e This structure continues in steps of two so that on the boundary of the diagram in
the (K, g)-plane, there are states (h, g) = (m?*, m) withm € Z.

In the case of 51(2),, it turns out that knowing just the states on the boundary in
the (h, g)-plane is sufficient for extracting the degeneracies of states on each level
(h, q). In particular, at the end of Sect. 2.9.1, we have seen that 51(2); can be realised
in terms of a free boson X (z, 7) via the currents

j(@)=i0X(z.2) (h.q) = (1.0) .
Vo5 =:etVx (h,q) = (1, 1),
where we have also written down the conformal weight 4 and the j3 = \/% Jo

eigenvalue obtained for instance from the commutator [ jo, V. fz]- However, we can
construct additional bosonic fields as

Vi =: e VY (h.q) = (m* £m) (3.12)

where m € Z. By comparing with Fig. 3.1, we observe that the values (h, g) of
Eq. (3.12) describe the boundary of the diagram in the (4, g)-plane. In fact, this
equivalence between the fields (3.12) and §1(2); states with (4, g) = (m?, m) can be
proven. We will come back to the vertex operators (3.12) and explain their relation
to the free boson compactified on a circle of radius R = V2 in Sect. 4.2.3.

Since we are familiar with the creation operators j_, of the free boson theory,
we know how to construct the Hilbert space on each state |m?, m) with m € Z.
As it turns out, the generating function for the degeneracy of states built upon the
[ = g = 0 highest weight representation of 51(2); can be written as

2010 = F= T 1_q Zq : (3.13)
n=1

mez

where q keeps track of the L eigenvalues /. Unfortunately, there is a clash between
two common notations so let us emphasise that q in Eq. (3.13) is not to be confused
with the 2}3 eigenvalue ¢g. The prefactor in Eq. (3.13) is the result for one free
boson stated in Eq. (2.98), and the sum includes the states on the boundary (%, ¢) =
(m?, m). For the % = % highest weight representations, one finds similarly
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m 2
2@ = m= T 1_q Z a2 (3.14)
n=1 meZ

We will come back to these expressions in Chap. 4 and explain their meaning and
notation in more detail.

Remark

The structure of the highest weight representations of 51(2); generalises to higher
levels k. For these cases, one does not have a simple realisation in terms of one free
boson but using the infinite set of su(2),, subalgebras, one can deduce the states on
the boundary of the HWRs in the (4, g)-plane. On top of each of these states, one
finds only a finite set of different generating functions C(k) .,(@). It turns out that the
complete generating function can be written as

Z14(a) = Z Ciin (a) Oui(@) .

m=—k+1
[+m=0 mod 2

with

Oui@= Y o

neZ+5;

We will discuss these expressions and in particular the so-called string functions
C l(kni (q) in more detail in Sect. 4.6.

3.4 The 56(N); Current Algebra

Due to their ubiquity in superstring models, let us briefly discuss the 50(N), current
algebra. This algebra can be realised by N real free fermions v/ transforming in
the vector representation of SO(N), for which we have the usual operator product
expansion

ij

T (3.15)
—w

V() Y (w) =

In analogy to the example of two real fermions studied in Sect. 2.9.2, we construct
the currents for the present theory as

j”(z)z%N(W 1yl (3.16)
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where (19);; witha =1, ..., are the representation matrices corresponding
to the vector representation of SO(N), and a sum over i, j is understood. Note that
the prefactor has been fixed by demanding that the currents satisfy the Kac-Moody
algebra (3.1).

We will now compute the level k of this current algebra. The Laurent modes of
Jj“(z) can be determined with the help of Eq. (2.110) and read

N(N-1)
2

) 1 ‘ ‘ : .
=g | = 2 v+ Yo v
1 1

§>—3 s<—3

from which we compute the action of j¢; and j{, on the vacuum as

7] 1 j i . 1 i j
= 2v vl o ol = s blvin ]

Let us mention that the OPE (3.15) implies the usual anti-commutation relation
{y!, ¥} = 87§, _ for the Laurent modes v/ and so we can calculate

a  .a 1 i .a j a
(O] 51 21 10) = =7 (O] vy iy wi vk, iyl [0)

1 o . .
=T (0w 0]~ (0] W w4 ) v v, ) )

1 a .a j i i j 1 a
= =g i (87087 =8 8) = ST (1)

=+19

2

where we implicitly summed over repeated indices and used Tr (t%)> = 2 for SO(N)
representation matrices. Recalling the Kac—-Moody algebra (3.1), we see that the
left-hand side of the expression above is equal to k which implies k = 1 for the
level of the current algebra given by the OPE (3.15).

Using our formula (3.7) with &k = 1, dimg = % N(N—-1)andCyg =N — 2, we
find for the central charge that ¢ = % In summary,

The current algebra constructed out of N free real fermions transforming
in the vector representation of SO(N) satisfies the Kaé—~Moody algebra
§0(N); with ¢ = 5.

Note that the representation theory of 56(N); can be traced back to the representa-
tion theory of N free fermions which we will discuss in more detail in Sect. 4.2.4.
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3.5 The Knizhnik—Zamolodchikov Equation

Analogous to the differential equations to be satisfied for correlation functions of
Virasoro primary fields due to null states, the correlation functions of Kac-Moody
primaries have to satisfy a first-order differential equation. In this section, we will
derive this so-called Knizhnik—Zamolodchikov equation.

Kac¢-Moody Primary Fields

To start with, let us define Kac-Moody primary fields. In Chap. 2, we have stud-
ied the conformal symmetry generated by the energy—momentum tensor and we
identified (Virasoro) primary fields transforming in a distinguished way under the
conformal symmetry. Since now we are studying Kac—-Moody symmetries generated
by currents, we can define primary fields with respect to the Kac—-Moody currents.

Definition 1. A Kac~Moody (chiral) primary field transforming in a representation
R of a group G is characterised by the OPE

1 P
J@ Y = —— > (1x), )+, (3.17)

—w

where j(z) are currents generating the group G and ty are the corresponding rep-
resentation matrices.

Let us remark that here we have written out the components ¢} of the representation
¢r explicitly; however, we will also employ the notation #§ ¢z where a matrix prod-
uct is understood. Furthermore, because the Sugawara energy—momentum tensor is
constructed out of Kac—-Moody currents, we expect a Kac—-Moody primary field also
to be a Virasoro primary, but the reverse is not true in general.

Ward Identity for Kac-Moody Symmetries

After having given the definition of a Kac-Moody primary field, we will now de-
termine the Ward identities for the Kac-Moody symmetry. Similar to the conformal
Ward identity (2.48) describing the behaviour of correlation functions under con-
formal symmetry transformations, the Kac—-Moody Ward identity describes its be-
haviour under the Kac-Moody symmetry. In analogy to Eq. (2.35), we observe that
under infinitesimal Kac—-Moody transformations described by a function €(z) < 1,
a field ¢(w) changes as

d
B ¢(w)=y£ =N @@ ¢w) . (3.18)

(w) 270

Next, we compute the variation of a correlation function involving N primary fields.
Using the formulas above, we find
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S (P, (wi, W) ... Pr, (Wy, Wy))

dz _
= fé — ) € jQ) pr,(wi, W) ... g, (Wy, W) )
(w a

wy) 2mi

.....

fé( ) i ZE (Z) Pri (Wi, W) (j”(z)qul_(w[,wi)) e '¢RN(U)N,WN)>

a

dz 1%, _ _
-— ) € (Pr, (w1, W1)...Pr, (wy, Wy) ),
Clwy) 27 - Z—w;

where we employed the deformation of contour integrals illustrated in Fig. 2.5 and
it is understood that t;’?i only acts on ¢g,. Since the variations €“(z) are arbitrary,
we obtain from the second and last line of this expression the Ward identity for the
Ka¢-Moody symmetry

(j*@) dr (w1, W) ... dr, (wy. W) )

N
=Z & (PR (w1, W) ... Pr, (wy, Wy))
o < Wi

Kac¢-Moody Descendant Fields

In this paragraph, let us cover some structure needed for the following. First, we
recall Eq. (2.123) for a Virasoro descendant field

L., p(w) fdz L T()é(w)
apw)=Pp — —— w) ,
i G—wy—!
together with our results from Chap. 2 for the relation between states and fields

(2.74) (2.124)

L|¢) o (w) Logw). (19

In the same way as the Virasoro descendants are constructed, we define the descen-
dant fields for the Kac-Moody symmetry as

J@ ) =Y @ —wy" (G, ¢r)w) .

n>0

d 1
(7%, ¢r)(w) = f : J42) pr(w) . (3.20)

2mwi (z — w)”

Using the Laurent expansion (3.2), we can compute the following expression:

1
llm(mR )(w) [0) = f——; @) |¢r) = j%, |or) . (3.21)
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where we employed the definition of asymptotic states (2.28). From Eq. (3.21) we
can then identify

iler) — (Y eR)@- (3.22)

Finally, let us employ relation (3.21) and the OPE (3.18) to compute the action of
J¢§ on a state |¢) to be of the following form:

o [dz,
ji |or) = ggrgf S @) ér(w) [0)

. dz 1 a a
ZiTO,(]gE(z——w fR¢R(w)+"'> |0) = 1% | &) - (3.23)

Derivation of the Knizhnik—Zamolodchikov Equation

We will now derive the Knizhnik—Zamolodchikov equation. To do so, we determine
the L_; Laurent mode of the Sugawara energy—momentum tensor as

L7 - + = = ,
= sirey DTt T )
and for its action on a highest weight state |¢%) in the representation R we compute

1 |@k) = WZ(ZJZJ 1 z+ZJ 1 1J1>|¢R

I<—1 I>—1
1 ca  a ca  a r
= m Z (e Js + 7% 08) %)

k+C Z]lz |¢R)

where we employed Eq. (3.23). Writing this expressing using the correspondences
(3.19) and (3.22) in terms of fields, we obtain

~ 1 ~
L_— it =0
( 1 k+C, ; J-1 R) Pr(2)

Note that in order to make sense of this matrix equation, there is an identity matrix
implied for L_;. We can then insert this zero into a correlation function leading to
the trivially satisfied equation
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0=(¢>R1(w1>...(2_1— ZJIrR>¢R(w> pr (). (324)

k+Cq4

for eachi = 1,..., N. From Eq. (3.19) we recall that L | acting on ¢g, (w;) gives
—1¢r (W) = aw, ¢R (w;), and for the second term in Eq. (3.24) we use Eq. (3.20)
to calculate

(dr,w1)... (%) ¢r) W) ... pry (wi) )
d 1
:fé = (/@ ¢rw1)... Py (wy))

(wi) 27Tl — w;

d 1 1
:_Zi - 1% (PR (W1) . PRy (W) )

7 Jewy 2mi 2 —Ww; T — W,

:-Z ' ¢R,(w1) PRy (WN) ) -
J#l

Note that here we employed the deformation of contour integrals shown in
Fig. 2.7. Using these results in Eq. (3.24), we arrive at the celebrated Knizhnik—
Zamolodchikov equation

! 2alk Ok,
6w- - ! J —0 ’
‘ k+Cg 12;&1: w; — w; (¢Rl(wl) ¢RN(U)N))

fori =1,... N where the tensor product again indicates that 7 acts on ¢g, and t,“e/
on ¢g;.

The solutions to these equations are the correlation functions of Kac—-Moody
primary fields; however, they are difficult to solve in full generality. But for four-
point correlators, solutions in a closed form in terms of hypergeometric functions
are known.

3.6 Coset Construction

The conformal field theories based on Kac—-Moody algebras contain currents, that
is, fields of conformal dimension 2 = 1, which is in contrast to the minimal unitary
models of Vir, ;) with 0 < ¢ < 1 not containing any such fields. We will now
present the so-called Coset construction, also known as the Goddard—Kent—Olive
(GKO) construction, that provides many minimal model CFTs from Kac-Moody
algebras. Again, we will discuss the su(2) case as an illustrating example.
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Quotient Theories

We start with the Kac-Moody algebra g, originating from the Lie algebra g which
contains a subalgebra fj C g. As usual, we will denote the Kat—Moody algebra
corresponding to f by Gkh . Referring to Eq. (3.6), the Sugawara energy—momentum
tensors read

1 dim g
T43Z) = ——— N(JjgJg )@,
dim b

1 b
Ty(z) = m ; N(Jé’]é’)(z),

and since the current jé’ corresponding to EA)kh is a primary field of dimension 4 = 1
with respect to both Ty and Ty, the OPEs with the energy—-momentum tensors have

the form

Jw)  aujp(w)

Ty(2) j(w) = i i— :
b b
by 8y jlw)

Ty@ Jjw) = s+

Taking the difference of these two equations and observing that Ty is constructed
only from jé’ , we arrive at the OPEs

(Ty — Ty)(2) jg(w) = regular,
(Ty — Ty)(2) Ty(w) = regular . (3.25)

Therefore, the splitting
Ty =(Tg = Ty) + Ty =Ty + Ty with Ty =Ty =Ty
gives a decomposition of the Virasoro algebra generated by 7 into two mutually

commuting Virasoro subalgebras since (T — Tp)(z)Ty(w) is regular. Employing
then Eq. (3.25), we obtain the relations

Tapg Tapp =Ty Ty =Tg Tg =Ty Ty =Ty Ty — Ty Ty

up to regular terms. Therefore, the energy—momentum tensor Ty, satisfies the Vi-
rasoro algebra with central charge

kgdimg  ky dimb
c = Cq — Cp = - .
T T G+ Gy ky+ Gy

(3.26)
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We finally state that the quotient (or coset) theory contains all operators of ﬁkg
which have a non-singular OPE with the operators of § &, - In the present context, this
property just means that the two algebras commute. Simple examples for such coset
theories are the parafermions 5u(2); /ti(1);. Since the central charge of any u(1);
theory is one, using the results from p. 91, the central charge for the parafermions is
found as

3k 2(k—1)

c= 1= . (3.27)
k+2 k+2

Special Coset Constructions

Another important class of coset construction is (§x, % 8,)/8x where the algebras gy,
are generated by j¢, and gy is generated by j¢ = j{, + j&,. Note that by definition,
the Laurent modes of jij, and j;, commute, and so the commutation relations for
the combined currents j¢ are found as

]m’ ]n =i Z fabC -]lfH—n kl + kZ) m 5 8m+n 0>

with fabe = f(“ll)’c+ fé‘)’” and so the level of the Ka¢—Moody algebra §; is k = ki +k;.

Such cosets are also called diagonal cosets and their energy—momentum tensor has
the form

T(gk, X Qo )/ Gy +hy Tml + Tmz - T9A1+k2

analogously to the previous paragraph. One of the simplest example for a diagonal
coset is
SU(2) x 5U(2),

— s 3.28
A (528)

with k > 1. Noting that by definition the OPE T, Ty, is regular, the central charge
is found using Eq. (3.26) as
3k 3(k+1) 1 6
) k+3 — (k+)*k+3)’

(3.29)

Recalling our results from Sect. 2.10, we see that these are precisely the val-
ues 0 < ¢ < 1 from the unitary series of the Virasoro algebra. Since for unitary
representations of just the Virasoro algebra there are no currents, we expect them
to be absent also in the coset construction. And indeed, there is no subalgebra of
currents ji, + jé) commuting with all j© = j, + j3, and so the coset theory
does not contain any currents. In summary, although not proven rigorously here,
the theories determined by the coset (3.28) are the unitary minimal models of the
Virasoro algebra studied in Sect. 2.10.
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Hilbert Space and Branching Rules

Let us now turn to the Hilbert space. Under the decomposition Ty = Ty + Ty,
a highest weight representation (\y) of § must decompose into a direct sum of tensor
products of highest weight representations of ) and the coset theory §/h

Na) =D () ® (Agpp) - (3.30)

N )

These relations are the so-called branching rules. In the case of the coset (3.28), one
finds that a highest weight representation of § = §1(2); x 5W(2); decomposes into
highest weights of h = su(2);41 and §/h = (BuQ); x s1(2)1)/50U(2)11 as

(p=1),®(), = @ (g - 1)k+1 ® (hp.g(m)

0<(g—1)<k+1
p—q—+€e=0mod 2

(3.31)

withe = 0,1, m =k+2and 0 < (p — 1) < k. Here, (I); denotes a spin % rep-
resentation of 51(2); whose conformal dimension is determined using the relation
below Eq. (3.10). Note furthermore that all highest weights 4, ,(m) of the Virasoro
unitary model appear and that p — g is even for € = 0 and it is odd for e = 1.

Before we turn to more general examples, let us illustrate the decomposition
(3.31) for the Ising model with k£ = 1 and thus m = 3. A highest weight representa-
tion of 511(2); x §1(2); decomposes into HWRs of 51(2), and Vir._, as

O ® O = [0:e0u)"] @ [ ® n].

o ® 1

[ (%) (L)
(1), ® (h12)" 76|,

OF @ O = [0 @t W],

O & MY = [0emn®] e [@) @ 0],

where (0), (1) and (2), respectively, denote the singlet, spin 1/2 and spin 1 represen-
tation of 51(2); and 511(2),. The superscript stands for the conformal weight of the
particular highest weight representation.

Examples

The coset construction allows to define many rational CFTs. In closing this section,
we will briefly consider two examples which will be important later.

e The first example is (5U(2); x 51(2)2)/51(2),2 With central charge
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3k 3 3k+2 3 < 8 )
c = 1 .

“k+2 2 k4 2\ T 12k 19

As we will see in Chap. 3, this is the unitary series of the N' = 1 supersymmetric

extension of the Virasoro algebra.
e The second example is (51(3); x 51(3)1)/51(3)r.1 with central charge

c

8k 2_8(k+1)_2<1_ 12 )
T k+3 k+4 k+3)k+4)) "

It is an interesting question whether these theories also arise as a unitary discrete
series of rational CFTs for an extended symmetry algebra. In fact, it turns out that
the vacuum representation in this case contains besides the energy—momentum
tensor 7(z) another chiral primary field which has conformal dimension ~=3.
We will investigate such extensions of the Virasoro algebra in the following
section.

3.7 YV Algebras

The symmetry algebras we have studied so far are the Virasoro algebra and Ka¢—
Moody algebra generated by currents j(z) of conformal dimension 4 = 1. However,
in the last section we also considered coset constructions of CFTs where in partic-
ular the diagonal coset (51(3); x 51(3))/5u(3)r11 appeared. A detailed analysis
shows that it does not contain any currents but of course the energy—momentum
tensor 7'(z). In addition, the coset contains a chiral primary with conformal dimen-
sion & = 3 which happens to be the order of the second Casimir operator of su(3).

It is natural to ask the question if there exist extensions of the Virasoro algebra by
chiral primary fields of conformal dimension 4 > 2, and if yes, what the structure
of the algebra is. In Sect. 2.6, we have worked out in fair generality the structure of
such operator algebras. In the present section, we will apply these techniques to the
construction of extended chiral algebras A.

The Minimal Extension

We start with extending the usual Virasoro algebra generated by L(z) by including
a chiral primary of conformal dimension /& = 3 denoted as Ws(z)>. We then obtain
the following commutation relations:

C
(Lo La] = (m =) Lo + 5

[ L, W] = (2m —n) Win (3.32)

(m® —m) Smsno

3 In the present context, it is customary to write L(z) instead of 7'(z).
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where the first line describes just the Virasoro algebra and W,, are the Laurent modes
of W3(z). Recalling Eq. (2.45), the second line is the statement that W3 is a primary
field of conformal dimension 4 = 3. The commutator of the Laurent modes of W3(z)
can be determined using the general expression (2.54)

[ Wi, W ] = Cliy p332(m. 1) Lywin + Cyy pasa(m, n) Wiy,

m—+2
+ dww( 5 )5m+n,0~

N

+ Cyiy” pasa(m, n) N(LL)

m+n

Let us have a closer look at the terms appearing on the right-hand side of this equa-
tion.

e Similar to the Virasoro algebra where we have chosen the normalisation of the
two-point function to be dy; = %, we will now choose the normalisation dyw to
be dWW = %

e From the explicit formulas (2.55), we find paack+1)(m, n) = paack+(n, m),
where A denotes some field of the theory. In order for the commutator to respect
the (anti-)symmetry, it follows that CZZAI‘H) = 0 and thus only fields of even con-
formal dimension 4 can appear on the right-hand side of [W,,, W,,]. In particular,
this means that C&,’W = 0.

e From Eq. (2.55), we find that py33(m,n) = 2’”7’" and by comparing with
Eq. (3.32), we obtain C}*, = 3. We then recall from p. 34 that C;;; = ij di
which allows us to calculate

SEEN

Civrw = Cwwi (dLL)_l = Cly dww (dLL)_l =3. =2.

W] o

e Finally, above we have employed the quasi-primary projection of N(L L) defined
in Eq. (2.72) which reads N (LL)(z) = N(LL)(z) — %GZL.

Combining these results, we can become more concrete about the commutator of
two Ws(z) Laurent modes

[ Wi, W | =2 p3sa(m. n) Ly + C/V}//%L) p33a(m,n) N(LL)

+c m+ 2 s
3 5 m+n,0 -

m+n

Determining the Constant C@Q‘VLL’

We will now determine the constant CCV/(V‘%L) via the relation C;j; = Cf]. dy.. To do
so, we have to compute Cwwarzr) and dy(r)a () Where the latter is essentially
the two-point function of the field A'(LL). From Sect. 2.8 we recall that

3
N(LL)_4|0) = (L_ZL_z T -2L_4) 0) .
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and the norm of this state is evaluated by applying the commutation relations of the
Virasoro algebra. Specifically, with the help of the usual techniques and Eq. (2.56)
we find

6‘2

0| Ly Ly L >L 5|0) = —+4+4c,
<| P 2|> 2 (5c+22)c

O] LsyL_4|0) = 5¢, = dvwonven =5

O] LsL2 L5 ]0) = 3¢,

For the three-point function (W W N'(L L)), we note that the state corresponding
to the field Wi(z) is W_3|0). Utilising Eqgs. (2.56) and (2.57) and using the commu-
tation relation (3.32), we calculate

3
Cwwnr) = <0’ W3 W, <L2L2 ~3 L4> ’0>

= (0] W [W, LaL2] [0) — 3 (0] ws [ Wi, 2] o)

27
=5 (0| W3 (L_2 W_i+ W_, L_2) ‘0) — ? (0’ Wi W_3 ’0)
27
= 5o we -1, 221 [0) - 2] wa s
_480|WW |0—48d _16
=5 O WaWoa [0} = 5 dww = e

Employing the inverse of the relation C;j; = Cf ; dy and our result for dyLov (L)
we obtain

32

N(LL) —1
C =C d = —.
ww WWN(LL) ( N(LL)N(LL)) Sc+ 22

In passing we note that here we have computed nothing else than one of the coeffi-
cients ﬂvLV’é{,(} introduced in Sect. 2.12.

The Algebra W(2,3)

We can now write down the full expression for the commutator of two W3(z) Laurent
modes as

p3sa(m,n) N'(LL)

m-+n

3
Wi, Wy | = 2 s Lyytn = AA
[ . ] p3a(m, n) Ly, + Sc 22

+c m+2 s
3 5 m+n,0 -
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However, one still needs to check whether the algebra defined by these relations sat-
isfies the Jacobi identities, which at the level of OPEs are equivalent to the crossing
symmetry. In particular, one has to check that

0= [[Wo, Wa]. Wy ]+ [[Woo W], Wa ]+ [ [Wa Wy ] Wi ]

which in our present case is automatically satisfied for all values of the central
charge. Thus, there are no further constraints and the so-called W(2, 3) algebra
closes for all values of c.

The generators L(z) and W3(z) form an algebra which is not linear in L and
W3 but involves normal ordered products in the commutation relation of the Lau-
rent modes. This implies that in general the algebra closes only in the so-called
enveloping algebra of L,, and W,,. Such algebras are called W algebras and they
naturally appear as extended chiral algebras of CFTs. The extension of the Virasoro
algebra by chiral primaries of conformal dimensions {Ay, ..., Ay} is denoted as
W2, Ay, ..., Ay).

In this section, we have constructed the W(2, 3) algebra. Computing the Kac-
determinant for this theory, one finds a discrete series of unitary rational models
with central charges

cen (1 o2 ) (3.33)
(k +3)k+4)

for k > 1. However, it can be shown that the chiral algebra of the GKO coset

—ﬁt(3lk X SUG): (3.34)

SU3)et1
precisely is the W(2, 3) algebra. We will not proof this statement but only point out
that the central charges for the su(3) diagonal coset (3.34) agree with the central
charges (3.33) of W(2, 3).

An example for theories with YW(2, 3) symmetry is the three-state Potts model
with k = 1 and ¢ = ‘51 also appearing in the unitary series of just the Virasoro
algebra. We will see later how the relation between the (2, 3) algebra and the
Virasoro algebra can be made more precise.

Generalisations

Let us ask the question how to generalise these ideas. We note that su(N) has
independent Casimir operators of degree {2,3,..., N}, which is in relation to
the fact that the diagonal coset (5U(N); x 51(N);)/5U(N )41 has an extended
W(2,3,..., N) symmetry. Up to N = 5, the corresponding algebras have been
constructed explicitly using the methods above and the central charges for these
models are given by the unitary minimal series
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(= (N-1) <]_ NN +1)
(m+N)(m+N+1)

) with m >1.

Therefore, one might envision that the classification of W algebras leads to a clas-
sification of rational models; however, such a programme has not been completed
up to now. Here, let us give just one more example of which is the next natural
candidate for an extended symmetry algebra, namely W(2, 4).

The Algebra W(2,4)

We note that the higher the degree A of Wa(z) is, the more the normal ordered prod-
ucts appear in the commutator [W,,, W,,]. If Wy(z) is a chiral primary of conformal
dimension & = 4, then the commutator of the Laurent modes with the energy—
momentum modes reads

[Lma Wn] = (3m - I’l) Wm+11 .

For the commutator of the W,, modes, we use the general formula (2.54) from
Sect. 2.6 to obtain

[Wm, W, ] = Clw Paaa(m, n) Lysn + Clyvy pasa(m, n) Wiy

+ Chr"” paaatm. m) N'(LL)

m-+n

N

2
+ Ciyy™ " pass(m, ) N'(Lo’L)

m+n

+ Cy o ™" pasg(m, m) N(N(LL)L)

m-+n

c (m+3
+ oy pas(m, )y N(WL), .+ Z ( ; >3m+n70,

where we normalised the two-point function in analogy to our previous cases as
dww = 3. The fields appearing on the right-hand side are restricted by the require-
ment from p. 35 that &z < 2 - 4 and by our previous observation that all fields on the
right-hand side need to have even conformal dimensions.

The constants p;jx(m, n) can be calculated using Eq. (2.55) and the structure
constants of the descendants are determined as

Chw =2,
CN(LL) _ 42
YW T s5e 4227
CN(LGZL) _ 3 (19C — 524)

YW T 10(Te +68)2c — 1)
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chwann _ 24 (72¢ 4+ 13)
ww (5¢+22)(Te +68) (2c — 1)

N(WL) 28 w
C = —C .
ww 3(c+24) "V

Here, the central charge ¢ and the self-coupling of the primary field C v‘?//w are still
free parameters. However, they can be fixed by the Jacobi identity of three W,
modes giving one constraint

w 2 54 (c+24) (c* —172c 4 196)
(Cuw )" = (5¢+22) (7c +68) (2c — 1)

Remarks

For higher W algebras W(2, A), the structure becomes more and more in-
volved. For instance, YW(2, 5) closes only for a finite number of values ¢ =

8, —7,—30 134 £ 60V5.

e The algebra W(2, 6) closes for all values of c.
e The Casimir operators of a Lie algebra form itself a closed algebra called the

Casimir algebra. For instance, as we have seen in Sect. 3.3, the Casimir operators
of su(2) are the identity and the zero modes of the Sugawara energy—momentum
tensor (3.6). We then note that the algebra W(2, 4) studied in the last paragraph
is the Casimir algebra of so(5), and WW(2, 6) is the Casimir algebra of g,.
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Chapter 4
Conformal Field Theory on the Torus

So far, we have been discussing conformal field theories defined on the complex
plane respectively the Riemann sphere. In string theory, such theories correspond
to the tree-level in perturbation theory which is illustrated in Fig. 4.1(a). As a char-
acteristic feature of CFTs on the complex plane, we observed that the chiral and
anti-chiral sectors decouple; in particular, in many cases we were able to treat both
sectors independent of each other. We also saw that the chiral and anti-chiral CFTs
can have extended symmetry algebras A and A, and we studied the allowed highest
weight representations [¢, ] respectively [551,] as well as their fusion rules.

Except the computationally quite involved boot-strap method, we did not en-
counter any consistency condition restricting how the chiral and anti-chiral fields are
combined into fields ¢h1ﬁ, (z, 7). However, as is known for quantum field theories,
a natural way to see which fields are actually present in a theory is to consider loop
diagrams where all possible states can propagate in the loops. For conformal field
theories, the equivalent is to study CFTs on higher genus Riemannian surfaces. The
one-loop diagram corresponds to a torus, and we will see that indeed a new con-
sistency condition, namely the so-called modular invariance, arises already for the
vacuum diagram severely constraining the appearing non-chiral fields Gn, i, (z,2).
Note that here and in the following, we employ the jargon customary in string theory
where the higher genus Riemannian surfaces correspond to string-loop diagrams as
is illustrated in Fig. 4.1(b). In the present chapter, we will not consider arbitrary sur-
faces but focus on conformal field theories defined on the torus which is a Riemann
surface of genus g = 1.

»xX-@ X-©

(a) String tree-level amplitude (b) String one-loop amplitude

Fig. 4.1 A tree-level and a one-loop amplitude in string theory. The string diagrams with four
closed strings stretching to infinity correspond, respectively, to a sphere and a torus with four
vertex operators inserted

Blumenhagen, R., Plauschinn, E.: Conformal Field Theory on the Torus. Lect. Notes Phys. 779,
113-167 (2009)
DOI 10.1007/978-3-642-00450-6_4 (© Springer-Verlag Berlin Heidelberg 2009
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4.1 The Modular Group of the Torus and the Partition Function

To start with, let us recall that in Chap. 2 we considered conformal field theories
defined on the complex plane C respectively the Riemann sphere S*> = C U 00. As
we explained in Sect. 2.4, the theory on C can be obtained from the theory defined
on a cylinder via the mapping (2.23)

where z is the coordinate on C and w = x°+ix! is the coordinate on the cylinder. In
this way, we motivated the concept of radial quantisation and we introduced radial
ordering for the evaluation of correlation functions as well as for operator product
expansions. Let us emphasise that by studying the CFT on the complex plane, we
were able to employ the power of complex analysis allowing us to deduce many
features of two-dimensional CFTs.

In this chapter, we are going to study CFTs defined on a torus. The easiest way
to obtain such a theory while using our previous results is to cut out a finite piece of
the infinite cylinder described by w = x° + ix! and to identify the boundaries.

From the Complex Plane to the Cylinder

More precisely, the transition from the complex plane with coordinate z to the
cylinder with coordinate w is achieved as follows. Recalling the definition (2.17), a
primary field ¢(z, 7) defined on C transforms under the conformal mapping z = e
as

(NN
eyt (w, W) = (—) (ﬁ) #(z.2) ="7"¢(z.2) . (4.1)

ow

Concentrating on the chiral sector, the mode expansion of a chiral field on the
cylinder can then be inferred from the result on the complex plane using z = e".
Concretely, we find

9z

h
Py (w) = (—) $2) =" gz =D pae " (4.2)

Jw

Furthermore, from Eq. (4.1) we see that fields invariant under z — ¢>7z on the
complex plane pick up a phase ¢>”'"~" on the cylinder. If (2 — &) is not an integer,
the type of boundary condition of a field is changed. Indeed, using Eq. (4.1), the
Laurent expansion of a chiral fermion with (%, n) = (%, 0) on the cylinder reads

wcyl.(w) = Z wr e s
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so that the Neveu—Schwarz sector with r € Z + % is anti-invariant under w +—
w + 2mi while the Ramond sector with » € Z is invariant. This is just opposite to
the boundary conditions on the complex plane given in Eq. (2.104).

Focus on the Energy—-Momentum Tensor

Let us next consider the chiral part of the energy—momentum tensor. Since 7'(z) is
not a primary field, we cannot employ Eq. (4.1) to map it from the sphere to the
cylinder. However, we have seen in Sect. 2.5 that under transformations z — f(z2)
the energy—momentum tensor behaves as

2
T'(z) = (%) T(f(2) + 16—2 S(f(2), 2), 4.3)

with the Schwarzian derivative defined as

1 3
Sw, 2) = @.0) ((azw)(aﬁw) 3 (aﬁw)z) :
Using Eq. (4.3) with z = f(w) = e, we obtain

af(w)
Jw

c

4.4
TR

2
To(w) = ( ) T(f(w)) + % S(fw),w) =2>T(@) —

where we employed that S(z, w) = — % The Laurent mode expansion of the energy—
momentum tensor on the cylinder therefore reads

c

_ 8’1’0) e—ﬂ w ,

_n c
Tor@) =Y Lz = 2= (Lu— 5

24

nez nez

so that in particular the zero mode gets shifted as

(Leyi)y=Lo— = - 4.5)

Modular Group of the Torus

After having arrived on the cylinder, we will now perform the compactification to
the torus. The torus T? is obtained by cutting out a finite piece from the infinite
cylinder and identifying the ends so that not only the space coordinate but also
the time coordinate becomes periodic. However, before gluing together, there is the
possibility to twist the ends of the cylinder.

As it turns out, it is useful to formalise this compactification from the plane to
the torus in the following way. We note that a torus can be defined by identifying
points w in the complex plane C as
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Fig. 4.2 Lattice of a torus A
generated by («;, o)
conveniently chosen as (1, 7).

/ / /
The shaded region indicates
the fundamental domain of
the torus, and the torus itself o
is obtained by identifying 1Ty 2
opposite edges thereof
/ /

w~w+mao+noy, m,ne,

/ /

where (o, ) is a pair of complex numbers. As illustrated in Fig. 4.2, this pair
spans a lattice whose smallest cell is called the fundamental domain of the torus.
From a geometrical point of view, the torus is then obtained by identifying opposite
edges of the fundamental domain. The quantity describing the shape of the torus is
called the complex structure or the modular parameter which is defined as

o2 .
T=—=1+1I7p. (4.6)
o]

However, there are different choices of (¢, o) giving the same lattice and thus
the same torus. To investigate this point further, let us assume that («;, o) and
(B1, B2) both describe the same lattice. This means we can write the pair (8;, 8,) in
the following way:

(§1> _ (‘c‘ Z) (Z‘) , abedel. 4.7)
2 2

Clearly, in a similar fashion (o, o) should also be expressible in terms of (81, 82)
which amounts to the computation of the inverse relation

oy _ 1 d —b ,31

) ad—bc \—c a B)
In general, for the inverse matrix to also have integer entries, we have to require that
ad—bc = £1 which just means that the unit cells in each basis should have the same
volume (up to a sign). Furthermore, the lattice spanned by (o, o) is equal to the one

spanned by (—«;, —ay) and so we can divide out a Z, action. Matrices with these
properties are elements of SL(2, Z)/Z, which implies that two pairs (¢, op) and
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(B1, Br) are related by SL(2, Z)/Z, transformations. Finally, by choosing (o, o) =
(1, v) we can simplify Eq. (4.7) and summarise:

The modular group of the torus is an isometry group acting on the mod-
ular parameter 7 as

at +b
ct+d

. ab
with (c d) e SL(2,72)]Z, .

Let us now take a closer look at some particular modular transformations which
will be important in the following.

e First, we consider a transformation from the torus lattice (o, @x) = (1, 7) to
(1, T + 1) as illustrated in Fig. 4.3(a). Under this change the lattice is invariant,
but the modular parameters are related by a so-called modular T -transformation

T :t—>1+1.

e Second, as illustrated in Fig. 4.3(b), two lattices given by (o, an) = (1, 7) and
(a1, @) = (1 + 7, 7) also define the same torus. They are related by a so-called
U -transformation acting on the modular parameter t as

T

U:1t— .
T+ 1

e However, it turns out to be more convenient not to work with U but with §
defined in the following way:

Note that this operation interchanges («¢;, @) <> (—a2, o).

T T+1 T T+1

> > >

»F
1 1

(a) Modular 7T-transformation (b) Modular U-transformation

Fig. 4.3 Modular transformations of the torus generating the modular group SL(2, Z)/Z,
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Next, writing the modular transformations in terms of SL(2, Z)/Z, matrices acting
on two vectors similarly as in Eq. (4.7), one can easily show that

s=uT'u, $=1, (ST =1. (4.8)

In the following, we will mainly consider 7- and S-transformations which is suf-
ficient for studying the behaviour under modular transformations since 7" and S
are the generators of the modular group SL(2, Z)/Z,. However, this statement is
non-trivial to prove.

Partition Function

Let us now define the partition function. For conformal field theories this is essen-
tially the same object as in statistical mechanics where it is defined as a sum over all
possible configurations weighted with the Boltzmann factor exp(—f8 H). Similarly, it
corresponds to the generating functional in quantum field theory which is expected
since the thermodynamic expression can be deduced from an Euclidean quantum
field theory with time compactified on a circle of radius R =8 =1/T.

For the present situation on the torus, we slightly change our convention and
choose Re w to be the space direction and Im w to be the time direction. This is no
severe modification since an S-transformation exchanges both directions. Referring
to Fig. 4.2, on a torus with non-trivial modular parameter t = t; +1i1,, we see that a
time translation of length 7, does not end up at the starting point but is displaced in
space by a t;. Therefore, a “closed loop in time” on the torus involves also a space
translation. This observation motivates the following definition of the CFT partition
function':

Z(t1, 1) = Try (e 721 M20F) | (4.9)

where H is the Hamiltonian generating time translations and P denotes the momen-
tum operator generating translations in space. The trace is taken over all states in the
Hilbert space H of the theory.

Next, let us determine the Hamiltonian for the CFT on the torus from the theory
on the cylinder. The ground state energy is calculated from the zero—zero component
of the energy—momentum tensor in the following way:

. - : +c
Eo = {(Tey1.) o) = {Tey) + (Teyt) e C24C ’

where ¢ and ¢ denote the central charges. Since H is the generator for time transla-
tions, it is plausible to write

! Note that we are working in Euclidian space—time which results in an unusual form of the time
and space translation operators.
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J c+c _
Hcyl. = _E + Ep = _(aw + aﬁ) - 7 = (Lcyl.)o + (Lcyl.)o s

where we used that Ly = —zd, = —d,, together with Eq. (4.5). Performing the
same steps for the momentum operator, we arrive at

Pey. =i ((Lcyl-)o - (ZC)’L)O) :

Employing these observations, we can express the partition function (4.9) in the
following way:

Z(‘El ) = TrH(e—ZJTTz((Lcyl.)o+(ch1.)o) e+27f'f1i((Lcy]_)O_(chl.)0)>

- Tr H(ezmr@cyl.)o gfzniﬂzcyl,)o) ]

Utilising finally the relation between (L¢y1)o and Lo given in Eq. (4.5), we can
conclude the following:

The partition function for a conformal field theory defined on a torus with
modular parameter t is given by

Z(t,7T) = TrH<qL°’2L7 §Z°’§ ) where g = ¢*™'7 . (4.10)

Note that since SL(2,Z)/Z, transformations of the modular parameter t do not
change the torus, the CFT and in particular the partition function Z(z, 7) have to be
invariant under the action of the modular group. It is the main goal of this chapter to
study this question which imposes strong constraints on the combination of chiral
and anti-chiral fields. In order to get accustomed to this concept, in the following
we will discuss some important examples in detail.

Remark

Let us finish this section with one remark. By using the Coleman—Weinberg formula
for an effective action, it can be shown that the one-loop cosmological constant in
string theory is given by

d*t _
A~ f 2w, @.11)

This indicates that in string theory, the product of the partition function and the
measure factor has to be modular invariant. Furthermore, in string theory physical
states |¢pnys.) have to satisfy

Loy M)phys.) = Z0 |¢phys.) s
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which is ensured by the integration measure in Eq. (4.11) since f dtiexp (2wt P)
leads to a §-function for Loy — Lo.

4.2 Examples for Partition Functions

In the following subsections, we are going to discuss and construct modular invari-
ant partition functions for some important examples. By doing so, we will illustrate
the main concepts and techniques necessary to understand also more involved con-
formal field theories. A summary of all partition functions considered in this chapter
can be found in Table 4.2 on p. 155.

4.2.1 The Free Boson

Partition Function

We start with the partition function of a single free boson. Since Eq. (4.10) is for-
mulated in terms of Ly and L defined on the complex plane, we can employ our
results from Sect. 2.9.1. We thus recall some expressions needed in the following.

For the free boson, the Laurent modes of the energy—momentum tensor are writ-
ten using the modes of the current j(z) = i dX(z). In particular, we have

. .
L0=§]0J0+ J—k Jk -
k>1

Since the current j(z) is a field of conformal dimension one, we find that j, |0) =0
for n > —1 and that states in the Hilbert space have the following form:

|n1, Ny, N3, .. ) =" 000 |O) withn; > 0 (4.12)
and n; € Z. The current algebra for the Laurent modes reads
[jma ]n] =m 8m,—n .

Next, let us compute the action of L on a state (4.12). Clearly, j, commutes with
all j_; and annihilates the vacuum. For the other terms we calculate

[k J5] = nik j™ . (4.13)

and so we find for the zero Laurent mode of the energy—momentum tensor that

Ly nl,nz,n3,... E it ]k]k E knk|n1 nz,n3,...).
k>1 k=1
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We will utilise this last result in the calculation of the partition function where for
simplicity we only focus on the holomorphic part. We compute

Tr(qL"*i)
| o oo o0 9] 1
:qﬂzzz...<n1,n2,n3,... Z*QJ[T 0) I’ll,l’lz,l’l3,...>

|
n1=0n,=0n3=0 p=0 p:

2711: (ank) nl,nz,ng,...>
=0
L e 1-ny 2:ny 3.n3
:qmzzz,,(q g )

n1=0n,=0n3=0

Mz

00 00 0
_ L
=q * g E E ...\np,np,ns, ...

n1=0n,=0n3=0

[} 00 [eS)
— q—ﬁ qunl . ZanZ . Zq3n3
n =0 n,=0 n3=0
oo 00 00 1
— L kne _  —o
TS =0 ]
k=1 nx=0 k=1

where in the last step we employed the result for the infinite geometric series and the
ellipses indicate that the structure extends to infinity. We then define the Dedekind
n-function as

o]

n@ =g [[(1-4") |

=1

so that, including also the anti-holomorphic part, the partition function of a single
free boson reads

1

Z (1, T) =
’ In(o)[’

4.14)

Modular Forms I: Modular Transformations of the n-Function

As we have mentioned above, the partition function has to be invariant under mod-
ular transformations. Since T and S generate the modular group, it is sufficient to
require that Z(r, T) is invariant under 7- and S-transformations. Let us therefore
first check the invariance of Eq. (4.14) under modular 7 -transformations for which
we find T : g > ¢*"g leading to

o0
N+ 1) =eH g5 [T(1—em"g") = e % (1) .

n=1
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Since the partition function (4.14) involves the absolute value squared of 7(t), we
see that it is invariant under T -transformations. The modular S-transformation of
the Dedekind n-function is more difficult to derive and we postpone the calculation
until the end of Sect. 4.2.4. Let us, however, state that

The Dedekind n-function behaves under modular 7- and S-transfor-
mations as

ae+1) =@y, 1 (_%) _ Vi), @1s)

Modular Invariance of the Partition Function

Using Eq. (4.15), we observe that the partition function (4.14) is invariant under
T -transformations but not under S-transformations, in particular, we find that S :
Z (T, 7T) — |r|’IZ,;05'(r, 7). However, one can easily check that

_ 1 1
Zbos.(f’ T) = =

Vo o |

with 7, defined in Eq. (4.6) is indeed modular invariant. In string theory, the ad-
ditional factor of 7, /2 has a natural origin, as it stems from the integral over the
unbounded centre of mass momentum of the string. We will become more concrete
about this point in Sect. 6.7.

4.2.2 The Free Boson on a Circle

As a second example, let us now consider a free boson X(z, 7) compactified on a
circle of radius R. This means, we identify the field X(z, 7) in the following way:

X(z,2) ~ X(z,2) + 27 Rn , nez, (4.16)

and so we can interpret X(z,z) as an angular variable. However, let us emphasise
that the field X(z, z) in Eq. (4.16) characterising a circle has no direct relation with
the manifold described by the variables z, z. The latter is the space the theory is
defined on, which in our case is the Riemann sphere respectively a torus. The calcu-
lation of the partition function in the present case is similar to the previous section.
But, as we will see in a moment, the Hilbert space has changed slightly compared
to the original theory due to new properties for the modes jjo and j,.
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Partition Function

Our starting point is again the theory in the complex plane where also for the case
that X (z, 7) is defined on a circle, the currents j(z) and j(Z) have the mode expansion

jO=i0X@D=Y ", JO=iaX@D=) 7,7

nez nez

As we have already done in Eq. (2.89), we can integrate these two equations to find
an expression for the free boson X(z, 7) which reads

— 1 -
X@D=x—i(finz+iomz)+i (b +7,T") . @
n#0

Next, we require that under rotations z +— ¢>*'z in the complex plane the field
X (z, 7) is invariant, but now, up to the identifications (4.16) on the circle

X (ezniz, 6727”'2) = X(z, Z) + 27 Rn .
Evaluating this relation for Eq. (4.17), we find that
j0—70=Rn, netz,
which is in contrast to our result (2.90) for the original free boson. Thus, from this

equation we infer that in general the ground state is non-trivially charged under jj
and j, which we write as

jolam)=ala ), TFolan)= (A= Ra)[An),
where A denotes the jo charge to be determined in the following. Because only the

action of jy and j, is changed, we can use our results from the previous section to
calculate the partition function. We find

Zare(1.7) = Zoy (1. 7) - Y (An| 35 7200 |A, n)
An

. quAz ——(A Rn)?

|n(r)\

where it is understood that a sum is performed for discrete values of A whereas for
continuous values one has to perform an integral.

However, as mentioned before, the partition function has to be invariant under
modular transformations. In particular, for the modular T-transformation 7' : t
7 4+ 1 we compute



124 4 Conformal Field Theory on the Torus

Zie(T+1,T+1)= e |2 anAz ZA-Rn? | 2min(AR-E2) 7
n(t

and by demanding modular invariance it follows that A = % + " where m € Z.

We can then become more concrete about the action of jj and Jjoon the ground state
which now reads

. m  Rn - m Rn
Jo ’m, n) = (E + 7) ’m, n) , Jo |m,n) = <E — 7) |m n) (4.18)

In string theory, states with n # 0 are called winding states because they correspond
to strings winding n times around the circle given by X(z, 7). States with m # 0 are
called momentum or Kaluza—Klein states because, as seen in Eq. (2.91), "’J“Tj“ is
the centre of mass momentum of the string which is quantised in a compact space.
Finally,

The partition function of a single free boson compactified on a circle of
radius R reads

Zcirc.(fa ?)

2(R+Rvn) _’ m_ )
q 4.19
<r>| 2 1

Modular Forms II: Poisson Resummation Formula

We have already seen that the invariance of the partition function (4.19) under mod-
ular T-transformations is ensured by the transformation properties of n(r) and by
the requirement that %( Jo+Jo) = % with m € Z. Proving the invariance under
modular S-transformation is more involved and requires the following expression

known as the Poisson resummation formula:

Zexp( mTan +bn) \/_ Zexp(—— (k—i— %)2) . (4.20)

nez keZ

This relation can be derived by using the discrete Fourier transform of the periodic
function ), 8(x — n)

Z S(x —n) = Z e2rrikx .

nez keZ

Employing this expression for the left-hand side of Eq. (4.20), we can write
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Z/ dx e~ 7% 2+bx S(x —n) = Z/ dx e 74X 2 +bx 2mkx

nez —~
2
3 [T et leesit)
keZ
_y i) L
keZ ﬁ

where from the first to the second line we completed a perfect square in the exponent
and from the second to the third line we performed a Gaussian integration?. This
proves the Poisson resummation formula (4.20).

In order to show that the partition function is invariant under a modular S-
transformation

1 1 _
Zcirc.(__a _:) = Zcirc.('c, T) ’
T T
one has to employ the Poisson resummation formula twice. Since the calculation is
straightforward, we will not present it here and leave it as an exercise.

Remarks

e Let us mention that the partition function (4.19) has an interesting property
known as T-duality

Zm(r,f, %) - Zcirc_<t,?, R) . 4.21)

For string theory, T-duality implies that a closed string propagating in a back-
ground space which is a circle cannot distinguish whether the size of the circle is
Ror2/R. Since R = V2 is a fixed point of Eq. (4.21), this self-dual radius can
be interpreted as a minimal length scale a string can resolve.

e We can also investigate what are the allowed vertex operators for the theory of the
free boson compactified on a circle of radius R. For a vertex operator to respect
the symmetry of the theory, using Eq. (4.16) we have to demand

i z ! i\ X(z,2)+27 R i
V, = - pleX@D . = :ewt( (z.0)+2m n): -V, e2rrlotRn,

where n € Z. It therefore follows that

o= % withm € Z . (4.22)

% The Gaussian integral [ dxe “¢+®) = /T with imaginary offset can be evaluated using
¢ dz e G+ = 0, z € C with rectangular contour specified by (—00, 400, +00 + ib, —00 + ib).
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4.2.3 The Free Boson on a Circle of Radius R = +/2k

In this section, we consider the theory of the free boson compactified on a circle
with special values for the radius.

Partition Function

Let us study the partition function (4.19) for R = +/2k with k € Z*. To do so, we
start with chiral states which by definition have to satisfy

Zo|m,n)=mm,n>= 1 (i— mn) ’m,n>=0,

2\ 2k 2

where we employed Eq. (4.18). A chiral state |m, n) is thus specified by m = kn.
For the sum in the partition function (4.19), we then define

Y g Gy

m,ne’

=k Z qknz = ®0,k (f) . (4.23)

As we will see below, under a modular S-transformation the chiral part @y ;(7) of

the partition function transforms into a finite sum of more general ®,, ;-functions
defined as

. kn?
®m,k(f) = Z q , —k+1=<m=<k|. (4.24)

ne’+ 5

It thus directly follows from modular invariance that the partition function for one
free boson on a circle of radius R = +/2k is expressed in terms of the finite set of
0,, «-functions. Indeed, referring to Eq. (4.19), it turns out that the partition function
is written as

k 2
> eni@] (4.25)

Zan (1, 7) = ——
|’7(f)| m=—k+1

which can be verified by using R = +/2k and rearranging the summation in
Eq. (4.19). The conformal field theories corresponding to these partition func-
tions are commonly denoted as 1i(1),. Note, however, in view of our notation from
Chap. 3, the level of an abelian Kac-Moody algebra does not have any invariant
meaning as it can be changed by rescaling the generators. Therefore, the notation

ti(1); by definition denotes the CFT of one free boson compactified on circle of
radius R = +/2k.
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In Sect. 3.3, we have studied the Ka¢-Moody algebra §1(2); which can be re-
alised in terms of a free boson using the vertex operators V., 5. Recalling Eq. (4.22),
we see that such vertex operators are consistent with X(z, 7) compactified on a circle
of radius R = \/LE Employing then the T-duality relation stated in Eq. (4.21), we see
that (the partition function of) 51(2); can be realised by one free boson compactified
on a circle of radius R = +/2. And indeed, using k = 1 in Eq. (4.25) we find

1 2 2
Zaay (1, 7)) = —— ( |O0,1| + (014 , 4.26

which contains the two generating functions shown in Eqs. (3.13) and (3.14) for the
two irreducible representations of 51(2);.

Definition of Characters

The example above illustrates the fact that the partition function of a Rational con-
formal field theory can be expressed in terms of the generating functions of the
highest weight representations of the underlying chiral algebra. This motivates the
following definition which will be important for studying modular invariant partition
functions:

Definition 1. The character of an irreducible representation |h;) with highest weight
h; is defined as

Xi(7) = Try, (gLO*z‘?) , 4.27)

where H; denotes the Hilbert space built upon the (irreducible) highest weight state
hi).

This definition, together with our observation in Eq. (4.23), allows us to write
Eq. (4.26) as

(1)

_ 2 1 0,,,1(1)
zﬁ(l)l(f,f)z’xo | +|X1() m _ Zm I

where =
T

? (4.28)

Modular Forms ITI: Modular Transformations of the ®-Functions

As we have seen for instance in Eq. (4.26) and used in Eq. (4.25), partition func-
tions are expressed in terms of ®@-functions. Therefore, it is important to know their
behaviour under modular transformations which we will study now.

For the T-transformation T : T + t + 1, using the definition (4.24) it is straight-
forward to compute

O, x(T + 1) = €™ % 0,,4(7)
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However, the modular S-transformation S : 7 +— —% is more involved. To deter-
mine its form, we write out the expression for the transformed 0,, ;-function and

employ (the opposite direction of) the Poisson resummation formula (4.20) with

a=5zandb=2mis
(n+;71_k)2>

() B (2

:\/T”Zexp<2mrk<n/)2 ”k’"> .

n'e’
Substituting then n’ = —(2kn + m’) and summing over n € Z and m’ = —k +
1, ..., k, we find for the expression above
1 —iT ‘ . m'\? .m'm
G),,Llc(—;) = \/j—k %Xz:m/zlgﬂexp <2mrk (n + E) — i P ) .

Introducing a new notation, we can summarise that

The modular S-transformation of the ®-functions takes the following
form:

®m k( ) V=it y _Z]ﬁq Sm m’ m k(T) (4’29)

with the definition of the modular S-matrix

S ! < ; 2 m) (4.30)
o = —— exp | —mwi — | . )
Vol k

Note that in general, the matrix S does not square to the identity matrix but
s?=C with C*=1. (4.31)

This is not in conflict with Eq. (4.8) since here we are considering characters and
not modular parameters. The matrix C is called the charge conjugation matrix and
maps representations i to the charge conjugate representation i+ denoted by * in the
following.

Modular Invariance of the Partition Function Revisited

Let us now study the modular invariance of Eq. (4.28) respectively Eq. (4.26) from
a different perspective. Of course, as shown in the beginning of the previous sub-
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section, a partition function of the form (4.19) is always invariant under modular 7T -
and S-transformations. However, Eq. (4.28) serves as an example for more general
theories.

The modular S-transformation of the characters defined in Eq. (4.28) can be in-
ferred from the transformation properties of the ®- and n-functions to be of the
form

1 /1 1
(1) = i = —
E S’ Xm with Sy, 7 (l _1> .

Furthermore, we observe that the partition function (4.28) can be written as

_ e 10 _(1) T =
Zan (T, D) = (x0 s X1 )<01><7(1>) X MY,
1

where M in the present case is the identity matrix. Writing the modular
S-transformation as a matrix multiplication, we find

1 1 _T . =
Z5ay, <——, —:) =X STM S* ¥,
T T

where S* denotes the complex conjugate of S. Since § is symmetric, that is,
ST = S (see the definition (4.30)), the condition for invariance under modular
S-transformations for the partition function above reads

SMST =M, (4.32)

which is of course satisfied in our present example. Because under T -transfor-
mations the characters x.! only acquire a phase, we have shown in a somewhat
more abstract way that the partition function Z5(),(t, T) is modular invariant.

By the same arguments as for the case k = 1, a modular invariant partition
function for arbitrary k can be written as

k
— m.k(r)
Zaay (T, T) = Z |X(k) with % = T) . (4.33)
m=—k+1 n

However, in more general situations where M is not the identity matrix, clearly not
all choices of M satisfy Eq. (4.32). Thus, modular invariance imposes strong condi-
tions on the couplings of the left- and right-moving sector in a partition function.
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Remark

Let us take a closer look at the characters of 1i(1); and employ the definitions of (1)
and 0,, +(t) to expand Xn(f) in the following way:

(k) G)m,k(f) _ L - - IN, kn?
Xm=T=qz“HZq ZCI
n =0 N,=0 11€Z+2m7

By comparing with the definition (4.27) of a character and keeping in mind that for
the free boson the central charge is ¢ = 1, we see that the lowest L eigenvalue is
ﬂf—;. Therefore, the highest weight state corresponding to the Ti(1); character x© has
conformal dimension

h=—. (4.34)

4.2.4 The Free Fermion

Besides the free boson, the CFT of a free fermion is the other main building block for
most string theory applications of conformal field theory. Therefore, let us also quite
explicitly work out the corresponding partition function. Here, modular invariance
will be our main guiding principle from which the necessity of the GSO projection
and the introduction of various boundary conditions (Neveu—Schwarz and Ramond)
directly follow.

Computation of the Character

We first consider a free fermion 1 (z) in the Neveu—Schwarz sector with mode
expansion

V@ =y vz

I‘EZJr%

Note that on the torus with variable w, this corresponds to anti-periodic boundary
conditions. States in the Fock space F of this theory are obtained by acting with
creation operators ¥, on the vacuum |0)

1
2

Next, from Eq. (2.111) in Sect. 2.9.2, we recall the form of the energy—momentum
tensor and write it in the present case as
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o]

Lo=) s V.

=1

where the sum is over half-integer s = %, %, .... The action of L on a general
state in the Fock space F is then computed using the anti-commutation relation
{¥, ¥y} = 8, _; for fermions

Using this expression, it is easy to compute the following character:
s+ (1) = Tz (g5

1 1 1
:q*ﬁ Z Z Z...(n%,n%,n%,...’qh‘ ’n%,n%,n%,...)

ny1=0n3=0 ns=0
2 2 2
1 1 1
:q_4]s (q;‘n% q%n% q%n% )
n1=0 n3=0 ns=0
2 2 2
=g (1+q%) . (1+q%) : (1+q%). (4.35)
o U3(7)
=q ® (l+qr+7> = s
E) n(7)

where the ellipses again indicate that there are infinitely many sums respectively
infinitely many factors in the products. Furthermore, we introduced a new modular
function denoted as ¥3(t) which takes the form

o]

3@ =n@ g 5 [[(1+47) (1+a7) =D 4% . (4.36)

r=0 nez

The first part in Eq. (4.36) is the representation of $¥; as an infinite product while the
second part gives a representation as an infinite sum. This equality is not obvious
but we will prove it in the following.
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Modular Forms I'V: Jacobi Triple Product Identity

To do so, let us recall our discussion about complex fermions and bosonisation
from p. 63. In particular, we have seen that the algebra generated by two fermions
W(z) and W(z) in the NS sector with Jo eigenvalues +1 is equivalent to the algebra
generated by

j()=idX(z.72), JE@) = V() = X 0 (4.37)

Using Eq. (4.22), we observe that the vertex operators in Eq. (4.37) correspond to
a free boson compactified on a circle of radius R = 1. Therefore, besides the fields
in Eq. (4.37) the remaining primary fields for such a theory are given by the vertex
operators

) N2
Vin(z) =: e VX with  (h, ) = <7N> , NeZ,

where & is the conformal weight of V,, and « denotes the j, charge of the vertex
operator.

Let us next consider a charged character x (z, z) which contains the information
not only about the conformal weight & but also about the j, charge. The definition
reads as follows:

x(t.2) = Try, (qLo—i wfv) with w = exp(2iz) . (4.38)

For the two complex fermions W(z) and W(z), the charged character is computed fol-
lowing the same steps as in Eq. (4.35) with the (anti-)commutation relations (2.114)
taken into account. Since the Hilbert spaces of W(z) and V(7) are independent of
each other, one finds

Xarw(@ D =q 5 [[(1+q " w)(1+q 5w, (4.39)

r>0

For the theory of the boson compactified on a circle of radius R = 1, we have the
character corresponding to the primary field j(z) leading to the familiar result

Xo(T,2) = —— .

n(t)
Here, there is no dependence on z since j, commutes with all j, and annihilates the
vacuum. For the characters corresponding to the primary fields V,, with (h, o) =
(N—Z, N), let us note that the states in the Hilbert space can be written as

oy, o, ns, = lime T Va2, 7) 0},
2,2
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with n; > 0. Using our results from Sect. 2.9.1, the action of Ly and j, on such
states is determined to be of the following form:

Lo |a,ny,nans,...) = hm <ank JAT A A L0> Ve(z,2)|0)
k=1

aZ
= (Zki’lk + ?>
k>1

N3

jO a, nl3n21n3a"'>:71;£10 .] 1.] 2.] 3 jO Va(Z,Z) |O>

I/l2,l13,...> .

=oz’oz,n1,n2,n3,...>.

Using these results and following the same steps as in the calculation on p. 121, one
arrives at

R
NS

X@)(T, 2) = Try, (qLU_ﬁ wjo) — 1 g
n(t)

Employing again Eq. (4.22), the sum of all characters for the theory of the free
boson compactified on a circle of radius R then reads

x(t,2) = Z X)(T,2) = Z qzkz wr

NEZ

Due to bosonisation described above, for R = 1 this expression has to be equal to
Eq. (4.39). We have therefore established the relation

g [J+q 2w (1 +q" 7w =G )Zq » (4.40)

r>0 NeZ

which is called the Jacobi triple product identity. Using finally Eq. (4.40) with w =
1 yields exactly Eq. (4.36).

Turning our argument of this paragraph around, the mathematically well-known
Jacobi triple product identity in conformal field theory reflects nothing else than the
Bose—Fermi correspondence.

Modular Transformations of the Character

The character xns +(t) we have computed in Eq. (4.35) is part of the partition func-
tion of a free fermion in the Neveu—Schwarz sector. Since we want to construct
a modular invariant partition function, we have to study the modular properties of
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xNs.+(7). In particular, the character is not invariant under modular transformations
but new terms are generated.

1. As we have observed previously, the modular 7 -transformation is achieved sim-
ply by replacing g + e>*g which leads to

i 1 1 in 7.9
T(xnss () = e Fig 8 [[(1 - g™h) = 8 /% , (4.41)
r>0

where we have defined a new modular function denoted as 4. Writing out this

definition and using the Jacobi triple product identity (4.40) with w = —1, we
find
1 = 1 1 2
@ =n@ g [T(1-g) (1-q") = Y =1rg" .
r=0 nez

Next, we introduce the fermion number operator f via the anti-commutation
relation {(—1)7, v,} = 0 and define a new character xNs.—(7) as

4(7)
n(r) ’

s, (0 = Tez (= 1) = 5) = (4.42)

where the final result is obtained by performing a computation along the same
lines as in Eq. (4.35). Note that the new character is (up to a phase) the T-
transform of xns (7).

2. For the modular S-transformation of our first character xns +(7), let us focus first
only on ¥3(t) for which we find

1 2w 2 (420) . o i
19(__): T2 = A—iT T = =it (1),
3 . E e i E e V=it 93(7)

nez mez

where we employed the Poisson resummation formula (4.20) with a = ’; and

b = 0. Since the n-function transforms as S : n(t) — +/—it 1(t), we see that
XNs.+(7) is invariant under modular S-transformations

S(xns.+(1)) = xns.+(1) .

3. So far, we have determined how the character xns, +(7) transforms under S and
T . However, in order to construct a modular invariant partition function, we also
need to know the modular transformations of xns _(7) displayed in Eq. (4.42).
To this end, we calculate for the S-transformation
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1 _mi2, o (440 - i 1?2 -
194(_;> _ Ze Zipltmin (4:40) —r Z ezrrr(m-&—z) - J—it 1}2(1:),

nez meZ

where we used again the Poisson resummation formula with a = i— and b = mi.
Furthermore, we have yet defined another modular function as

9,(1) = Zq%(m+%)2 _
mez

Since for the other ¢-functions we found a product representation, we expect a

similar expression also for ¥,. And indeed, choosing w = q% in Eq. (4.40) leads
to

L0+ )1 +g) = g5 D
r>0
2q % H(l—i—q’)z: Zq% n+1)-
ol n() 4

from which we conclude that

Do) =@ 2t [[(1+¢) =Y g0+

r>1 nez

We summarise the modular S-transformation of the character (4.42) and define
a new character as

i 0%
$r (@ = S (s () =v2q 5 [[(1+47) = 172((;)) )

r>1
Note that here the exponent of g takes integer values r which indicates that this
is a partition function for fermions ¥, with r € Z, that is, for fermions in the
Ramond sector.
4. Finally, we still have to perform a modular 7 -transformation on the character
(4.42) and a T- and S-transformation on Eq. (4.43). Without going into detail,
we just state the results which are easily verified

T(xxs— () = ¢ % xns (D), T () = € (xros(0))
S(xr+(1)) = xns,—(7) .

The Partition Function

In the last paragraph we have computed the various modular transformations of the
character (4.35) from which we now can construct a modular invariant partition



136 4 Conformal Field Theory on the Torus

function. In particular, starting from a free fermion in the Neveu—Schwarz sector,
we have seen that modular invariance requires us to also take the Ramond sector
into account as well as the operator (—1)/. Concretely, the partition function is

written as

s s
QN
YA

Ziem (1.7) = 3 < f + 74 72 ) : (4.44)
N
T T

where we have indicated how the modular 7- and S-transformations interchange
the various terms. The overall factor of 1/2 is necessary to ensure that the non-
degenerate Neveu—Schwarz ground state only appears once. This factor cancels
against the /2 factor appearing in \/9,/7, so that the Ramond ground state (for
a single free fermion) is also non-degenerate.

However, we have seen that it is convenient to express partition functions in terms
of characters. Although not explicitly needed in the following, to this end we define

B 194 3 1+(—1)f Lo_zg‘)
X0 = = —2 q :

5
_1( /% V4 1_( n’ gl 4.45
X;M—D ). e
_ = Lo—5;
x;ﬁ—ﬁ\/: —TrR(q )

where the subscripts indicate the conformal weight of the highest weight represen-
tations and the traces are over states in the Neveu—Schwarz respectively Ramond
sector. Using these expressions, we can write the partition function (4.44) for a
single free fermion as

Zterm.(T, T) = YoXo + X1 X1+ x1XL |- (4.46)

Remarks

e Note that Eq. (4.46) is the partition function of the Ising model introduced in
Sect. 2.10.

e The structure of the free fermion partition function also appears when studying
the superstring in flat backgrounds. There, the projection given by the operator
%(1 + (=1)/) is known as the Gliozzi-Scherk—Olive (GSO) projection.
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Modular Forms V: The #-Functions

In this paragraph, let us briefly summarise and extend our findings about the -
functions introduced previously. For this purpose, we define

o[l = o giee” emioatcen,

nez

which can be shown to also have a representation as an infinite product

o o0
23] Z) 2T "7* 1_[<1 +gmte2 ezﬂi<z+ﬁ)) (1 +q" e 672”"(”/3)) )
n(z) 1

The ,-, ¥3- and ¥4-functions can then be expressed as

H(z) = ﬂ[}ﬁ](r,O) =0,

,(0) = 0[] 0) = gt = ()24 %ﬁ 1+4)",
nez r=1

() = 2[ 0]z, 0) = Zq 2 = n(x)qg ™ ﬁ (144¢*2)°,
nez r=0

Pue) = 0[]0 = Y(-1'gT = n)g H ﬁ(l —q"2)
nez r=0

where for completeness we introduced ©#; which, however, vanishes identically. For
the modular transformations, we simply state that

ﬁ[Z](T +1,z) =7 ﬁ[aJr/S 1/2] (r.2).

I[)(—5.2) = Vi e o) ().
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from which we find

Di(x+1) =¥ (), 01(—%):& V=it (),
Dot +1) = ¥ vs(7) | n(-1) = Vo),
D +1) = 04(c), 03(—%) = JSiTs(e),
et +1) = 05(r). (1) = Vo).

Modular Forms VI: S-Transformation of the p-function

Finally, using the ¥ -functions it is a simple exercise to determine the behaviour of
the Dedekind n-function under modular transformations. Let us compute

U3 U400
22 T +4¢"3) (1 —q" ) (1+4")

253

12

3
I
-

(1=g>")(1+4")

(1-49")

| (1 _ an)

—

3
I

(1+4")

=T

3
I

=1,

from which we can infer the modular properties of 7(t) using the transformations
of the ¥ -functions. In particular, we find

e+ ) =), (—%) = V().

which proves Eq. (4.15).

4.2.5 The Free Boson Orbifold

In string theory, one is interested in describing strings moving in a compact back-
ground manifold. One of the simplest example is the free boson on a circle studied in
Sect. 4.2.2, however, usually more involved constructions are needed. In general, an
exact CFT description of curved backgrounds is very complicated, but there exists a
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X A X%

Y v Y

\‘_/

Fig. 4.4 Tllustration of the Z,-orbifold of the circle. Effectively, the circle becomes a line with a
fixed point at each end

construction which, though being a quotient of a torus, nevertheless captures some
of the features of genuine compactifications on highly curved background geome-
tries. These are the so-called orbifold models which we are going to study in this
section.

Concretely, we consider the Z,-orbifold of the free boson on the circle. Here, we
not only perform the identification of the circle X ~ X + 27 R, but we also impose
a Z, symmetry R acting as

R:X(z,2)— —X(,2) .

As illustrated in Fig. 4.4, this amounts to identifying the fields X(z, 7) and —X(z, 7)
which means that effectively the circle becomes a line with a fixed point at each end.

Calculation of the Partition Function

For conformal field theories on orbifolds, in general the Hilbert space will be
changed compared to the original theory. In particular, the Hilbert space contains
only states which are invariant under the orbifold action and for the calculation of
the partition function, one therefore projects onto invariant states. In the present
case, the orbifold action is R and the projector reads %(1 + R) for which we find

AR
Z(‘[,?) = TrH < _; qLO—ﬂ 61‘024>
(4.47)

1 _ 1 Lt T
= EZcirc.(Ty T)+ETTH (Rq 072 g0 24) .

The first term contains the partition function of the free boson on the circle which
we already computed in Eq. (4.19). Let us therefore focus on the second term. The
action of R on the Laurent modes j,, of the current j(z) = i dX(z, 7) is easily found
to be Rj,R = —j, and similarly for the anti-holomorphic part. From this we can
infer the action on a general state defined in Eq. (4.12) as
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R|ni,nans, .. )=Rj_1R)"(RjiaR)” ... R|0
prns )= RER) RR LR

= (_1)"1+"2+"3+--- |nl’ np, ns, .. ‘) )

where we have chosen the action of R such that |0) is left invariant. For the momen-
tum and winding states |m, n) introduced in Eq. (4.18), we calculate

joR pmn) = R (R jo R)m, ) = R (~jo) . ) = ~("% + 50 YRlm,n)

and similarly for j, from which we find that
R }m, n) = |—m, —n> .

Therefore, in the calculation of the partition function only states with [m = 0,n =
0) will contribute and we are left with a computation similar to the one in Sect. 4.2.1.
Taking into account the action (4.48) and following the same steps as on p. 121, we
find that we can replace the result of the free boson as

_ 1 _ 1 1 _ 77(1')
1 Ul—q" I Ul—(—qﬂ)_ﬁ ()

where we employed the definition of ¥, from p. 137. We thus express Eq. (4.47) in
the following way:

n(t)
th(7)

1
Z(t,7) = 3 Zeire (T, T) + (4.49)

Modular Invariance and Twisted Sectors

However, Eq. (4.49) cannot be the full partition function because the second term
is not invariant under modular transformations. In particular, recalling our results
from Sect. 4.2.4, we have

N n T n
— |—| «— |— s,
‘174‘ ’193 O

n
Tc‘ﬂz

so that a so-called twisted sector has to be added

n(t)
4(7)

Zw(1,7) ==‘ . (4.50)

‘ n(t)
3(7)

In order to explain this terminology, let us note the following explicit form of

Vn/V4:
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We can interpret this expression as the partition function in a sector with ground
state energy Lo|0) = %|0) and half-integer modes j, 41 in a Laurent expansion,
that is,

j@) =i0X(z,7) = Zjn+%z—("+%)—l .

nez

Next, we observe that this mode expansion respects the symmetry
J(@) =—j@=Rj@R,

and therefore the free boson X(z, 7) is invariant under rotations in the complex plane
up to the action of the discrete symmetry R. In general, if a field in a CFT is invariant
only up to an action of the orbifold, it is said to be in a twisted sector. The partition
function in the twisted sector can be defined as

n(t)
V4(T)

1+R c 7 ¢
Zw(7,T) = Try, <+T quaLw): . (4.51)

n(z)
* ‘193(7)

which also makes the meaning of the second term in Eq. (4.50) evident. Let us
emphasise that modular invariance again forced us to introduce this new sector into
the theory.

To summarise, the modular invariant partition function of the Z,-orbifold of the
free boson on the circle reads

n(t)
4(7)

n(r)
P(T)

_ 1 _
Zorb.(fa T) = E Zcirc.(fa T) + ‘

‘ n(z)
P3(7)

and we note that the states in the twisted sector have an overall two-fold degeneracy.
This can be understood from the fact that the twisted sectors are localised at the fixed
point of the orbifold action, which in our case are the two fixed points at the ends of
the line segment shown in Fig. 4.4.

Remarks

e This example demonstrates the beautiful stringy relationship between the CFT
on the world-sheet and the background geometry it is moving in. Just following
the consistency condition for the two-dimensional CFT, we were able to extract
geometric information about the background space the free boson took values in.
Here we discussed an almost trivial example; however, more involved configura-
tions can be understood along the same lines.
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e In general, for an orbifold with abelian symmetry group G the partition function
takes the form

Z(1,7) = 1 Z Try, (g gt ﬁz“’ﬁ) ; (4.52)
|G| g,.heG

where |G| denotes the order of the group G and the trace is over all twisted
sectors for which the fields ¢y (z, 7) obey

. (€ 2,67 Z) = hw. (. DR

e Note that in the Z,-orbifold partition function, only Z... depends on the radius
R of the circle. Therefore, the orbifold partition function is also invariant under
T-duality, i.e. Zo4.(R) = Zup.(2/R). Moreover, one can show that Zy4 (R =
V2) = Zie (R = 24/2), so that the moduli spaces of the circle and orbifold
partition function intersect, that is, they agree in one point. In fact, the moduli
space of conformal field theories with central charge ¢ = 1 has been classified
which shows an A-D-E-type structure. For more details we refer to the literature.

4.3 The Verlinde Formula

In this section, we are going to study an intricate relationship between the modular
properties of a conformal field theory and its fusion rules. In particular, for Rational
conformal field theories the behaviour of the theory under modular transformations
is much easier to extract than the fusion rules. The latter are determined via the
methods shown in Sect. 2.11 which can become quite involved. However, the so-
called Verlinde formula allows to compute the fusion rule coefficients in terms of
the modular S-matrix elements.

S-Matrix and Fusion Algebra

Let us consider a Rational conformal field theory (RCFT) with central charge ¢ and
a finite number of HWRSs ¢; with characters y; wherei = 0,..., N — 1. Then, as
we have seen previously, there exists a representation of SL(2, Z)/Z, on that space
of characters, in particular, there is a matrix S;; such that

xi(—1) = Y5, 0. (4.53)

As encountered in Sect. 4.2.2, for the ®-functions generically S> # 1 but §> = C
with the charge conjugation matrix C satisfying C?> = 1. Furthermore (in all known
cases), the S-matrix is unitary and symmetric
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sst=sts=1, s=s"T. (4.54)

One of the deepest results in CFT is that there exists an intricate relation between the
modular S-matrix (torus partition function) and the fusion algebra for the OPE on
the sphere (tree-level). Namely, the fusion coefficients Nikj € Zg can be computed
from the S-matrix via the Verlinde formula

SimSjmSE,
k im
Nk = Z —Som , (4.55)

m=0

where S* denotes the complex conjugate of S and the subindex 0 labels the identity
representation. It is quite remarkable that the above combination of S;; € C always
gives non-negative integers.

Another way of stating the Verlinde formula is as follows. We have seen in
Eq. (2.131) that the fusion matrices (N) ik = Ni’} commute among each other.
Therefore, they can be diagonalised simultaneously, that is, there exists a matrix
S such that

N, =8D; S,

where D; is a diagonal matrix. Using the unitarity and symmetry of the modular
S-matrix, the Verlinde formula (4.55) states that S = S with the entries of the
diagonalised fusion matrices given by (D;)ym = Sim/Som-

Remark

Similar to Eq. (4.53), on the space of characters of an RCFT there exists also a
matrix 7;; such that a modular 7 -transformation can be written as

1:+1 ZT’JXJ

Without detailed derivation, we note furthermore that one can choose a basis such
that the matrix 7;; takes the following form:

Tijzai 2"“(;’1 % , (4.56)

where h; denotes the conformal weight of the highest weight representation corre-
sponding to the character x;(7).
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Fusion Rules for {1 (1),

Before we present a rough sketch of the proof of the Verlinde formula, we will
discuss the rational CFTs fi(1); from Sect. 4.2.2 as a simple example. Recalling the
corresponding modular S-matrix (4.30)

Spqz 1 eXp(_niM)’ p,q:—k—l—l,...,k,
2k k
and using the Verlinde formula (4.55), we can write for the fusion coefficients
k 1 1 k
c . — I (ma+mb—me) __ o —2Zimgib—c) _ o(2k) _
Ny = Z %€ k Ly Z e % =34 (a—l—b c),
m=—k+1 m=—k+1

where we defined 8™ (x) = 1 if x = 0 mod N and zero otherwise. For the fusion
algebra [¢;] x [¢;] = Zk Ni’;. [¢r ], we then have

[&n] % [¢n] = [mtnmoa2x] -

Finally, recalling that the partition function of 1i(1); is the same as for 51(2);, we
have also found the fusion rules for the two highest weight representations of the
5u(2); Kat-Moody algebra

[¢0] x [¢0] = [#0] . [¢0] x [¢1] = [1] . [¢1] x [¢1] = [#0] .

where the subscripts / = 0, 1 label the spin é highest weight representation of
s1(2);.

Sketch of the Proof of the Verlinde Formula®

We do not intend to give a full proof of the Verlinde formula but only want to present
the main idea. For further details we refer to the original literature.

The proof of the Verlinde formula includes monodromy transformations on the
space of conformal blocks introduced in Sect. 2.12, which shows that indeed the
modular S-transformation diagonalises the fusion rules. Moreover, the pentagon
identity for the fusing matrices from Sect. 2.13 is at the heart of the proof.

e The characters x; can be viewed as the conformal blocks for the zero-point am-
plitude on the torus, which is identical to the one-point amplitude of the identity
operator. Writing the identity as the result of the fusion of ¢; x ¢, where ¢
denotes the conjugate operator of ¢;, the character can also be written as a certain
scaling limit of the conformal block of the two-point function (¢;(z) ¢;(z))12 on
the torus

3 This paragraph can be omitted in a first reading.
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xj = lim(z — wy" Fi' (. —w) .
Z—w

e Next, one defines a monodromy operator ®;(C) acting on the characters in the
following way:

(€)1 = lim(z = w? My, ¢ (F7 = w)) .

Here My, ¢ is defined by taking ¢;, moving it around the one-cycle C on the torus
T? and computing the effect of that monodromy on the conformal block. A basis
of homological one-cycles is given by the fundamental cycles on T2, denoted as
A and B (see Fig. 4.5). Note that A is the space-like cycle 0 < Rew < 27 and
that B is the time-like cycle in the t direction. Moreover, we recall from Sect. 4.1
that the modular S-transformation exchanges A and B.

e Moving ¢; around the A-cycle does not change the conformal family ¢; cir-
culating along the time-like direction. Therefore, ®;(A) acts diagonally on the
characters

D;(A) x; = )»,j Xj -

e The action ®;(B) is more involved as ¢; is moved around the one-cycle where
@, is circulating. We thus do expect a non-trivial monodromy action. However,
this action can be separated into essentially two transformations on the conformal
blocks, and after employing the pentagon identity from Sect. 2.13, one arrives at
the result that

;(B) x; = Nf xi -

e Since the S-transformation exchanges the A with the B cycle, it also acts as
®;(B) = SP;(A)S~', which means it diagonalises the fusion rules. We can
therefore write

T

Fig. 4.5 Basis of
homological one-cycles on
the torus T?

N
AN
\/
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N =" Sim A" S
m

Choosing j = 0 and using NikO = §; x, we can determine A}" = S;,,/So, Which
eventually gives the Verlinde formula.

4.4 The 5u(2), Partition Functions

In Sect. 3.3, we have considered unitary highest weight representations of conformal
field theories with 51(2); symmetry which can only exist fork € Z* and 0 <[/ < k
where [ determines the su(2) spin as s = % In the present section, we will study the
corresponding one-loop partition functions.

Character and S-Matrix for 511(2),

In order to determine the partition function, let us consider the charged characters
of 5u(2); whose general form we defined in Eq. (4.38). These characters contain not
only the degeneracies for a particular conformal weight, but also the information
about the }3 charge. Without derivation, we note that the 5u(2); characters can be
determined from the so-called Weyl-Kac¢ character formula to be of the following
form:

Or1 k42(1, 2) — Oy j42(7, 2)

(k)
X, (t,2)= , 4.57)
! 012(1,2) —O_;5(7,2)
with 0 <[ < k. This expression involves the generalised ®-functions
A _ kn® —2minkz
0Oi(t,2) = Z q"e , (4.58)
nEZJrﬁ

which for z = 0 reduce to the usual ®-functions introduced in Eq. (4.24).

Note that in Eq. (4.57), the differences in the numerator and denominator vanish
for z — 0. However, to derive the modular properties of X,(k)(r, ) this form is very
appropriate. In particular, for the modular S-transformation of Xl(k)(t, Z), we can use
the results for O, x(t, z = 0) from Sect. 4.2.2. Let us calculate
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1 1
Or1.42 (__’ 0) —O_ 1k (——, 0)
T T
k+2
=v-it Z (St = S—i—1.0) Op s2(7)
V=—k—1
k

=+/—iT (Z(SHI,Z’I = S_i1—r—1) Oy ks2(T)

I'=0

+(Si41.0 = S=1—1.0) O0x42(7)
k
+ Z(Sz+1,z'+1 = S_i—1041) Oy saa(r)
=0
(St 1h42 = S—i-1.442) @k+2,k+2(f)> ;

where from the second to the last line we performed a particular rewriting of the
sum. Next, we recall from Eq. (4.30) the S-matrix of the ®-functions which in the
present case reads

Sl,l’ =

1 A
—2(k+2) exp(—m P +2> .

Using Eq. (4.29), we see that in the calculation above the terms involving @ x12(7)
and Oy, ;+2(7) vanish while the other terms can be simplified to

®l+1,k+2(_%, 0) - ®—l—1,k+2(_%, 0)

\/z(ki;l; Z <k ) +1)('+ 1)) (®1'+1,k+z(f, 0) = O_y—1 ks2(z, 0)).

For the denominator in Eq. (4.57), we use this expression with k = 0 and [ = 0 to
find

@1,2<—%,0) - ®_1,2(—%,o) - _ZiT‘/__”sm( ) (01 2(7,0)—O_, 5(1, 0))

from which we infer the modular S-matrix for the character (4.57) as

2 . T , . /
= k+251n A 2(l+1)(l+1) withl,l'’=0,...,k

(4.59)
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Fusion Coefficients for 511(2),

Having determined the explicit form of the S-matrix, we can now apply the Verlinde
formula (4.55) to compute the fusion coefficients of 51(2), appearing in the algebra

k

(6] x [¢n] =D N, [41] -

=0

We expect the fusion coefficients to be consistent with the tensor product of spins
(4, %), and indeed, one finds

1 if I A I min(h +1, 2k — 14 —12)

b= and [j+lL+l3=0 mod?2, (4.60)
162

0 otherwise .

Partition Functions

Out of the characters (4.57), we can now construct modular invariant partition func-
tions. As we have already indicated around Eq. (4.32), this amounts to determining
all matrices M;; such that

297 =) oMY@ (4.61)
Lr

is modular invariant, that is, S®T M® §®* — pr®  Since the entries MZU;) have the
interpretation as the number of degeneracies of states in the Hilbert space, they must
be non-negative integers. In addition, for the vacuum to only appear once, we have
to require M(()Ia) = 1. Since in the present case S® shown in Eq. (4.59) is symmetric
and real, we find the condition S®¥M® §® = pr® which can be written as

[M®,sP]=0.

Furthermore, it turns out that in order for Eq. (4.61) to be invariant under 7 '-
transformations, one has to satisfy the level-matching condition /; — hy € Z.

Clearly, the identity matrix M = 1 gives rise to a modular invariant partition
function, but Cappelli, Itzykson and Zuber found the complete classification of all
matrices M with the properties above. The corresponding partition functions are
listed in Table 4.1 which is known as the A-D-E classification. Note that the sub-
scripts of the characters label again the highest weight representation. Furthermore,
the name of each class corresponds to a Lie group to which the partition function
can be associated, and the dual Coxeter number of each algebra is k + 2.
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Table 4.1 All s1(2), modular invariant partition functions. For ease of notation, the (k)-labels on
the characters and partition functions have been omitted

Level Partition function Name
n
k=n Z=Z|X1|2 Appr, n>1
=0
n—1 ) )
k=4n Z=Z|X21+kazl‘+2|X§| Daypi2, n 2 1
1=0
£ , 2m-2
k=4n-2 Z=Z|X2/| +ZX21+17/¢72171 Dopyy,n>2
1=0 =0
2 2 2
k=10 Z=|xo+xs| +|x+x| +|xa+x0] Esg
2 2 2
k=16 Z=|X0+X16|+|X4+X12|+‘X6+X|0} E;
+(x2 + x14) Xz + xs (X2 + X1a) + | xs |2
k=28 Z=|X0+X10+X18+X28}2 Eg

+} X6 + X12 + Xi6 + X22 |2

Remarks

e Note that only for 51(3), a similar classification has been achieved. There one
finds the A, and D, series and, in addition, five exceptional invariants at levels
k=51,5,91,9,21.

e Note also that the A-D-E classification of 51(2); invariants is via string theory
compactifications related to the A-D-E classifications of singularities. The latter
are via Type ITA-heterotic string duality related to the A-D-E classification of
simple Lie algebras.

4.5 Modular Invariants of Vir..;

In this section, we will construct modular invariant partition functions for the unitary
models of the Virasoro algebra with central charges ¢ < 1.

Branching Functions and S-Matrix

We start by recalling from p. 105 that the GKO coset (5u(2); x 511(2))/50(2)x+1
allows to determine the following decomposition of 5u(2); x 5u(2); HWRs into
highest weight representations of 51(2); and Vir,:
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(p - 1)k ® (6)1 = @ (q - 1)k+1 ® (hﬁ«q(m)) )

0<(g—1)=<k+1
p—gq+e=0mod 2

(4.62)

where e = 0,1,m = k+2and 0 < (p — 1) < k. Next, we deduce the characters
which are given by a trace over the corresponding Hilbert space. Noting the relation
Tragp(...) = Tra(...) - Trg(...), that is, the trace over A ® B is equal to the trace
over A times the trace over B, we find

k 1 k+1 Vi
Xon@ xa@ = Y xgI@ x @
0<(g—1)<k+1
p—q+e=0mod 2

(4.63)

where X(\;,ifq)(f) are the so-called branching functions we are interested in.
Let us now apply a modular S-transformation to both sides of Eq. (4.63) in order
to extract the modular S-transformation of the branching function X(Vp‘r (7). We then

.q)
find

(k) ) _ olk+D) Vir
Sp—l,p/—l Se,é’ - Sq—l,q’—l S(Pﬂ),(pﬁq/) ’

with the restrictions p — g +€ = 0 mod2 as well as p,p’ = 1,...,k + 1,
q,q9 =1,...,k+2and ¢, ¢ = 0, 1. Since the S-matrix for 5u(2); is real and
symmetric, using Eq. (4.54) we find (S®)~! = §®_ Utilising the explicit form of
S® from Eq. (4.59), we then obtain

Vi _ ¢® 1) gk+1)
S(pl,rq),(p’,q’) - Sp—l,p/—lse.,e’Sq—l,q’—l (4.64)

i | 2 (P-4 . T - T
SVlr o= = (1 P—ap —q ’ ot ).
(P.9).(p'.q") (k 4+ 2) (k+3)( ) st k+2pp s k+3 14

Let us remark that equating the Verlinde formula (4.55) for the present case gives
precisely the fusion coefficients from Sect. 2.11 with all non-vanishing coefficients
taking values N/ = 1.

Modular Invariant Partition Functions

As we can see from Eq. (4.64), the S-matrix for the branching functions is essen-
tially the product of an 511(2); and an 51(2);,; S-matrix. Therefore, the classification
of modular invariant partition functions boils down to combining modular invariants
of 511(2); and §1(2);41. Looking at Table 4.1, we see that the D and E invariants all
have even level k. But since one of the 51(2), factors in Eq. (4.62) has necessarily
odd level, the partition function has to involve precisely one odd A invariant. The
only possible combinations are therefore (AA), (AD), (DA), (AE) and (E A).

In order to illustrate the construction, let us now quickly state some examples for
modular invariant partition functions of unitary models without a precise derivation.
One finds for instance
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[

N =

ZEéqAIZ -

k+1 k42
1 2
ZAk+lqu+2 5 | Xp.q } >
p=1g=1
2 5
z 1 2, , 2
DAk T 5 E E |X2p+1.q + Xk—2p+1.4 ’ + ‘X;H,q | ,
g=1 11:30 k=4n
1 k+1 5 s
ZAI(+|,D/<%|+2 = 5 | Xp.2g+1 + Xp.k—2q+2 | + 2| Xp,%-&-l | s
p=1 \¢=0 k=dn—1

| Xl,qg + X714 |2 + | Xd4.q T X8.q |2 + | X5, T Xilq |2) .
1

<
Il

Example with YW Symmetry

Let us now take a closer look at the three-state Potts model. This is a unitary minimal
model of the Virasoro algebra with central charge ¢ = % which, using Eq. (3.29),
implies that k = 3. In this case, we see from above that besides the diagonal Z4, 4,
modular invariant partition function, there is also Z,, p, with the following explicit
form:

| A0
Zp.Dy = 3 ZZ (\Xp,zqﬂ + Xp.5-29 |2 + 2| xp.3 |2>

p=14=0

1
=—(‘X1,1+X1,5’2+2|X1,3}2+’X2,1+X2,5‘2+2’X2,3‘2

| X3.1 + X35 |2 + 2| x33 \2 + | X1 + Xa5 |2 + 2| xa3 |2)

[\

= |X1,1 + Xi.5 |2+ |X2,1 + X2.5 |2+2|X1,3 |2+2|X2,3 |2-

The conformal weights of the primary fields in the characters of the first term are
computed using Eq. (2.119) withm =5 as

6-1-5-17°—1

0 i C(6:1-5-57~1
4.5.6 b

=3.
4.5.6

hii =

Therefore, x; corresponds to the vacuum representation ¢; ; and the character y; s
is built upon a primary field ¢; 5 of conformal dimension 2 = 3. Since the primary
@15 appears together with the vacuum, it has to be a chiral primary. Thus, besides the
Virasoro generator, there exists a further generator of the chiral symmetry algebra
and, following our discussion from Sect. 3.7, this symmetry algebra should be a
W(2, 3) algebra with central charge ¢ = %. With respect to the W(2, 3) algebra,
that is, using L,, as well as W,, modes to construct states, the partition function
Za,.p, 1s then expected to be the diagonal partition function
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— 2 = 2 _ 2 _ 2
2w = ’Xo} +‘X§’ +2‘X§| +2‘X%’ .
In fact, the additional chiral fields in the general Z4, ., p.,,,,, Partition function
have conformal weights ;442 = n(4n — 1) with k = 4n — 1, so that an off-

diagonal partition function with respect to the Virasoro algebra can be interpreted
as a diagonal partition function with respect to an W(Z, n(4n — 1)) algebra.

4.6 The Parafermions

In this section, we will study in more detail the parafermionic models already en-
countered in Sect. 3.6. These theories are given by the coset construction

WD iy o= 262D (4.65)
u(1), k+2

where for the calculation of the central charge, we refer to Eq. (3.27). Note also that
for k = 2, we have ¢ = % which is the Ising model, for k = 3 we get ¢ = ‘5—‘ being
the three-state Potts model, and for k = 4 we find ¢ = 1.

Characters for Parafermionic Theories

Analogous to the previous section, the characters for the parafermionic theories can
be determined from the branching rules of highest weight representations given in
Eq. (3.30). In particular, from the decomposition of HWRs

(rs2y) = B (Ran) ® (s -

Ay

we find the following decomposition of éﬁ(~2)k characters into u(1); characters stud-
ied in Sect. 4.2.3 and branching functions C 1(2(1):

£ 0,u(0) ~
Po=3 k7T E® 1=0,....k. (4.66)

IN]
e 1@

From Sect. 4.2.3, we also know that in the case k = 1 the characters of 51(2); are
equal to the characters of 1(1);

0,1 (1) My _ 0,,:(7)

xP(@) = ek x\P()

Comparing with Eq. (4.66), we then see that for the branching functions C 1(’]")1(1), we
have
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-1, &h-o. M=o, =1

These relations for the case k = 1 suggest a more general selection rule for the
sum in Eq. (4.66). And indeed, in the spirit of our analysis in Sect. 3.3, let us decom-
pose an irreducible spin % representation of su(2) into its individual components in
the following way:

(l)su(Z) = (l)u(l) ® (l )u(l) & (_l + 2)u(1) ® (_l)u(l)
l

4.67
= @ (m )u(l) : ( )

m=—1
m~+I1=0 mod 2

The individual components are by itself representations of u(1) factors which ex-
plains the subscript in the formula above. Also, we observe that the branching func-
tions C;’ ct ., (7) should not carry any u(1) charge since they correspond to the coset
(4.65) i in wh1ch roughly speaking, the u(1) part has been divided out. Therefore,
including the branching rule of Eq. (4.67) in Eq. (4.66), we arrive at

k

Wwo= > Ol &0 (4.68)
m=—k+1 (‘L')
[+m=0 mod 2

The coefficients C;i;(r) = E‘;ﬁi(r)/ n(t) are called the string functions of 51(2);,

whereas C ,(k,; (r) with I +m = 0 mod 2 are the characters of the parafermions

Su2) /(1.

Note finally that from the decomposmon (4.68) we can read off the conformal

weights of the branching functions Cz m(r) as
W+ om? I =0,....k,
G 4k +2) 4k m=—k+1,... .k,

where we employed Eqs. (3.11) and (4.34).

Modular Transformation of the Parafermionic Representations

Let us now determine the modular S-transformation of the parafermionic represen-
tations C,; cr ,,(T). Similar to the previous section, we are going to infer them from the
modular properties of the §u(2); and (1), characters. In particular, performing an
S-transformation on Eq. (4.68), we find

(k) __ Tk)
Sl,l’ - Sm»’"’ S(I,m),(l/,m’) ’
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where S® is the S-matrix (4.59) and S,, v denotes the S-matrix corresponding to
0,,.«. Using their explicit expressions and noting that S~! = §*, we obtain for the

S-matrix of the parafermionic representations C l(k,;(t) that

<) e o
Sttomy @y = Smmt Si1

< 1 T -
*) . ) L
Sty = Vik+2) " <k — )0+ 1)) e, (4.69)

where [, =0,...,kandm,m' = -k +1, ... k.

Remarks

e Let us note that we can write the §1(2); Kaé-Moody algebra in the following
way:

SU(2)k

k= Zp,

X ﬁ(])k .

We can therefore express the 51(2) currents as a combination of a so-called
parafermion ¥p,(z) and a free boson X(z, 7) on a circle of radius R = +/2k

7@ = VK Ypurl2) VXD
Jm@ =Vk v, () emIVEX@
@) =iV2k9.X(z) .

For these currents to have conformal weight 4 = 1, the parafermionic fields have

to have conformal dimension /p,, = 1 — % = k-l , since the dimension of the

k
. 2 . .
vertex operator of the free bosonis h = 5 = % This explains also the name
parafermion since Y, is neither a boson nor a fermion.

e The parafermions feature a so-called level rank duality given by the relation

su)  su(k); x su(k),

uly su(k),

The unitary models of the parafermions are thus equivalent to the first unitary
models of the GKO su(k) coset. This could lead one to the conclusion that the W
algebra with k — oo of §1(2)/1(1) has infinitely many generators of conformal
dimension W(2, 3,4, 5, 6, ...). However, this is not the case as for the first uni-
tary models of Wy, , the WV algebra truncates to a WW(2, 3, 4, 5) algebra, which is
different from the su(5) Casimir algebra.
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4.7 Simple Currents

In the previous sections, we have presented various techniques to obtain modular
invariant partition functions. In particular, for 51(2); we have shown a classification
of matrices M in Z = x M x leading to modular invariants. But, although we did
not show the corresponding analysis, such a procedure is quite challenging. It would
thus be helpful to have a method which allows to generate modular invariant parti-
tion functions without explicitly classifying all matrices M satisfying ST M S* = M.

The D, . Partition Function

To motivate how such a method might work, let us recall the D, ., modular invari-
ant partition function (MIPF) from Table 4.1 for $1(2)4, conformal field theories
withk =4nandn € Z

n—1

zZ = Z|X2[+Xk72l |2+2|X§
1=0

? (4.70)

The conformal weights of the characters y; can be found in Eq. (3.11) which we
recall for convenience here

_+2

hy = .
T Ak +2)

.71

Using this expression for the combination of characters in (x2; + xx—2), we find

2A00+2) (k- 20k — 20 +2) k
— =l—-=1—n (S Z,
4k +2) 4k +2) 4

hyy — hy—oy =

where we utilised that k = 4n. Note in particular that the vacuum character yj is
combined with x; which has conformal dimension 4y = n € Z. Therefore, the
symmetry algebra is extended by a primary field of dimension &7 = n. Next, if we
would allow for characters x; in Eq. (4.70) with generic ! € Z, we would obtain

1
hl_hkfl:E_n (S 5,

which is non-integer for / odd. Since in Eq. (4.70) only even [ appear, we con-
clude that the D;,4, modular invariant partition function contains only characters

which are combined in such a way that the difference of conformal dimensions is
an integer.
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Generalisation

To formalise these findings, let us define the field J(z) as J(z) = ¢x(z) where ¢y (2)
is a primary field of conformal dimension #; = n € Z. Using the fusion coefficients
from Eq. (4.60), we obtain

Ixll=[].  Vxlal=lo-].  [V]x[e]=[g:]

Therefore, J organises the conformal families in orbits of length one and two, that
is, there are orbits under the action of J with one or two elements. Moreover, we
observe that in the partition function (4.70) the characters belonging to the same
orbit appear together. Let us now define the so-called monodromy charge of ¢; in
the following way:

O(p) =h())+h(g) —h(J )  mod 1. (4.72)

For our example D,,,, from above, we see that Q(¢;) = é and that only combi-
nations (x; + xx—;) with integer monodromy charge Q(¢;) appear in the modular
invariant partition function (4.70).

This observation can be generalised which leads to the concept of so-called sim-
ple currents. The definition of a simple current reads as follows:

Definition 2. Given a Rational conformal field theory with highest weight represen-
tations ¢;, corresponding conformal families [¢;] and fusion algebra

ZN" o] .

a HWR J is called a simple current if its fusion with any other highest weight takes
the simple form

[/ ][9] = [90] -

which implies for the fusion coefficients that N ’]‘ ; = Ok i) Here, the notation J(i)
means that J permutes the indices of the fields ¢;*.

However, as we have seen in the previous example, the action of J can have fixed
points. Note also that the “simple” action of J is the reason for the terminology
simple current which has, however, no relation to fields with conformal dimension
h=1.

4 An example for such a permutation would be (¢ Iy Pi2), BI3)) = (@2, 1, P3).
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Simple Currents for RCFTs

In the following, we will now generalise the discussion from the previous paragraph
to Rational conformal field theories with simple currents satisfying

WJI)eZ.

We observe that for J, there always exists a conjugate field J* such that [J |x[J*] =
[1]. This immediately implies [J] x [J] = [J] is not possible because multiplying
J* from the right would lead to a contradiction. Therefore, either [J] x [J] = [1] or
there exists another field J2 such that [J] x [J] = [J2]. By associativity, the latter
is again a simple current. Finally, because we are considering RCFTs having only a
finite number of HWRs, there must exist a length L € Z such that

[ =[1].

We can carry out similar arguments for a field ¢; leading to the conclusion that
there has to be an integer /; such that [J 1% x [¢:] = [¢;]. Therefore, J organises all
highest weight representations into so-called orbits of length /; = L/p where p is
some divisor of L

(¢ Jois TPb. ..., J"'y) .

Let us next consider the general form of the OPE of a simple current J and a
primary field ¢

1
TQ9w) ~ sy (/1 91w (4.73)

where Q(¢) denotes the monodromy charge from Eq. (4.72). Since [J ] x [¢] may
involve derivatives, the right-hand side may contain further factors of (z — w)" with
n € 7 which are, however, not important for the present discussion. Furthermore,
from Eq. (4.73), we see that when moving J(z) around ¢(w) counterclockwise, that
is, sending (z — w) to iz — w), J(2)p(w) acquires the factor exp (—27i Q(¢))
which explains the notation monodromy charge for Q(¢).

In order to gain further insight into the monodromy charge, let us note that from
the general form of the OPE for quasi-primary fields (2.53), we infer that h(J?) € Z
because J(z) has integer conformal weight. For the monodromy charge (4.72) of the
simple currents, we therefore obtain

0WJ)=0. 4.74)
Next, we are going to compute the monodromy charge of J¢ in two different ways.

First, as illustrated in Fig. 4.6, we move J(u) around J(z)¢(w) which leads to
the monodromy Q(J¢). However, by deforming the contour as depicted on the
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J () e J(2)

Fig. 4.6 Illustration for the computation of monodromies

right-hand side of Fig. 4.6, we can alternatively compute the monodromy of J¢ by
moving J(u) around J(z) and around ¢(w) separately. Therefore, the monodromy
charge satisfies

@.74)

0(/¢) = 0(/) + 0(¢) 0(¢) -

By iteration, we can conclude that all fields in the orbit of ¢; have the same mon-
odromy charge, that is,

0(¢) = 0(J¢) = Q(J%¢) = --- .
Moreover, due to [J]* = [1], it is clear that Q(¢) = Q(J¢) and so the monodromy
charges have to have the general form

0(¢i) = t(%) with t(¢;) € Z . (4.75)

Note that the integers 7(¢;) can be different for each primary field ¢; and that we
will not need the explicit form of 7(¢;) in the following.

Modular S-Transformation

We will now consider the modular S-transformation of characters in theories with
simple currents. To do so, we introduce the short-hand notation

li—1
Je¢; =: (ai) , Z = Z Z . (4.76)
a=0

(i) i

Without derivation, we note that in order for the fusion algebra to respect the mon-
odromy charge Q, the S-matrix has to have the form

S(aiy(sn) = €Xp (27Ti(Q(¢i)5 + Q(¢n)04)) S0i)0n) - 4.77)
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In the following, we will now confirm that if the S-matrix is written in this way,
indeed the monodromy charge is preserved. However, before doing so, let us observe
that from the definition (4.76) we find (6n) = (§ + [,, n) where [, is the length of
the orbit containing ¢,. For the S-matrix (4.77), this implies that

27i Q(hi) L

Staixon) = S(@i)6+h,.m) = € Staiyon) -

Note that because of Eq. (4.75), for orbits with [, = L there is no ambiguity. But
for short orbits with /; # L, we can distinguish two cases

O(pi)ly € Z = no restriction ,
Q(¢1) Ly ¢ Z = S(ai)(Sn) =0.

From this observation, we infer that sums over short orbits can be written in the
following way:

I,—1

/ L—-1
Z S(oti)(Bn) o= Z Z S(ai)((gn) o= Z Zn Z S(ai)(gn) c.
=0

(6n) n §=0 n

where ... stands either for other S-matrix elements or for characters x(sy).
Let us now confirm that the S-matrix (4.77) preserves the monodromy charge. To
do so, we apply the Verlinde formula and compute the fusion coefficients as follows:

N Z Stai)em Sej)em Snyy k)

@B =
prms S(00)sn)
S0i)(0m)S(0)0m) S "
-y (01O SONO) S0y 0k) i Q) (et bn 3 2ri8(0@n+06)-0@0)
n

S(00)(0n) L =

(4.78)

where we used that Q(1) = 0. Note that the sum over § can be written as a §-
function modulo L in the following way:

~

—1
b 276(06)+0w)-0w0) _

~

-1

~

o2 8100 +1@)—1(40)

n

=2
Il
o
(=%
Il
o
N~ =

=1, 8P (e + 1) — 1) . (479
Here, we have employed that the §-function modulo L can be expressed as

L—1
S(L)(n):ZeZilp" forn e Z .
p=0
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Using then Eq. (4.79) in Eq. (4.78), we see that the resulting fusion coefficients
agree with the definition of a simple current. Expressing the §-function again in
terms of the monodromy charges, we find that for non-vanishing fusion coefficients
we have to require

() = Q(¢i) + Q@) .

Therefore, the form of the S-matrix (4.77) leads to fusion rules where the total
monodromy charge on the left- and right-hand side of the fusion algebra agrees.
That is, the fusion algebra respects the monodromy charge.

Modular Invariant Partition Function

Now we will consider the modular S-transformation of an orbit with length /; and
monodromy charge Q(J*¢;) € Z for every k. Using the explicit form of the S-
matrix (4.77), we find

-1 | Lt 1 ;o Lol
2 reo(=7) = 7 ton(=7) = 7 2 2 Senon xn®
=0 a=0 a=0 (én)
L—1
= lz' 2(:) gexp (2ni(Q(¢;)3 + Q(¢n)a)> Sion) Xem(T)
a= n)
L—1
= lz’ Z Zexp(Zﬂ i Q(¢n)06) eXP(ZJT i Q(¢i)5) S(i)on) Xm(T)
(6n) a=0
i )
=7 Z Lé (Q(¢n)) Sci)on) Xm(T)
(8m)
l,—1
= Z l; S(o,')(on) Z X(Sn)(f) s
0(h)er. =0

where we expressed the sum over « as a §-function and employed that by assump-
tion Q(¢;) € Z. Furthermore, the §-sum runs over the length of the orbit containing
¢,. We have thus seen that orbits with Q(¢;) € Z transform among themselves
under modular S-transformations.

We finally come to the main result of this section. For each simple current of inte-
ger conformal dimension, one can define a new modular invariant partition function
in the following way:
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L—-1

1
Z@D=5 D 2 Xerpn(® Tan®

(ai) p=0
Q(pi)eZ

(4.80)

where the normalisation constant A\ is fixed by the requirement that the vacuum
should only appear once in Z;(t, T). Note that the sum over « runs from one to the
length /; of the orbit i, while the sum over B always runs over the maximal length
L. Because of this sum, we obtain the extra factors of L//; in the partition function
for the shorter orbits. Moreover, we remark that this construction can be generalised
to initially non-diagonal partition functions with M;; # §;; in Eq. (4.80).

Let us now prove the modular invariance of this partition function. We start by
writing out the S-transform in terms of the S-matrix and employing the relation
(4.77) as S+p,i)6n) = eXpif O(hn))S(wiysn) to find

S

L—1
_ /%[ >200(0@0) D2 D St pirom Xom @ D Sty e Keen @)

(ai) B=0 (§m) (en)
1 1 L—-1 L-1
~27i Q¢ 2mi ( Q)5+ 0 (b
N > L Doy ) e (00 008) 51, o (0)
(ai) k=0 B=0 (6m)

_2mi Qi _ _
x ) e OGS o Kem(D)
(en)

L—-1L-1
1 ~ e
_ Z ZZ Z 627”Q(¢m)ﬂx(6m)(f)x(en)(r)

k=0 B=0 (ém),(en)

270 Q(di)(6—k— f
» Ze THIO@IC=O) Gl iy S, Om)
(i)

11 L—-1L-1
278 Q(Pm v c3
=720 2 T (DX e @ D Slony iy St 6—k—eom -
k=0 B=0 (8m),(en) (ai)

Using Eq. (4.54) we see that the last sum in the last line gives a §-function setting
m = n and (§ — k — €) = 0. Writing then the 8 sum over the remaining exponential
again as a s _function, we obtain

L—1
2i(- 1 -2) = 1 2 800 xikrem @ Fen@ = Zi(. 1)

k=0 (en)

and so we have shown that the partition function (4.80) is invariant under modular
S-transformations.
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Example

As an example, let us consider a CFT with 51u(2); Kaé-Moody symmetry. This
theory has five highest weight representations with characters denoted as y;(t), i =

0,...,4. From Eq. (4.59), we determine the S-matrix to be of the following form:

L 3 1 B1
) 2 2

G g

1 2 2 2 2

S=— 1 0 -1 0 1 . (4.81)

V3lya_ sy 6 a4

2 2 2 2
L V3 1 _B8 1
2 2 2 2

Utilising then the explicit expression for the fusion coefficients (4.60), we find for
instance that N, fz = 8;4+m.4 Which implies that the field ¢4 is a simple current. Fur-
thermore, it follows that [J]?> = 1 and so the maximal length of the orbits is L = 2.
Employing finally Eq. (4.71), the conformal dimension is easily found as 74 = 1.
As we illustrated previously, the partition function should contain only characters
of orbits with integer monodromy charge. In the present case we have Q((b,) =1

2
for an orbit containing ¢; and so the possibilities which respect the condition above

are

Xo= X0+ X4, X2 = X2 -

Note that the second orbit has shorter length and is called a fixed point of the sim-
ple current construction. The S-matrix for these two orbits can be obtained from
Eq. (4.81) and has the simple form

= 5(00)

Note that S is not symmetric, which can be reconciled by “resolving” the short orbit.
However, we will not explain this method here. The partition function is found using
the general expression (4.80) to be of the following form:

1 1
~ 1 _ _
Z(x, T)ZJ\/_ E <§ X(a+ﬁ,0>X<a,0)+X<ﬂ,2>X<o.2)>

=0 \a=0
= XoXo+ XaXa+ XaXo+ X0Xs+2Xx2%2
~ 12 ~ 2
=|%| +2|%]|.
where we fixed the normalisation constant to be A/ = 1 because the vacuum repre-
sentation xo should only appear once. Writing this expression as
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~ T ~
S5 = X0 10 X0
o =(2) (o) (£
X2 02 X2

and computing STMS* = M with M = diag(1, 2), we see that the partition function
is indeed invariant under modular S-transformations.

Remark

The concept of simple currents can be generalised to the case h(J) # Z which does
not lead to the orbit partition functions studied in this section, but instead to so-called
automorphism invariants such as the D, series for 511(2)4,_,. However, not all
modular invariants are obtained via simple currents, for instance the E7 invariant for
51(2) 16 cannot be constructed in this way. But the techniques covered in this section
will become very valuable in Chap. 5 when constructing modular invariant partition
functions corresponding to Calabi—Yau compactifications.

4.8 Additional Topics

Although not important for the rest of this course, in this section we illustrate two
interesting questions in conformal field theory. This part can be omitted in a first
reading.

4.8.1 Asymptotic Growth of States in RCFTs

For various applications of CFT, it is important to have an estimate on the asymptotic
growth of the degeneracy of states in a partition function. In this section, we will
investigate this point.

To start with, let us assume we have a (not necessarily unitary) Rational confor-
mal field theory with central charge ¢ and highest weight representations labelled
by i of conformal dimension /;. The characters corresponding to these HWRs have
the form

xi(0)=q""% Y P(N)g" . (4.82)
N>0

The question we want to ask is how the degeneracy of states P(N) behaves for
N > 1. To determine this behaviour, we apply a modular S-transformation to x;(7)
to find

Xi(@ =8 Xj(_%) =Y S T N e TV L 483
J J

N>0
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Next, we study x;(t) in the limit T = i1, with 7o — 0T, thatis, 7, goes to zero from
above. Equation (4.83) then becomes

EEON ) o
Xilim) o~ Sy, ema T <1+0(e ’2)) : (4.84)

7,—>0t

where A, denotes the minimal highest weight in the RCFT. For unitary theories,
we have of course hpni, = 0. Thus, the exponential factor in Eq. (4.84) gives the
leading order contribution in the 7o — 0T limit.

Now, we have to find P(N) in Eq. (4.82) such that for 1, — 0%, we obtain
the same behaviour as in Eq. (4.84). To this end, we make the ansatz P(N) ~
exp(2v/Na) and write Eq. (4.82) as

e—27rr2(h,—§) § eZvNoz e—27'rr2N

N>0

o0 o y
~ / dy exp <—27ry~|—2 —),
n—0t Jy T

where we have neglected subleading terms in the limit 7, — 0" and performed
the change of variables N7, — y together with replacing the sum by an integral.
Then, we complete a perfect square in the exponent and again change variables to

1=y — o \/g which gives

%) 1 2
Xi (ifz)’“/o dy CXP<—2JT(\/__ E\/;Zz) ) exp(z;:tz)

12
N/‘oo_(hzrz) dz(z—}—i @ 6*27”2 exp( ¢ )

,(Mgrz)”z 2\ o 21T,

Let us now extract the leading order behaviour of this expression in the limit 7, —
0". Performing the integration for instance with the help of a computer algebra
package, one finds that the contribution of the integral over z is always subleading

compared to the exponential e . But also at a less formal level, by changing the
integration domain to (—o0, +00), we find

+00 1
Xi (it2) ~ / dz (24— |2 ) e exp al
—o0 2z \ 27T
1 o o
~ —exp|l—] ~ex ,
J P 2T P 2T

where we performed a Gaussian integration. Therefore, our ansatz from above gives
the same kind of divergence for 7, — 0% as Eq. (4.84) provided we identify o =

%Ceff with the effective central charge defined as ceif = ¢ — 24hpi,. To summarise,

(T ~
Xl( 2) 0
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the asymptotic growth of the number of states in a highest weight representation of
a RCFT with central charge c is of the form

[2
P(N) ~ exp (n 3 Ceit N ) where  ceff = ¢ — 24 hin

This formula is often used in string theory for microstate counting for instance in
computations of the statistical entropy of a stringy black hole.

4.8.2 Dilogarithm Identities

Let us mention one nice curiosity for the 511(2); unitary models with central charge

¢ = 3% and highest weights & = i&fz)) Here, we will be satisfied with just

k+2
stating the result which involves the so-called Rogers—Ramanujan identities whose
derivation can be found in the literature. Let us start by first defining the Rogers

dilogarithm in the following way:

L(z) = Lir(z) + % log(z) log(1 — z),

with the poly-logarithm Lix(z) = > o2, 2 which is well defined for z < 1. The

n

Rogers dilogarithm satisfies the relations

L(1 z)—iz-L(z)—L(l), L) =2L@) 2L<1+z)’

=" LO0)=0.
6

Furthermore, it can be analytically continued to the region z > 1 by using L(z) =
2 L(1) — L(1/z) which implies that lim,_, o, L(z) = 2 L(1).

Let us now turn to the modular S-matrix and the Verlinde formula. In particular,
as mentioned in Sect. 4.3, we can diagonalise the fusion rules with the following
entries in the diagonal matrix D:

s sn(E 10+ 1))
Dy ===

Son sin( 25 (- + 1))

forI,A = 0, ..., k. Note that here we used the explicit form of the S-matrix for
Su(2), given in Eq. (4.59). Without providing a derivation, we state that the follow-
ing k + 1 relations are satisfied foreach A =0, ..., k:
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1 k
ZOR

= —24}1)L +6)» .
sz)

It is quite remarkable that the sum of dilogarithms evaluated at special irrational
values adds up precisely to the rational defining data of a Rational conformal field
theory. It was conjectured that similar dilogarithm identities hold for any RCFT and
might eventually be a way or a piece in the puzzle towards a classification of RCFTs.
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Chapter 5
Supersymmetric Conformal Field Theory

In the previous chapters, we have studied conformal field theories with only bosonic
or only fermionic fields. However, we can formulate CFTs containing both bosons
and fermions which may exhibit new symmetries. For instance, there can be symme-
tries exchanging bosonic and fermionic fields called supersymmetries, which have
been studied intensively in many instances. In fact, also two-dimensional conformal
field theories can be generalised to respect supersymmetry. These so-called super-
conformal field theories (SCFT) naturally appear in string theory; in particular, it
was shown that the pure bosonic string is unstable while a supersymmetric extension
can be stable.

In the present chapter, we will give a brief introduction to superconformal field
theories. But since many aspects are similar to bosonic CFTs, we will not present a
detailed discussion at all instances. Instead, we assume the reader to be sufficiently
accustomed to the structures of CFT that she or he will accept some straightfor-
wardly generalised features without a detailed derivation.

In view of string theory, in this chapter we will discuss so-called A/ = 2 SCFTs
and so-called Gepner models in some length, which exhibit new structures impor-
tant for compactifications of Superstring Theory. The Gepner model constructions
are extremely powerful and are maybe one of the most impressive applications of
conformal field theory at all. In particular, the metric on a Calabi—Yau manifold,
on which the superstring is compactified on, in general is not known explicitly,
and the non-linear sigma model governing the dynamics cannot be written down.
Nevertheless, at particular points in the moduli space, the Gepner models provide
exact solutions to the non-linear sigma model.

5.1 N = 1 Superconformal Models

Let us start exploring N' = 1 superconformal field theories by considering the
simplest imaginable model consisting of just the free boson X(z, 7) introduced in
Sect. 2.9.1 and the free fermion y(z, Z) from Sect. 2.9.2. Here and in the following,
we are going to focus on fermions in the Neveu—Schwarz sector, but the results for
the Ramond sector are obtained along the same lines.

Blumenhagen, R., Plauschinn, E.: Supersymmetric Conformal Field Theory. Lect. Notes
Phys. 779, 169-204 (2009)
DOI 10.1007/978-3-642-00450-6_5 (© Springer-Verlag Berlin Heidelberg 2009
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The N = 1 Superconformal Extension of the Free Boson Theory

Since the free boson and free fermion theories are independent of each other, the
energy—momentum tensor is simply the sum of the bosonic and the fermionic one

. 1
T(z) = 3 N(jj)2)+ 3 N(y ay)(2) .

For convenience, here we have fixed the normalisation constants of the two-point
functions from Sect. 2.9 to be 4+1 which has no implications for the rest of our
calculations. As a next step, we expand the energy—momentum tensor in a Laurent
series T(z) = Y, .7 Lz % in the usual way. This implies L,, = L 4 Lfem
leading to

Ly = %( D mekiet Yk jm_k)

k>—1 k<—1

(6 Dt T v )

2 o

(5.1)

10

>3
§>—3

The bosonic L2 and the fermionic part L™ satisfy the Virasoro algebra with
central charges ¢ = 1 and ¢ = %, respectively. Because these algebras are indepen-
dent of each other, i.e. [L}, L™ ] = 0, we see that Eq. (5.1) obeys the Virasoro
algebra with central charge

l—i—l >
c= - ==
2 2

So far, we have not encountered new structures due to the combination of the free
boson and free fermion CFT. However, out of the current j(z) = i X(z, 7) and the
fermion 1/(z), we can built a new fermionic field written as

G =N(j¥)@) .

Here we have chosen the normalisation of G(z) to be 1 which turns out to be conve-
nient in the following. The normal ordered product is required to give a meaning to
this expression at the quantum level, but since the free boson and the free fermion
are independent of each other, their Laurent modes commute and so we can write

G =Y Gz'F  with  Go= Y . 52

rEZ+% SEZJr%

Using then the definition of a conformal primary field from Eq. (2.45) and noting
that j(z) and ¥ (z) are primary fields of conformal dimension # = 1 and h = %,
respectively, we calculate
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[Lm» Gr] = Z <[L})nos.’ jrfs] ws + jrfs [Lf;rm.’ I/’s])

S€Z+%
= Z (—(V — S) Jmtr—s Vs + Jr—s (—% — S) mers]) (5.3)
SEZ“F%
m
= (5 - r) Gm+r s

where from the second to the last line we changed the summation s — s — m in
the last term. Note that by comparing Eqgs. (5.3) with (2.45), we see that G(z) is a
primary field of conformal dimension & = %

After having determined the relation between L,, and G,, let us also calculate the
anti-commutator of two Laurent modes G, and G. We start again by using Eq. (5.2)
to write explicitly

{Gr, Gs} = Z {jrfp wpv jS*q wQ}

p,qEZJr%

= Z <jr—pjs—q{w,m 1//q} + [jX—qa jr—p]l//qu> (5.4)
p,quJr%

= Z (jr—pjx-‘rp + ([7 - }") wr-ﬂ‘—pwp) .
pel+}

Next, we will bring these sums into a form which can be expressed in terms of L,,
and G,. To do so, we have to carefully arrange them into normal ordered expressions
in the following way:

(GGl = Y Jipicint Y (Gospist+ Lirp sl

p>—1l—s p<—1l—s

+ Z (p + %) \[fr-#s—p Wp + Z (P + %) (_Ilfp 1;[/r+x—p + {¢r+s—p7 1017})
p>—3 p=<—3

- Z (r+ %)wrﬁLsfp % - Z (r+ %) (_Wp Iﬁhq,p + {¢r+sfpv Wp})
r-=1 p=—1

1

2
- 2L'r)3l+ Z (r_P)SHLS,()— Z(r_p)6r+s,0+2L£‘T:‘

1 =—
P<—3 p==s

+ ) PG 0— DN ), — D+ b0

1 1
P=—3 P=—3

We then recall from Sect. 2.9.2 that the lormal ordered product of two identical

fermions vanishes and we note that the sums with summation index p < —% cancel
among each other. After combining L% and L™ into the Laurent mode of the

total energy—momentum tensor, we are left with computing
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-1

1
— 1 1
Z (r —p)éryso= Z(” —(s— %)) S50 = ) <S2 - Z) 3r45.0 5

p=—s n=0
which we utilise to arrive at

1

_) 8ri5.0 - (5.5)

— 1 2_
[G,. Gy} =2L,, + E(r ;

An Alternative Way to Determine Eq. (5.5)

In the previous paragraph, we have employed the definition of G(z) as well as the
algebra of the j, and ¥, modes to obtain the anti-commutation relations (5.5). How-
ever, utilising the general structure of quasi-primary fields studied in Sect. 2.6.3 can
help to shorten such computations considerably.

In particular, from Eq. (5.3) we know that G(z) is a primary field of conformal
dimension & = % Generalising formula (2.54) from Sect. 2.6.3 to fermionic fields,
we can determine the anti-commutator of two G(z) modes to be of the form

r4+1
{Gr, Gs} = CéG P%,%,z(”, $)Lyis +dce 8,450 ( ) 2) .
In order to arrive at this equation, we have recalled the fact that the (anti-)commu-
tator of two identical fields contains only fields of even conformal dimension on the
right-hand side. Next, from Eq. (2.56) we determine

dog =(0] Gy Gy [0) = (0] vy jr j vy |0) =1,

and from Eq. (2.55) we compute p%!%l(r, s) = 1 as well as pzq%%(r, s) = %(m—Zr).
The latter expression allows us to fix Cy; = % via Eq. (5.3) and so, recalling from
Eq. (2.58) that d;;, = c¢/2, we can calculate the last missing structure constant in

the following way:

L —1 G 43 4
Coe = CoeLdy, =Clgdogd, =5-1-3=2.
Note that here we employed that ¢ = 3/2. In conclusion, we have determined the
anti-commutation relations (5.5) in a less involved way.

The N = 1 Super Virasoro Algebra

So far, we have studied in detail the algebra of the N' = 1 superconformal extension
of the free boson theory. The structure we have found is an example for an N' = 1
super Virasoro algebra where the specification N = 1 refers to the fact that there is
one so-called superpartner for each field. For instance, in the last paragraph the free
fermion is the superpartner of the free boson and G(z) is the superpartner of 7'(z).
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The defining relations for a general N' = 1 super Virasoro algebra in terms of the
modes G, and L,, read

[Lm, Ln] =(m—n) Ly, + = (m3 - I’I’l) Smtn,0 »

12
[Lm» Gr] = (% - I") Gutr (5.6)
{Gr’ Gv} =2 Lr+s + g <r2 - i) 5r+s,0 -

The first line characterises the bosonic Virasoro algebra, the second line is the state-
ment that G(z) is a primary field of conformal dimension % and the last line is the
defining relation for the supersymmetric generalisation of the Virasoro algebra. Note
that this algebra is also valid for the Ramond sector where G(z) is periodic and the
Laurent modes are integer labelled.

Mathematically, the relations (5.6) determine an infinite-dimensional super Lie
algebra. A finite algebra contained in the infinite-dimensional one is generated
by {Lo, L+1, Gi%} and turns out to be o0sp(1|2). The corresponding super group
OSP(1]2) plays the same role for SCFTs as SL(2,C)/Z, does for usual CFTs.
Analogously to Sect. 2.6, OSP(1|2) can then be used to constrain the OPE for
super quasi-primary conformal fields.

Superspace

We will now present the so-called superspace formalism which allows us to express
certain equations for superconformal theories in a more compact way. However, we
will be brief and focus only on the structure needed here.

To start with, let us introduce the superspace via the pair Z = (z, ®) where z € C
is an ordinary variable and O is a so-called Grassmann variable with the property

(0.0} =0,

from which it immediately follows that ®* = 0. We define the derivative on super-
space in the following way:

D=0do+04,,

and we observe that D> = 9,. Furthermore, we introduce the superfield ®(Z)
written in terms of its bosonic and fermionic components ¢(z) and ¥ (z) as

D(Z)=¢(x)+0Y(2).

A particular superfield is the combination of the energy—-momentum tensor
T (z) together with its superpartner G(z) expressed as
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1
L(Z) = 3 G)+0T(2).

Without derivation, we now note that the A" = 1 super Virasoro algebra (5.6) is
encoded in the following OPE of £(Z) with itself:

6 20,L(Z Ipriz 0, D*L(Z
c/+212(2)+2 (2)+ 12 (2)+“

L(Z)) L(Zy) = =
(Z1) L(Z2) 2, Z 70 70

., (5.7

where Z |, is the superinterval defined as Z;, = z; — z; — 0,0, and O, stands
for @, = O — O,. Separating the ®-dependent terms by using {®, G} = 0, we
recover the N' = 1 algebra (5.6) from the super OPE (5.7). In a similar way, the
definition of a super primary field is given by

AO,D(Z 1Dz 0, D*D(Z
122(2)+2 (2)+ 12 (2)+._
Zi, Zi2 Zi2

L(Z))D(Z,) =

T

where A is the superconformal dimension of ®(Z) related to the component fields
ashy =Aand hy = A+ % Separating again the ®-dependent part, we find for the
Laurent modes the following equations defining an N/ = 1 super primary field:

[Lms ¢n] = ((h —1Dm — n)¢m+n s [Grv ¢n] = zw;1+r ,
[Lmv wr] ((h_%)m_r)wm-fr ) {Gra 1//3} = (%_S)(pr-#—s .

If these relations are only satisfied for the O S P(1]2) subalgebra withm = —1,0, 1
and r = —1/2, 1/2, the superfield is called super quasi-primary.

Note that the structure we obtained here is very similar to the bosonic case. As
we have mentioned at the beginning of the chapter, we did not present a derivation
of these results in full detail but only gave an outline of how they are obtained.

Highest Weight States

Let us also define an N = 1 superconformal highest weight state in analogy to the
bosonic case. Concretely, if a state |i) satisfies

L,h)=0  forn>0,

(5.8)

G,’h):O forr >0,
itis called a superconformal highest weight state. In a similar way as for the Virasoro
algebra, one can then study highest weight representations of the A' = 1 super
Virasoro algebra. As it turns out, in the regime 0 < ¢ < % unitary highest weight
representations are possible only for the following discrete values of the central

charge:
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c—§<1——8 ) (5.9)
2 m+2)m+4)) |’ '

Remarks

Let us conclude our brief discussion of N' = 1 superconformal field theories with
some remarks.

e Using m = 1 in Eq. (5.9), we obtain ¢ = 17—0 which is the central charge of
the tri-critical Ising model mentioned at the end of Sect. 2.10. This observation
indicates that the tri-critical Ising model is actually supersymmetric.

e A concrete coset realisation leading to the discrete series (5.9) of the N' = 1

super Virasoro algebra is given by

SU(2), x su(2)

— 5.10
SU2)r42 ©.10)

Similarly as in Chap. 4, this realisation can be used to determine the characters,
the modular S-matrix and the fusion rules of the A" = 1 super Virasoro algebra.

e Asin Sect. 3.7, one can study extensions of the super Virasoro algebra by chiral
super primary fields of conformal dimension A. This leads to the notion of a
super WV algebra denoted as

3
o (280 a)

5.2 N = 2 Superconformal Models

In the last section, we have studied N/ = 1 superconformal field theories where each
field has precisely one superpartner. However, especially for applications to string
theory, N' = 2 superconformal theories with two superpartners for each field are
much more important. This will be the subject of the present section.

The A = 2 Superconformal Extension of the Free Boson Theory

Let us again start with the example of the free boson. We define a complex free
boson ®(z, 7) in terms of the two real fields X1-?(z, 7) in the following way:

B(z,7) = %(X(D(z, 5 +i X0, z)) ,

and similarly for a complex free fermion W(z). Because the free boson itself is not
an appropriate field in a conformal field theory, as usual, we will make use of the
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corresponding currents j(z) = id ®(z,7) and 7(2) = id ®(z, 7). Focussing then
only on the holomorphic part, the fields of interest are

(i00)(2) = %(j(l)(z) +ij20). Ve = %(Wl)(z) +iv?@).
(5.11)

In order to avoid potential confusion with our notation, let us emphasise that j -2 (z)
are the holomorphic currents for X2 (z,7) and that W(z) and 9®(z) denote the
complex conjugate of W(z) and d®(z), respectively; however, they have no relation
with the anti-holomorphic part depending solely on the variable Z.

The energy—momentum tensor for the present theory is again the sum of each
individual CFT because these are independent of each other. We can thus write 7'(z)
in terms of the complex fields (5.11) in the following way:

T(z)=—N(0P oD )(z) + % N(V oW )(2) + % N(Vo¥)(2).

The Laurent modes L,, of the total energy—momentum tensor satisfy the usual
Virasoro algebra since this algebra is satisfied by each of the individual theories.
Therefore, the central charge is computed as

1 1
c +1+ 5 + 3
Next, we recall from p. 63 that the theory of a complex free fermion W(z) con-
tains a field of conformal dimension & = 1 expressed in the following way:

Jj@)=—-NV¥)@). (5.12)

Because we have already studied the algebra of this current, we can be brief and just
quote the results. Using that the two fermionic theories anti-commute, the Laurent
modes of j(z) are written as

=+ NOy®) =—i 3y y®

s€Z+}

where we consider the fermions to be in the Neveu—Schwarz sector. Noting then that
[L2s, ¢ (1:2] = 0 and employing Eq. (2.114), we find for the commutation relations

m

that

[ms jn] =m8nino  and  [Lys ju] = — 1 jusn -

We proceed in analogy to the previous section where we found a new fermionic
field G(z). In the present case, it turns out that we can construct two such fields in
the following way:
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GT () =V2iN(s®¥)z), G (=V2iN(00dV)2), (513

whose sum takes the form Gt (z) + G~ (z) = \% (GV(2) + G?(2)). Actually, there
are four independent combinations of a complex free boson with a complex free
fermion. However, the remaining two choices decouple from the algebra, that is,
they commute with every element of the N' = 2 algebra. For the expansion of
GT(z) and G~ (z) into a Laurent series, we note that the bosonic and fermionic
theories commute to find

6 = T G F O i)

SEZ+%

Let us now explore the relations between G*(z) and the energy—momentum tensor
as well as the current (5.12). Employing that j-?(z) are primary fields of conformal
dimension & = 1 and that y?(z) have dimension /1 = 1, we find along the same
lines as in the previous section that

(LG5 = (% =) Gi,

From this we see that G*(z) and G~ (z) are primary fields of conformal dimension
h = % With respect to the current j(z) defined in Eq. (5.12), we compute the charge

of G*(z) as follows:

[jma G;t] == G,::+, .
We thus see that the fields G*(z) carry charge +1 and —1, respectively, with respect
to j(z). Finally, let us determine the anti-commutator between two modes of G*(z).
Performing a calculation along similar lines as above, we arrive at

(6.6} ={G,.67}=0.

1
{G;'_, G;} =2L, 5+ (V - S) Jrs T+ (72 - 4_1) 81450 -

The A = 2 Superconformal Algebra

After having studied the example of the A/ = 2 superconformal extension of the
free boson, let us now generalise the appearing structure and write down the general
form of the A = 2 superconformal algebra. In particular, we express this algebra in
terms of the Laurent modes L,, of the energy—momentum tensor, its superpartners
G* and in terms of the modes j, of a U(1) current. For half-integer moding of G=,
this algebra is also known as the Neveu—Schwarz algebra while for integer moded
Gri, it is called the Ramond algebra. Concretely, we have
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[Lma Ln] = (m - n) Lm+n + % (’/n3 - m) 8m+n,() )

[Lm’ ]n] = =N Jmtn »

[Lm,G)i] = (E —V)G$+r )

[jma .]n] = §m8m+n,() ’ (514)
Lim GF] =G,

1

(G GTY =2 Loy + (r =) jras + % (,2 -3 ) 8ris0 s
{¢l.67}=1{6,.67)=0.

The first three equations of Eq. (5.14) state the usual Virasoro algebra and that j(z)
and G*(z), respectively, are primary fields of conformal dimension 7 = 1 and
h = % The next two relations specify a U(1) current algebra and that G*(z) has
j(z) charge 1. Finally, the last two lines are the relations among the fields G*(z).

From Eq. (5.14) we infer that the Cartan subalgebra of the NV = 2 super Virasoro
algebra, that is the maximal set of commuting operators, is generated by L, and jp.
Therefore, these operators can be diagonalised simultaneously and so each state in
the Hilbert space carries two labels determined as

Lo|h.q)=h

h.q), jolh.g)=q|h.q). (5.15)
Note that in the following, we will frequently refer to the charge ¢ of a state with

respect to the U(1) current of the N = 2 superconformal algebra.

Representation Theory of the A/ = 2 Super Virasoro Algebra

Let us now turn to the representation theory of the N' = 2 super Virasoro algebra.
Due to the U(1) current generically present in such a theory and the resulting ex-
tended Cartan subalgebra, the representation theory is different from the A" = 0 and
N =1 cases. Without going into detail, we simply state that there exists a discrete
series of rational unitary models in the regime 0 < ¢ < 3 given by

) k>1. (5.16)

Note that, in contrast to the usual A" = 0 Virasoro algebra, no rational non-unitary
models such as Eq. (2.120) are known.

Next, for each value of & in the unitary series (5.16), there exists a finite number
of highest weight representations qb,lm which are specified by their conformal weight
and jy charge in the following way:
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Id+2)—m?> s? m s
h[ = < m,s = T Py 5.17
me = T 442 8 s ="r2t2 G-17)

The constraints on the integers /, m and s take the following form:

0<1<k 0<im—s|<I _ ] 0,2 Neveu-Schwarz sector,

- = Sm=si=ts =141 Ramond sector,
and s is defined only modulo 4 while m is defined modulo 2(k + 2). Given these
restrictions on (I, m, s), one finds a Z, identification which relates highest weight
representations as

! k1
Pns ™ Priiasiz -

This reflection symmetry can be used to bring (I, m, s) into the regime 0 < |
m—s| < [

Partition Function of the A/ = 2 Extension of the Free Boson

Let us now determine the partition function for the example of the N' = 2 su-
perconformal extension of the free boson theory studied at the beginning of this
section. Similar to the non-supersymmetric case, the partition function is defined
via Eq. (4.10). By combining the result of the free boson (4.14) with that of the free
fermion (4.44), we obtain

2

) ) (5.18)

where the squares are due to the presence of two real bosons and two real fermions,
respectively.

However, let us observe the following relations among the ®-functions intro-
duced in Eq. (4.24) and the ¢*-functions given on p. 137:

2 g,

n

2+ﬁ
n

1 1 D
ZN=2(1,7) = 7 n( )|4 ( 73
n(t

1 1
002(7) = (B0 +04(0) . O112(0) = S (12O +i 1(D) .

1 1
022(t) = 5 (93(1) = 94(1)) . O-12(r) = 3(P2(r) i 1(D)) .

These expressions together with the fact that ©(t) is identically zero allow us to
rewrite the partition function (5.18) in the following way:

2

) . (5.20)

2
®2,2

n

0110
n

1 0
Zno(t,T) = ( ‘ﬁ

2
In@[* \| n ‘

? + ‘®1,2
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and by comparing with Eq. (4.33), we see that the terms in the parenthesis constitute
the 1(1), partition function. However, we know from Sect. 3.4 that two real fermions
satisfy an §0(2); Kaé—Moody algebra. Guided by this observation, we state that the
characters for the 56(2); theory take the following form:

©0.0) _ Opx(7) B
XO (T) - 7’](1') (hv CI) - (07 0) 5
1 Q)
(G = 220 g =y,
’7(’) - (5.21)
G+ D112
x5 (r) = ;(—T) (h.q) = (4, +1) .
G3.—3) _ ®71,2(T) _ (1 1
XC (T) - T](T) (h9 CI) - (8’ 2) b

where the superscripts on x denote the conformal weight 4 and the charge g with
respect to the current (5.12). In terms of these characters, the partition function
(5.19) then reads

)

(5.22)

(5:—3)

2
+‘xc

2 1 2 11
- 0.0 R (ot
2vatr = g (a8 [ [

In(o)[*

Given the characters (5.21), it is straightforward to compute the modular S-
matrix employing the modular properties of the ®-functions. In particular, one finds

1 1 1 1
= Iy1r 1-1-1
502y _ _
§ T2l =1 =i +i )] (5.23)
-1 +i =i
where this matrix is understood as acting on the vector x = (X0, Xv» Xs» XC)" -

From the modular S-matrix, we can also determine the fusion rules of 50(2); via the
Verlinde formula (4.55) to be of the following form:

[VIx[VI=T[0] [SIx[S]=[V], [CIx[C]=[V],

(5.24)
[SIx[C] =[0], [SIx[VI=I[C], [C]lx[V]=I[S].

Remark

Let us finally remark that all notations from ordinary CFT can be generalised to
N = 2 superconformal field theories, for instance, we can study N' = 2 super
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primaries, the ' = 2 super OPE, N/ = 2 super normal ordered products and A/ = 2
super )V algebras.

5.3 Chiral Ring

After having introduced A/ = 2 superconformal field theories, let us note that
such theories have distinctive new features which are not present for the cases with
N =1 or N' = 0 supersymmetry. These are the chiral ring and the spectral flow,
respectively, which we will study in the following two sections.

Chiral Primary Fields

We begin with the definition of chiral and anti-chiral states in the Neveu—Schwarz
sector of an ' = 2 superconformal field theory.

Definition 1. States |h, q) in the Neveu—Schwarz sector of the Hilbert space of an
N = 2 SCFT satisfying Gfl/zlh, q) = 0 are called (left-)chiral, while states satis-
fying G:1/2|h, q) = 0 are called (left-)anti-chiral.

Note that the adjective left refers to the holomorphic sector of the N = 2 super-
conformal algebra while right would correspond to the anti-holomorphic part with
Gi1 /> instead of G* ~1)»- However, in the following we will focus on the holomorphic
sector of the theory and usually omit the additional specification left. Next, N' = 2
super primary states are defined similarly to the ' = 1 case (5.8) via the following
equations:

)=G

)=0 forn>=0. (5.25)

After having given these definitions, let us now deduce some properties of chiral
primary states.

e With the help of the superconformal algebra (5.14) and Eq. (5.15), we evaluate
the following two anti-commutators:

(6%, 67} a) = (2Lo — o) |h. ) = (20 —a) [n. g}
(5.26)
(6%, 67 }[na) = (2Lo+ o) [n.g) = (21 +4) o)

Note that for a chiral state, that is, Gfl /2|h, q) = 0, the left-hand side of the first
equation vanishes and so we find that hchira = + %. Similarly, for an anti-chiral
state the second equation vanishes so we can deduce that /,n—chiral = — %.
e Next, we determine a relation between the conformal weight 2 and jj charge ¢

for any state in the Hilbert space. To do so, we note that in a unitary theory one
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necessarily has (Gfl/z)T = G;l/zl. With the help of Eq. (5.25), it then follows
that

2

(ha|{G*,.G ) ha)=| G\ ha)| = 0. (5.27)
A similar result holds for the second line in Eq. (5.26) and so we can conclude
that in a unitary theory, we have the relation & > % which is saturated precisely
by the chiral and anti-chiral states.

e We can even show the opposite direction of this statement. For this purpose, let
us assume that a state |k, g) satisfies h = %. We then calculate

(5.28)

2 2
0=(nql{G",.G] }|’MJ)=’G;% h,q)) +‘Gf% h,q)‘

5
By positivity of the norm, we see that each term on the right-hand side has to
vanish implying the definition of a chiral state, i.e. GJ_Fl ;2lh, q) = 0. In order to
show that a state with & = % is also a primary, we employ the following N = 2
commutation relation:

[jin: GJ_’%] |h,q)= G:_% |h,q) forn>0. (5.29)

Now, we observe that j,|h, g) = 0 for n > 0, because the conformal weight of
the resulting state

Lojalh=%.a)=(%=n)jn|h=1%4q)

would violate the unitarity bound 7 > % Employing Eq. (5.29) together with
Eq. (5.28), we see that the first part of Eq. (5.25) is satisfied. In a similar fashion,
we canuse [j,, G pl = =G, for n > 0 which gives the second part of the
definition of a primary state. In summary, we have shown that

A state |, ) is an N = 2 chiral primary if and only if & = £.

Super Primary Fields

Let us now investigate what distinguishes a chiral primary field from a non-chiral
primary field. Similarly as for A" = 1, in the present case the action of Gj_tl /o com-
bines various primary fields into a super primary field. While for A" = 1 there were

U This can for instance be explained by observing that the norm of a state |Gf,|h, q>|2

(h, g1 (GE) G%, |h, g), which is a number, should not carry any residual j; charge.
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always two components arranged into one superfield, here we have in general four
components contributing to one N = 2 super primary field which can be depicted as

G+1|h,q>

S Nt e

h G" G ,|h,q).

| ’q>\G:L|/’l,q>/’ —% 7%| ,C])
2

However, in case of a chiral field, we have Gfl/z |h,g) = 0 so that the N' = 2
super primary consists only of two components |i, ¢) and G, , |h, ). Such super-
multiplets are called short supermultiplets and are often present in supersymmetric
theories.

In general, if a super algebra allows for non-trivial central charges, there exist
so-called BPS multiplets which are shorter than the average length of a supermul-
tiplet. These BPS multiplets contain states which saturate a BPS-bound such as
in Eq. (5.27). Thus, chiral primaries are a simple manifestation of this concept in
N = 2 superconformal field theories.

Chiral Ring

Let us now study the OPE of two chiral primary fields ¢,(z) and ¢ (w). Taking into
account the conformal dimensions, we can infer the general form of the OPE to be

. " .
P pp(w) =" CL, = wﬁaiﬁ)_h[‘_n , (5.30)

¢ n>0

where C;, are some constants. For the exponent of the singular term, we employ the
conservation of j, charges g which reads g, + g, = ¢. and leads to

da  qb qc  lgcl
hy+hpy—h, = —=4+2 —p. < — <0, 5.31
b 2 2 -2 2 = (5-31)

where we used that 4 > 'izl for any state in the Hilbert space of a N' = 2 SCFT.
From the inequality (5.31), we thus see that in the OPE (5.30) there are no singular
terms. We can then define a product among the chiral primaries as follows

(f - $)(w) = lim §o(2) p(w) = Y Co elw) . (532)

Let us now remark on some properties of this product.

e There are no derivatives involved on the right-hand side of Eq. (5.32) because in
the limit z — w, the term (z — w)" vanishes for n > 0.

e In the product (5.32), only fields with h, = @ appear since these are the
only surviving terms in the limit z — w. However, from our discussion at the
beginning of the section, we know that these are again chiral primary fields.

e The product (5.32) defines a (finite) chiral ring among the primary fields.
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Along the same lines, one finds that there is a ring of anti-chiral fields, and we
note that the same structure can also be found in the anti-holomorphic sector of the
N = 2 superconformal algebra. So in total, there are four chiral rings.

We finally remark without formulas that the chiral ring gives also an example of
a topological field theory. This can be seen by introducing a so-called topological
twist to the A/ = 2 energy—momentum tensor, which makes one of the supersym-
metry generators a nilpotent BRST operator. The cohomology of this operator is
precisely given by the (finite) number of chiral primaries.

Example

As an example for a chiral ring, let us consider the A" = 2 unitary models introduced
on p. 178 with central charges (5.16). Recalling Eq. (5.17) and equating h = %, we
see that

chiral primaries in NS sector : ¢[_l,0 for 1=0,...,k,

while the anti-chiral ones are determined by & = —1 leading to ¢,”0. Employing then
charge conservation, that is, g, + ¢» = ¢., in Eq. (5.32), we obtain the following
simple form of the chiral ring:

) ot for L1 <k,
d’lfly() : ¢],1r,0 = { '

0 else .

5.4 Spectral Flow

Spectral Flow for the Algebra

Let us now turn to the second characteristic feature of A/ = 2 superconformal field
theories which is the so-called spectral flow. In particular, there exists a continuous
class of automorphisms of the N/ = 2 super Virasoro algebra, or in other words,
there is a continuous deformation of the N' = 2 generators such that the deformed
operators still satisfy the algebra (5.14). Concretely, this deformation reads

2

Ln+’7jn+%csn,0»

c
Jn .]r/l = Jjnt g 77811,0 > (5.33)

+ + _ o*
G = G =G,

L, — L,

where 7 is a continuous parameter. We will not check thoroughly that the deformed
generators L/ , j' and G*' satisfy the algebra (5.14) but restrict ourselves to the
anti-commutator of two G*(z) modes. For those we calculate
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G, G} ={G},,. Gy

s r+n’ sfn}

. c , 1
= 2Lr+s + (r -5+ 277)]1‘+s + 5((}’ + 77) - Z ) 8r+s,0
2
. n . c
=2 (Lr+s + 0 Jrys + — CSr-&-s,O) + (r - S) (,]r+s +5n 8r+s,0)

6 3
c 1
+ 3 (7’2 - Z) 8r45.0
2L AT (R
- r+s + (r S) .]r+s + 3 r 4 r+s,0 »

which indeed shows that this relation is invariant under the deformation (5.33).

From Eq. (5.33) we observe that via the spectral flow, the moding of the genera-
tors G is changed. In particular, for n € Z + % the flow interpolates between the
Neveu—Schwarz sector with half-integer modes and the Ramond sector with integer
moding. That is, there exists a one-to-one mapping between both sectors.

Spectral Flow for Representations

After having considered the invariance of the N/ = 2 superconformal algebra un-
der the spectral flow, we will now investigate the behaviour of the corresponding
representations. To do so, let us start by introducing some notation for the spectral
flow acting on the operators L,, and j, as well as on states |¢). Similar to Quantum
Mechanics, the spectral flow can be described by a unitary operator U, in the fol-
lowing way:
Ly =UpLnUy . jp=UpjnUy.  |b)="Uyle).

Note that for n = 0, the operator U, is the identity operator. It is now easy to de-
termine the conformal weight and j, charge of |¢,) with respect to the transformed
operators. For the conformal weight we calculate

Ly |¢y) = UyLo U} Uy|¢) = Uy h[9) = h|¢y) .
and for the jj charge we find similarly

J|en) = Upjo Ul Uylé) = Uy q|d) = q o) - (5.34)

This is of course what we expect, namely that the conformal weight /# and j, charge
q of the transformed state measured by the transformed operators do not change
compared to the original theory.

However, we are actually interested in how 4 and g of the transformed state
|¢,) change with respect to the original theory. To determine this, we note that the
spectral flow has no effect on the moding of the generators L,, and j, and so we
can write
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Lo |¢y) = hy¢y) . Jo |#n) = ay| ) -

Using then Eq. (5.33), we find

L0|¢,]) <L0+77]0+_2C)|¢n>=<h tng,+ %ZC)M’W),

and

Jo|¢n) (Jo+ 77>|¢n> (Cln‘i‘ 77>|¢n>

Combining these two equations with Eq. (5.34), we can express the conformal
weight and jj charge of the transformed state with respect to the original operators
in the following way:

2

n
hy=h=ng+cc. ay=q—3n- (5.35)

Wl o

Transformation of Chiral Primaries

As we have mentioned above, for operators the spectral flow with n € Z+ % interpo-
lates between the Neveu—Schwarz and Ramond sectors. Let us now investigate this
point for chiral primaries. In particular, using Eq. (5.35) with n = % and employing
h = % for a chiral primary, we obtain

q0 n=3 c c
h:—,> ho= g = __>, 536
0 2 o NS 7 2 24 4; =40 6 IR ( )

where the subscripts label the Neveu—Schwarz and Ramond sectors, respectively.
The conformal weight of the state in the Ramond sector is 2 = 5; which is indepen-
dent of the jy charge g. Therefore, this state is degenerate since there are as many
different j, charges as there are chiral primaries in the NS sector. Next, we show
that the state in the Ramond sector is actually a ground state. To do so, we recall

(Gg )T = G, for a unitary theory and compute using the algebra (5.14)

2
0= } >R‘ = R(h’q|G5 GoJr )R
= r{h.q|{Gg5 GG }|h. q)y — r(h.q| G§ Gg |h. q)y
c B 2
- - [l

Since G, |h, q)r can be Vanishing, the lowest possible value for the conformal
weight of a state is h = 5, which is satisfied by the state in the Ramond sector
in Eq. (5.36). Thus, it is a ground state. We finally note that the field which maps
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the NS vacuum with 7 = g = 0 to the Ramond sector is called the spectral flow
operator and has conformal weight 7 = 57 and charge ¢ = —¢.

Let us perform a further transformation with n = % mapping now the Ramond
sector again to the Neveu—Schwarz sector. Employing Eq. (5.35) with n = 1, we

find

90 > L AR § S _£>
’qONs 1= » 41 = qo NS’

hy =
0= 2 3

which is an anti-chiral primary in the NS sector. Therefore, the spectral flow with
n = 1 maps chiral states in the NS sector to anti-chiral states in the same sector.

Example

As an example for the spectral flow, we consider again the A’ = 2 unitary series
described on p. 178. As we have seen previously, the chiral primaries in the NS
sector are characterised by

I . q l
th h = - = —
$o0 W 2T 2(k+2)

Applying then the spectral flow with n = % to the Ramond sector, the highest weight
representations above are mapped to

2l —k

! . ¢
th h=—, g=-—"=%
I wi q Sk 12)

24

The spectral flow operator mapping the NS vacuum to the Ramond sector is char-
acterised by (h, q) = (57, —%) which gives qboflyfl. In summary, for the N' = 2
minimal models, we identified the following states and operators:

. . . . l
chiral primaries in the NS sector ~ ¢°,  ,
I
Ramond sector ground states IR

spectral flow operator ' .

5.5 Coset Construction for the N = 2 Unitary Series

Coset Construction

In Sect. 4.5, we have studied the characters and corresponding S-matrices for the
unitary models of the Virasoro algebra via a coset construction. For the unitary
models of the A/ = 1 super Virasoro algebra, we only stated the coset construction
in Eq. (5.10) since the N/ = 1 theories will not be important in the following.
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However, the ' = 2 unitary series will be of more interest to us. Let us therefore
consider the following coset:

su2) x u(l),

— 5.37
D 37

Referring to Sect. 3.6, the central charge of this CFT is calculated as

3k
k+2°

€ = Csu@y + )y, — Ci(yy =

where we utilised that the central charge for any u(1); Kaé—Moody algebra is one, as
well as Eq. (3.7) giving the central charge of §1(2);. By comparing with Eq. (5.16),
we see that the coset (5.37) has the same series of central charges as the unitary
series of the NV = 2 Virasoro algebra.

Next, the decomposition of representations of the coset (5.37) is achieved via the
branching rules which in the present case read

(rsuen) ® (haay,) = A@ (M) ® (Asu@ixann/ai..) - (5.38)

T(g 42
Similarly as in Sects. 4.5 and 4.6, we can now derive an expression for the corre-
sponding characters in the following way:

k42

PO @ = Y @) a0 (539)
m=—k—1

where x, ; are the branching functions we are interested in. The conformal di-
mension of the character can be calculated using the decomposition (5.38) and the
formulas for the weights of 511(2); and u(1); characters. Again, consistent with the
unitary N = 2 series, the conformal dimensions read

B O i e LED P
* 4k+2) 42 4k+2)

This result gives us sufficient confidence that the coset (5.37) indeed gives rise to the
unitary series of the A/ = 2 super Virasoro algebra. Without presenting the details,
let us mention that one can also explicitly show that the coset contains the generators
of the A/ = 2 super Virasoro algebra.

Characters

For the actual computation of the ' = 2 characters X,’n’_v, we recall our discussion
around Eq. (4.68) and express the §1(2); characters in terms of the string functions

C,(kn)q in the following way:
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k
XN = Z C,(f‘,i(t) 0,1 (7) -

m=—k+1
[4+m=0 mod 2

We can then use this formula together with the explicit form of the (1), characters
in the decomposition (5.39) leading to

k k+2
0, 0O, k42(T)
C(k) O 2(7) _ k42 . .
> (1) Bu(1) 5 m:;_l—'ﬂf) s (540
PN

In order to proceed, we note without proof the following identity among the ©®-
functions

k+k'
®Z,k ®l/,k/ = § ®2k/j+l+l’ , k+k' ®2kk’j—lk’+l’k , kk'(k+k') »
j=1

where for ease of notation we suppressed the T dependence. Applying this relation
to expression (5.40), we find

k k+2 k+2
(k) 1
E E Cllon Odjimis k2 Oji—mrks 2k(k+2) = E O k+2 Xy -
m=—kt1 = m=—k—1
I+m=0 mod 2

Finally, on the left-hand side of this formula, we extract the terms multiplying
0,,.1+2(7) giving us the following explicit form of X:;,s:

k42
l k)
Hom.s(T) = E C[(,m_4j_s(r) O 24 j45)(+2) , 2K(k+2)

with the restriction that [ + m + s € 2Z. These are the characters for the unitary
series of the N = 2 super Virasoro algebra.

Modular S-Matrix

From the decomposition (5.39), we can also read off the modular S-matrix for the
N =2 characters x,, (). In particular, we find

5u(2) u(l) _ ot(Dyr
S, “S = S S(lms)(l’ 57 -
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Employing then the explicit expression of the 511(2); and U(1); S-matrices, the mod-
ular S-matrix for x/, (7) is obtained as

(), -1 SUQR) u(l)
S(lmv)(l 'm's") — (Su( Hz)m,m’ Sl,l’ ‘ Ss,s’ ’

1 - mm’ 2 T ;s
= ¢ sin I+D)(I'+1)) e ™7
V2(k+2) k+2 (k+2( ) ) 2
1 . T 77”(\7&7%')
= JJ (7 1 77 kz)
2k+4sm<k+2(+ )+ )>e
Similarly as in Sect. 4.5, a set of modular invariant partition functions automati-

cally follows by combining modular invariants of each individual theory. Thus, the
matrix M in Z(t,T) = xT(t)M X (T) can be written as

N=2 U U-(UA 2 3,01
M(lms)(l’ sy T Mll’ M - MSS' ’

with M@k being one matrix out of the A-D-E classification for 51(2); modular
invariant partition functions while the other matrices corresponds to T(1)y.

Fusion Rules

From the modular S-matrix, we finally determine the fusion coefficients via the
Verlinde formula. Combining the results of each individual theory, we find

I I} I3 o(k+2) @) I
[d)n]n,sl] ¢rr2m sz Z lelz 8m1+m2 —m3,0 851+52 —s3,0 [¢m3,53] ’ (54])

I3,m3,s3

where N,l3, are the 5u(2); fusion coefficients (4.60). By comparing with the defini-
tion of a simple current from Sect. 4.7, we see that all fields ¢° = withm + 5 € 27
are in fact simple currents. In particular, the fields

m,s

¢91’_1 and q)g’z are simple currents. (5.42)

5.6 Gepner Models

In the previous sections and chapters of these lecture notes, we have studied and
collected all necessary prerequisites for presenting a beautiful and powerful appli-
cation of conformal field theory techniques to string theory. In particular, in the
following we will consider string theory compactifications from ten-dimensional to
four-dimensional space—time on so-called Calabi—Yau manifolds which are known
to preserve some supersymmetry in four dimensions. It is quite remarkable that the
two-dimensional non-linear sigma model governing the motion of a string moving
on such highly curved manifolds can be solved exactly, at least for special points
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in moduli space. The methods to study such backgrounds usually do not involve
the non-linear sigma model Lagrangian, but utilise advanced conformal field the-
ory techniques to define interacting SCFTs. The latter are then shown to have the
features expected from Calabi—Yau compactifications. These models have been pro-
posed by D. Gepner in 1988 and have been generalised and investigated in many
directions since then.

Because in these lecture notes on CFT we could not introduce all the string theory
material ideally needed, we will try to take just the minimal input from string theory
and employ mostly the CFT techniques developed so far.

Compactification

String theory has the remarkable feature to require a specific central charge for its
CFT in order to be consistent. As we just mentioned, it is beyond the scope of
these lecture notes to derive this fact from string theory. Instead, we only state that
for the bosonic string this result is very much related to the (b, ¢) ghost system
discussed in Sect. 2.9.3. In particular, these reparametrisation ghosts arise in the
BRST quantisation of the string action whose CFT, as computed, has central charge
¢ = —26. The cancellation of the conformal anomaly then requires the presence
of 26 free bosons each with central charge ¢ = 1. For the superstring, in addition
there appear superconformal ghosts with total central charge ¢ = 11 leading to
Cohost = —26 + 11 = —15, so that one needs 10 free boson—fermion pairs with
c= % to cancel the conformal anomaly.

However, instead of this so-called covariant quantisation involving ghosts, one
can employ light-cone coordinates which remove two bosons (and fermions) from
the quantisation process. For bosonic string theory, the central charges of the left-
and right-moving sector, i.e. of the holomorphic and anti-holomorphic sector, then
have to be (cy, cg) = (24, 24). For superstring theory with N' = (1, 1) supercon-
formal symmetry2 on the world-sheet, one finds (¢, cg) = (12, 12) while for the
heterotic string, a mixture between the bosonic and supersymmetric case, one ob-
tains (¢, cg) = (24, 12).

The starting point for the Gepner construction is the bosonic string in light-cone
gauge with central charges (c, cg) = (24, 24) consisting of the following building
blocks.

e We assume a four-dimensional flat space—time with coordinates X* where u =
0,...,3. Two of these, say X 0and X!, are arranged into light-cone coordinates
Xt = %(XO +XHand X~ = \/lE(X0 — X") which can be gauged away. We are
thus left with X2 and X? to which we associate two copies of the free boson CFT
with central charge ¢ = 1.

2 The notation A/ = (1, 1) means that there is A" = 1 superconformal symmetry in the holomor-
phic and in the anti-holomorphic sector.
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e In addition to the four-dimensional part, for reasons that will become clear
later, we consider an A/ = 2 SCFT in the holomorphic and anti-holomorphic
sector with central charges (cr, cg) = (9, 9) describing six compact coordinates
together with the fermionic partners.

e Finally, the residual central charges are occupied by an (eg); x 50(10); Ka¢-
Moody algebra with (¢, cg) = (13, 13). This algebra is realised by 13 free
bosons compactified on the root lattice of eg x s0(10).

In summary, the construction of the bosonic string theory is achieved in the follow-
ing way:

two copies of the free boson CFT given by X?and X3 (cL,cr)=(2,2)

an A = (2,2) SCFT o (er,er) =09,9)
an (eg); x 50(10); Kat-Moody algebra . (cr,cr) =(13,13)

The (¢g); x 50(10); Kaé-Moody Algebra

Let us now consider more closely the CFT determined by the Ka¢—Moody algebra
(eg)1 x 50(10);. From Sect. 3.4, we recall that 50(10); can be realised by 10 free
fermions transforming in the vector representation of SO(10). Completely analo-
gously to the case of one free fermion discussed in Sect. 4.2, the characters here can
be expressed in terms of Jacobi ©¥-functions. As for §6(2); in Eq. (5.22), there are
four irreducible highest weight representations for 56(10); with characters

() +()) s =5(() = (5)
0.0 3 4 :, 2 (W
X = = — ) +|— X =5\\—=) tt\l— ’
¢ 2<<n n g 2\\n 0
) )
Y 2\\ n) )] 7€ 2\\n n) |’

(5.43)

91—

Note that the superscripts on the characters indicate the conformal weight and the
charge with respect to the current

5
Js010, @) = Y N, W,)(z) ,

a=1

where the five complex fermions ¥, realise the §0(10); current algebra. From the
modular properties of the n- and ¥ -functions summarised for instance at the end of
Sect. 4.2.4, we can then deduce the modular S-matrix for 56(10); to be of the form
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1 1 1 1
= 1 1 -1 -1
50(10), _ —
5 B I R B (5.44)
1 -1 4+ =i

This matrix is again understood as acting on the vector x = (xo, Xv, Xs» Xc)"
which we will abbreviate as (O, V, S, C) in the following. From the modular S-
matrix, we can determine the fusion rules of 50(10), via the Verlinde formula given
in Eq. (4.55). Explicitly, they read

[VIx[VI=[0], [SIx[S]=[V], [CIx[C]=[V], (5.45)
[SIx[C]l=[0], [SIx[VI=I[C], [CIx[V]=[S], '
where O is the vacuum representation and thus the identity.

The Bosonic String Map

Let us now observe the interesting fact that the S-matrix (5.44) for 56(10); is the
same as for §0(2); given in Eq. (5.23). Furthermore, the difference between the
central charges of (¢g); x 50(10); and 506(2); is determined to be

C(ag)x50(10), — Cao2) = 13 —1=12.

Therefore, one might hope that replacing the (¢g); x $0(10); algebra by 56(2); could
map the partition function of the bosonic string with (c;,, ¢,) = (24, 24) to a partition
function of the superstring with (c;, cg) = (12, 12). Indeed, §6(2); is just the Ka¢—
Moody algebra formed by the two free fermions, which under such a mapping could
become the superpartners of the two free bosons X3 and X* in four dimensions.
Schematically, this reads

(2 x (X) CFT) ., x ((%s); x §0(10);) N = (2,2) SCFT)

a3,13) % ( ©,9)

— (2% (X) CFT),, x(8();),,,, x (M = (2,2) SCFT)
= (2 x (X, ¥) SCFT),, x (A" = (2,2) SCFT)

9.9)
9.9)°
where the subscripts indicate the central charges of the CFTs. Note finally that the

singlet O and the vector representation V of §0(2); lead to space—time bosons and
the spinor and anti-spinor ones S, C to space—time fermions.

O, V representations <> Neveu-Schwarz sector <  space—time bosons

S, C representations < Ramond sector & space—time fermions
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However, for the spinor representations the conformal weights in the (eg); x §0(10);
theory and in the §6(2); theory are not equal, i.e.

h(Sga(lO)l) _ h(Sga(z)l) — 1

Therefore, in a modular invariant partition function, we cannot simply replace the
$0(10); characters (0, V, S, C)ss0), by (0, V, S, C)gs2), » as this would violate the
level-matching condition whenever say a left-moving (O, V') character is combined
with a right-moving (S, C) character and vice versa. But, from Eq. (5.44) one can
see that there exists also the possibility to replace

(0,V,S8,0)sa0, —> ((V,0,-C, =80, ,

which indeed maps a modular invariant 56(10); partition function to a 56(2); MIPF
without being in conflict with the level-matching constraint. This is the so-called
bosonic string map. Noting finally that (¢g); has only the singlet representation (1)
with conformal weight # = 0 which is invariant under modular S-transformations,
we can replace

Mz, ®(O0,V, S, Ossq0y, — (V,0,-C,=Ss), - (5.46)

As we will see more concretely later, this transforms a partition function of the
bosonic string to a supersymmetric one of either the heterotic string, when applying
the mapping only to the right-moving sector, or to the Type II string when applying it
both to the left- and right-moving sectors. We therefore have the possibility to obtain
partition functions of supersymmetric string theories from bosonic ones. Together
with the simple current construction, we thus have availability of a very powerful
technique to derive new MIPFs from existing ones.

Gepner’s Construction

Let us now turn to the say holomorphic N = 2 SCFT with central charge c¢; =
9. Doron Gepner proposed to choose for this SCFT the tensor product of unitary
N = 2 Virasoro models with 0 < ¢ < 3 in the following way:

r

3k;

N =20 =QRQ N =2Y"  with Zc, sk

i=1

Because the k; are integers, it turns out that there are only 168 combinations which
have total central charge ¢ = 9. For example, one can choose » = 5 factors with
k; = 3 giving ¢; = % and thus in total ¢ = 9. Let us mention that an explicit
classification shows that most cases have r = 4 or r = 5 with a few exceptions of
r=26,9.
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Except the two free bosons X 2 and X3, the CFT in the holomorphic sector of
the bosonic string (before the bosonic string map) therefore has the following tensor
product structure:

QR W =2)Y" ® 56(10); ® (), - (5.47)

i=1

The highest weight representations of this product CFT are again tensor products of
the individual HWRs which we will denote as

r

Q) (li.mi.s1) ® (s0) ® (1) . (5.48)

i=1

where s¢ labels O, V, C, S while the singlet representation of (©g); is usually omit-
ted. The energy—momentum tensor and U (1) current of the entire CFT is given by

T(2) =) Ti(2) + Tso0,m(e () »
i=1

r 5
J@ =) i@+ ) N T)G),

i=1 a=1

where 7; and j; are the energy—momentum tensor and the U(1) current for each
N = 2 tensor factor in Eq. (5.47), respectively, and the five complex fermions ¥,
realise the 50(10); current algebra.

Simple Current Construction I

For the theory given in Eq. (5.47), one can construct the trivial diagonal modular
invariant partition function. However, after applying the bosonic string map (5.46)
this partition function will not correspond to a space—time supersymmetric string
compactification. In particular, there are not the same number of states in the Neveu—
Schwarz as in the Ramond sector which leads to an unequal number of bosons
and fermions in the four-dimensional space—time described by X°, ..., X3. What
is needed to ensure space—time supersymmetry is a Gliozzi—Scherk—Olive (GSO)
projection, which can be implemented by a simple current construction.

In addition, so far the tensor product theory (5.47) is lacking a clear definition
of the Neveu—Schwarz and Ramond sectors since there is no restriction on how
to combine the minimal A/ = 2 models with the 56(10); theory. Let us therefore
consider the set of simple currents given by

Ji =(0,0,0)...(0,0,2)...(0,0,0)(V), i=1,...,r,
——

ith pos.

(5.49)
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where the notation is as in Eq. (5.48). The conformal weight of the J; is the sum of
each tensor factor. Therefore, recalling from Eq. (5.43) that V has conformal weight

hy = % and computing from Eq. (5.17) h{ , = 0 and h{ , = 3, we find

hy, =@ —1)-hyg+hy,+hy=2.

We furthermore recall from Eq. (5.42) that for unitary A = 2 models, representa-
tions with (I, m, s) = (0, m, s) and m 4+ s € 27 are simple currents. Therefore, all
the J; in Eq. (5.49) are orbit simple currents.

Let us next exemplify that the simple current construction with the currents
(5.49) indeed has the effect we are interested in, namely that only the combinations
(NS)vir ® (NS)ss¢10), and (R)vir ® (R)s5(10), survive the projection. Here the two
specifications of the sector refer to the product theory of minimal N = 2 supersym-
metric models and to the factor of the §0(10); theory. We start by computing from
Eq. (5.41) the following fusion rules for the unitary A = 2 models:

[#0.0] X [#.s] = [#h.s] [602] % [#n.s] = [#n.s2]

where apparently the latter maps an NS state with conformal weight % to another
NS state with h’ = h + % as well as a Ramond state to another Ramond state with
h' = h + Z. Recalling then the fusion rules (5.45) for 56(10);, we compute for
instance

[4:] % [(NS)y, ® (0. V) g | = [(N8) 3, ® (V. 0) i, | -

where NS denotes some state in the Neveu—Schwarz sector of the minimal model
theory and (O, V) stands for the O or V representation of the 56(10); Ka¢-Moody
algebra. The monodromy charge (4.72) for the simple current construction of this
state then reads

O(state) = h(J;) + h(state) — h(J; x state) mod 1
=2+ (hVir +(0, %)53(10)1) - (hVir +3+ (3 0)55(10),) mod 1
=0,

where “state” refers to (NS)vir ® (O, V)s5(10), in the theory determined by Eq. (5.47).
Since the monodromy charge is always zero, such states will survive the simple
current projection. But let us consider also the action of the simple current (5.49) on
a different state

(] % [(R) @ (0. V) 0, | = [(R) e ® (V. 0) i ] -

for which we calculate the monodromy charge as follows
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O(state) = h(J;) + h(state) — h(J; x state)

=2+ (hw + (0, %)ﬁ(m)) - <hVir +Z+ (3, 0)573(10)1) mod 1

=1
5 -
Since the monodromy charge does not vanish, such a state is projected out by the
simple current construction.
In summary, we have illustrated the general result that the monodromy charges
with respect to the simple currents (5.49) satisfy

Q((NS)Vir ® (NS)EE(IO),> =0, Q((NS)W ® (R)?oaon) 70,
Q( (R)Vir ® (R)EE(IO)] ) =0, Q( (R)Vir ® (NS)sAo(IO)u ) #0.

Therefore, the simple current construction projects onto states which are in the
Neveu-Schwarz sector of the A/ = 2 factor and in the Neveu—Schwarz sector of
the 56(10), theory, respectively, onto states which are both in the Ramond sector.
This gives us a clear distinction between those two sectors.

Simple Current Construction IT

What we are interested in are theories with space—time supersymmetry, that is,
we are looking for a symmetry exchanging bosonic and fermionic fields in the
four-dimensional theory. From string theory, we know that states in the Neveu—
Schwarz sector become space—time bosons and that states in the Ramond sector
become space—time fermions. Therefore, if we have a one-to-one map between the
Neveu—Schwarz and Ramond sectors, we have a good candidate for a space—time
supercharge. For AV = 2 SCFTs, we have such a map available, namely the spectral
flow operator, which is the reason we started with A" = 2 SCFTs in the first place.
In the following, we will now perform a second simple current projection such that
we achieve space—time supersymmetry.

In Sect. 5.4, we have determined the spectral flow operator for the minimal
models to be QS?J, and from the fusion rules (5.45) we see that S maps states in
the Ramond sector to the Neveu—Schwarz sector and vice versa. For the combined
theory (5.47), we therefore find

-]Sf = (07 17 l)i’ (S) . (550)

However, the spectral flow operator is also a simple current which can be seen for
the minimal model part from below Eq. (5.41). From the fusion rules (5.45), we see
that also S is a simple current and so Ji is a simple current for the full tensor theory.
Let us now collect some more data about Jg. The conformal weight of the simple
current (5.50) is computed as
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—1 1 5 Ci 5
h(]sf) = Zl:(h(l)l)z +hs = ZL: (m + g) + -

= —_ —:],
8 i24+8

where we used that ) . ¢; = 9. Recalling from Eq. (5.43) the U(1) charges of the
50(10); representations (O, V, S, C) as (0, 1, 1/2, —1/2), we similarly determine

Ci 1
—+-=2.
6+2

: : n+2 12

Q(Jsf)ZZ(CII 1), +qs_z<_; 1>_|_%=

Next, let us calculate the monodromy charge of a general state (5.48) with respect

to Eq. (5.50). To do so, we note that from the fusion rules (5.41) the action of the
spectral flow operator on a state Q) (;, m;, s;) ® (so) is found as

Jy(state) = ®(l,», mi+1,5+1)® (so+ 1),

i

where we also used that 0 < |m — s| < [. The conformal weights of such a state and
the one acted upon by Ji are computed as follows

(] ) 2 2
h(state) — Z (M 4 S_l) + <So 1

wovy T Tl c)),
L (; +2)— (m; 1?2 . 12
o (2 030
(so + 1)?
¥ (T+ 33(5.0)).

where §(S, C) is one if the state contains a factor S or C and it is zero otherwise. The
monodromy charge (4.72) for a general state (5.48) is then obtained in the following
way:

O (state) =h(Jyf) + h(state) — h(Jy x state) mod 1

2m; + 1 2si +1 250+ 1 1
()

—=+5(s.C d1
4k 1+2) 8 8 5 +4(5.€) mo
R ey
22 4) 4

1 1 11
+Xi:(m_§)_§+§+a(&c) mod 1

m;
ZZZ<2(ki+2) Z>_ —Z—+ +48(S,C) mod 1.
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Before performing the last step and using that Y. ¢; = 9, let us note that the U(1)
charge of the state under consideration has the following form:

nm; S0
qstate—Xi:< k——f—2+2>+5’

where we employed again Eq. (5.17). With the help of this result, we see that the
monodromy charge above can be simplified as

O (state) = — % mod 1.

For the simple current construction this implies that only those states whose U(1)
charge satisfies gy € 2 Z appear in the modular invariant partition function. There-
fore,

The simple current Jy projects onto states with charge g € 2 Z.

Modular Invariant Partition Function

After having studied the simple currents and corresponding monodromy charges of
the states, let us now proceed and construct the modular invariant partition function
of the bosonic string. According to Sect. 4.7 and in particular Eq. (4.80), schemati-
cally it reads

) K
3(2424)—N-X (T)M of 1_[ X(T)

where A is an overall normalisation constant fixed by the requirement that the
vacuum appears precisely once. Furthermore, in this compact notation we have
introduced the matrices M(J) containing the information about which holomor-
phic characters couple to which anti-holomorphic ones due to the extension by the
simple current J. From this bosonic string partition function, we can generate a
supersymmetric one by applying the bosonic string map (5.46) from the beginning
of this section. Instead of dealing with a §0(10); x (¢g); Kac-Moody algebra, we
thus work with 50(2);.

In order to be more precise, let us introduce some notation to give an explicit
expression for the supersymmetric modular invariant partition function after the
bosonic string map has been applied. We define the characters and the so-called
charge vector as

,
1@ = o @ X7 @ with &= (so,mime s s
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and I = (ly,...,1,). Between two charge vectors, a scalar product is given by

_,_sos(/) lr _mim; sl_sl’
H= +22( P 2)’

i=1

>

and the charge vector for the simple currents J; from Eq. (5.49) is determined to be
Bi = (2, 0,...,0,0,..., 2,...,0) .
ith position

Let us then recall that for the AV = 2 unitary models as well as for the 56(2); Ka¢—
Moody algebras, states with s = 0, 2 correspond to the Neveu—Schwarz sector while
those with s = =£1 correspond to the Ramond sector. As we have seen previously,
only states purely in the Neveu—Schwarz or purely in the Ramond sector will survive
the simple current projection with respect to Eq. (5.49). In terms of the charge vector
and after the bosonic string map has been applied, this is expressed as

— —

/31")\. (S Z.

From Eq. (5.50), we see that the charge vector for the spectral flow simple current
Jg reads

Bo=(-1 1.1 1,....1),

and the condition g € 2 Z becomes

2B,k € 2741,

where the +1 is due to the bosonic string map. This projection is called the GSO
projection and corresponds to the fermion number operator (—1)/ we have already
encountered in Sect. 2.9.2.

Finally, we can now write down the simple current extended, modular invariant,
supersymmetric partition function from above more concretely as

L—
ZGepner(T T) N Z Z Z

=0,1 vp=0
l,A iﬁ/EZ
X Boe2Z+1

) %! @ (-1)", (55D
A1 viBi+voBo

>»i N¢
><I

where L is the length of the simple current J and A\ is again an overall normal-
isation constant. Due to the bosonic string map, states in the (NS,R) and (R,NS)
sector, which are space—time fermions, contribute a (—1) sign in this supersym-
metric partition function. Note that here (and in the following), (NS,R) refers to
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the Neveu—-Schwarz sector of the holomorphic and to the Ramond sector of the
anti-holomorphic CFT, and similarly for the other three combinations.

Note also that by applying the bosonic string map only to the anti-holomorphic
sector, one can similarly define a heterotic string Gepner model. This was done in
the original work by D. Gepner, to which we refer the reader for further details.

5.7 Massless Modes of Gepner Models

In the last section of this chapter, we are going to discuss the Type IIB string the-
ory Gepner model partition function (5.51) in some more detail. In particular, in
string theory one is interested in the massless excitations of the string which in
the present situation correspond to states in the partition function with conformal
weight (h, h) = ( %, %). Since the simple current construction has arranged all states
into orbits, we can distinguish for instance the massless vacuum orbit in the partition
function Zgepner(7, T) from other massless orbits via the U (1) charge.

Let us also mention that because the partition function (5.51) is left-right sym-
metric, one obtains A/ = 2 space-time supersymmetry in four dimensions. For
the heterotic string, where the holomorphic sector remains bosonic, one only finds
N = 1 space-time supersymmetry and the holomorphic spectral flow extends the
manifest SO(10) x U(1) gauge symmetry to Eg.

Massless Modes in the Vacuum Orbit

Let us consider first the vacuum orbit. The vacuum with (4, g) = (0, 0) in the
Neveu—Schwarz / Neveu—Schwarz of the bosonic string theory reads (0, 0, 0)"(0) ®
(0, 0, 0)"(O) which is mapped to

(0,0,0)"(V)®1(0,0,0)(V)

under the bosonic string map. Taking into account that the ground state (V) of §0(2);
is two-dimensional, these are four states corresponding in four dimensions to the
graviton g,,,, the anti-symmetric two-form B, and the dilaton ¢. However, due to
the simple current construction, there are further states in that orbit. In particular,
we find four additional massless states in the (R,R) sector

0, +1,+D"(C) ® 0, +1,+1)(C), (0,1, -1)"(S) ® (0, =1, =1)"(S) ,
O, +1,+1D)(C) ® (0, -1, =1)y(S), (O, +1,+1)(C) ® (0,—-1,=1)"(S),

which are space—time bosons. Since [C] X [C]=[S]Ix[S]=[V]and[S] x
[C]1=[C]x[S]=1]0],these four states are identified in four dimensions as one
massless vector and one massless complex scalar. Of course, we are also expecting
the fermionic superpartners of all these bosonic fields, which indeed arise in the
(NS,R) and (R,NS) sectors
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0,0,0(V) ® (0, +1, +D(C), (0, +1,+1)"(S) ® (0,0,0) (V) ,
0,0,0(V) ® (0,—-1,=1)(S), (0,—-1,-1)(S) ® (0,0,0) (V).

These eight space—time bosons and eight space—time fermions constitute the con-
tents of the N' = 2 gravity supermultiplet and one further N' = 2 hypermultiplet.
Note that the gravity supermultiplet contains in addition to the spin = 2 graviton
one spin = 1 vectorfield. The hypermultiplet contains in particular the dilaton and
generically appears in string theory. For this reason it is also called the universal
hypermultiplet.

Massless Modes in Charged Orbits

The vacuum orbit is always present for all Gepner models whereas the structure
of the massless charged orbits depends on the specific details of the ¢ = 9 tensor
product theory. However, since massless states have 4 = h = 1/2 and due to the
odd U(1) charge, all these states must be (anti-)chiral primary states in the ' = 2
SCFT. Concretely, in the charged orbits we find massless states of the form

(G-DO@+E+)®)e (G -DO+E+H) ),

(4D ©@+G-D©) o ((.+1)©O+( -H©).

where we used (4, ¢) to denote the conformal weight and charge of the correspond-
ing state. For each such orbit, including all combinations of NS and R sectors, we
obtain one vector, one complex boson and four fermionic states forming one N = 2
vectormultiplet (¢, A%, A,,).

However, it can also happen that in an orbit of (%, —1)(0), there appears a state
with

(5, +1)(0) + (5. =5)(©),

which, by including all NS and R sectors, gives rise to an A/ = 2 hypermultiplet.
Whether this happens or not depends on the concrete model.

Example

Let us finally discuss the massless spectrum for the (k = 3)° Gepner model in
some more detail. Each (k = 3) tensor factor has chiral states (0, 0, 0)o, (1, —1, 0)%,
2, -2, 0)§ and (3, -3, 0)%, where the subscript denotes the U(1) charge. We can
now make a list of all the combinatorial possibilities to form chiral states with
(h,q) = (%, 1) in the tensor product (k = 3)° theory. This list reads
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(3,-3,0) (2,—2,0) (0,0,0)3] 20
(3,-3,0) (1, —1,0? (0,0,0)| 30
(2, —2,00%(1,—1,0) (0,0,0)| 30
(2,-2,0) (1, —1, —1)3(0,0,0) | 20
(1,-1,0° 1
101

and by counting states, we see that there are 101 vectormultiplets. A more de-
tailed investigation reveals that only the orbit of (1, —1, 0)°(0) contains a state with
(h,q) = (%, —1), namely (1, 1, 0)°(0), giving one hypermultiplet.

As it turns out, Type IIB string theory compactified on a Calabi—Yau manifold
with Hodge numbers (h%!', h'!) gives rise to h?! vectormultiplets and 4'! hypermul-
tiplets. A Calabi—Yau manifold with Hodge numbers (h*', 2'') = (101, 1) is the
so-called Quintic defined via the constraint

5
ZZ,-S =0 in CP*.
i=1

Apart from the counting of multiplets illustrated above, more evidence has been
collected that indeed the Gepner model (k = 3) exactly solves the non-linear sigma
model on the Quintic (at fixed size).

Remarks

e In the heterotic string (k = 3)° Gepner model, one obtains in four dimensions
an N' = 1 super Yang-Mills theory with gauge group E¢ and Na7 = 101 chiral
matter superfields in the fundamental representation of Eg and N37 = 1 chiral
superfields in the anti-fundamental representation. Here, the SCFT construction
can be generalised to also lead to other GUT gauge groups such as SO(10) or
SU(5).

e Without a detailed introduction into string theory, we could only present the basic
ingredients for the Gepner construction which we hope has convinced the reader
what powerful role abstract SCFTs can play. Also, as we have seen, many of the
techniques developed in the previous chapters find an interesting application in
the Gepner construction.
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Chapter 6
Boundary Conformal Field Theory

In the previous chapters, we have discussed conformal field theories defined on
(compact) Riemann surfaces such as the sphere or the torus. In string theory,
these CFTs are relevant for the sector of closed strings. However, string theory
also contains open strings whose world-sheets have boundaries. Therefore, in or-
der to describe the dynamics of open strings, it is necessary to study the so-called
boundary conformal field theories (BCFTs). Again in string theory, boundaries have
the interpretation of defects in the target space where open strings can end and
such objects are called D-branes (see Fig. 6.1). Furthermore, the concept of D-
branes can be generalised to abstract CFTs, which are neither free bosons nor free
fermions.

In this chapter, we give an introduction to the field of BCFT which is still an
active field of research. To do so, we focus on the example of the free boson and
then generalise the appearing structure to more general CFTs.

Fig. 6.1 Two-dimensional
surface with boundaries
which can be interpreted as
an open string world-sheet

D-branes <

stretched between two

Blumenhagen, R., Plauschinn, E.: Boundary Conformal Field Theory. Lect. Notes Phys. 779,
205-256 (2009)
DOI 10.1007/978-3-642-00450-6_6 (© Springer-Verlag Berlin Heidelberg 2009
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6.1 The Free Boson with Boundaries

6.1.1 Boundary Conditions

We start by discussing the boundary conformal field theory of the free boson theory
introduced in Sect. 2.9.1 in order to illustrate the appearance of boundaries from a
Lagrangian and geometrical point of view.

Conditions for the Fields

The two-dimensional action for a free boson X (t, o) was given in Eq. (2.75) which
we recall for convenience

I
S = E/do dr ((3.%)" + (0:%)") . ©.1)

Note that we fixed the overall normalisation constant and we slightly changed our
notation such that T € (—o0, +00) denotes the two-dimensional time coordinate
and o € [0, ] is the coordinate parametrising the distance between the boundaries.

The variation of the action (6.1) is obtained similarly as in section The Free
Boson, but now with the boundary terms taken into account. More specifically, we
compute the variation as follows:

Sy S = L / do dt ( (3,X) (2,6X) + (3.X) (3:5X) )

:—/dcrdr — (05 +02)X - 8X 4+ 9:(39: X - 6X) + 05 (agx.ax)).
(6.2)
The equation of motion is obtained by requiring this expression to vanish for all

variations § X . The vanishing of the first term in the last line leads to [1X = 0 which
we already obtained previously. The remaining two terms can be written as follows:

—/da dr ((0:(3:X - 6X) + 25 (3,X - 5X) )

=n/dodtV (vxax)

zifdlg (VX * 1) 8X,
T JB

where we introduced V = (97, 95)" and used Stokes theorem to rewrite the integral
[ dodr as an integral over the boundary B. Furthermore, d/z denotes the line ele-
ment along the boundary and 7 is a unit vector normal to 3. In our case, the boundary
is specified by 0 = 0 and 6 = 7 so that n = (0, =1)7 as well as diz = dt. The
vanishing of the last two terms in Eq. (6.2) can therefore be expressed as
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O=T

=0

1
0= ;[df (6, X) 6X

[

This equation allows for two different solutions and hence for two different bound-
ary conditions. The first possibility is a Neumann boundary condition given by
86X |s=0 = 0. The second possibility is a Dirichlet condition § X |,—¢ » = 0 for all
7 which implies d; X |,—9 = 0. In summary, the two different boundary conditions
for the free boson theory read as follows:

9o X|o=0xr =0 Neumann condition,

. . (6.3)
8X|o=0r =0=10:X|s=0r Dirichlet condition.

Remark

Let us remark that in string theory, a hypersurface in space—time where open strings
can end is called a D-brane. In order to explain this point, let us consider a theory
of N free bosons X*(t, o) with u =0, ..., N — 1 which describe the motion of a
string in an N-dimensional space—time. We organise the fields in the following way:

(XO x'x L ox X’H)

Neumann conditions Dirichlet conditions

where r denotes the number of bosons with Neumann boundary conditions leaving
(N — r) bosons with Dirichlet conditions.

Let us now focus on one endpoint of the open string, say at o = 0. A Dirichlet
boundary condition for X* reads 6 X*|,—o = 0 which means that the endpoint of the
open string is fixed to a particular value x; = const. However, in case of Neumann
boundary conditions, there is no restriction on the position of the string endpoint
which can therefore take any value. Clearly, since the string moves in time, there are
Neumann conditions for the time coordinate X°. Then, the r-dimensional hypersur-
face in space—time described by X" = x(’f = const. forpu =r,..., N — 1is called
a D(r — 1)-brane where the symbol D stands for Dirichlet.

As an example, take N = 3 and consider Fig. 6.1 where we see a world-sheet of
an open string stretched between two D1-branes.

Conditions for the Laurent Modes

Above, we have considered the BCFT in terms of the real variables (z, o) which
was convenient in order to arrive at Eq. (6.3). However, as we have seen in all the
previous chapters, for more advanced studies a description in terms of complex vari-
ables is very useful. Similarly as before, a mapping from the infinite strip described
by the real variables (t, o) to the complex upper half-plane H* is achieved by
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Fig. 6.2 Illustration of the map z = exp(tr + io) from the infinite strip to the complex upper
half-plane H™

z = exp(t +io). Note in particular, as illustrated in Fig. 6.2, the boundary 0 = 0, &
is mapped to the real axis z = Z.

Having this map in mind, we can express the boundary conditions (6.3) for the
field X(o, ) in terms of the corresponding Laurent modes. Recalling that j(z) =
i9X(z,7), we find

06X =i(0-9)X = j@—j@=) (e =/, 7"").
neZ
I- a-L-X = l(a+5)x = J(Z)_{_;(Z) — Z (jnz_n_l +7nz—n—1 ) i

nez

where we used the explicit expressions for d and 9 from p. 12. For transforming the
right-hand side of these equations as z — e with w = 7 4-io, we employ that j(z)
is a primary field of conformal dimension ~# = 1. In particular, recalling Eq. (2.17),

we have j(z) = (;—;)lj(w) = z j(w) leading to

9, X = Z (Jn efn(rJria) _ 7n efn(rfia)) ,

nez

i-0.X = Z (]n e*ﬂ(f“rl'o') +7n gfn(rfia)) )

nez

(6.4)

The Neumann as well as the Dirichlet boundary conditions at o = 0 are then easily
obtained as

90X |,g =2 (n=Ju) e =0,

nez

00X |, o= (n+7n) e =0.

nez
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Since for generic T the summands above are linearly independent, these two equa-
tions are solved by j, & j, = 0 for all n, respectively. In summary, we note that
boundaries introduce relations between the chiral and the anti-chiral modes of the
conformal fields which read

Jn—Jn=0 Neumann condition, 65)
Jntj,=0, (g = 0) Dirichlet condition. )

From a string theory point of view, Eq. (6.5) implies that an open string has only
half the degrees of freedom of a closed string.

Let us now recall from Eq. (2.91) our computation of the centre of mass mo-
mentum of a closed string. Since for open strings we have ¢ € [0, 7] instead of
o € [0, 2m], we obtain in the present case that

1.
o= 5 Jo=

5 Jo - (6.6)

| =

In view of Eq. (6.5), we thus see that there are no restrictions on 7y for Neumann
boundary conditions and so the endpoints of the string are free to move along the
D-brane. For Dirichlet conditions on the other hand, we have 7y = 0 implying that
the endpoints are fixed.

Combined Boundary Condition

In the previous paragraph, we have considered the boundary at o = 0. Let us now
turn to the other boundary at 0 = 7. Performing the same steps as before, we see
that Neumann—Neumann as well as Dirichlet-Dirichlet conditions are characterised
by the constraints found in Eq. (6.5).

However, mixed boundary conditions, e.g. Neumann—Dirichlet, require a modi-
fication. In particular, j, — j, = Oato = 0 and j, + j,e 2" = 0ato = 7 can
only be solved forn € Z + % All possible combinations of boundary conditions are
then summarised as

jn—J.=0, nez Neumann—Neumann,
Jn—Jjn=0, nezZ+ % Neumann-Dirichlet,
Jotin=0, neZ+i Dirichlet-Neumann,
jn+j, =0, nez Dirichlet-Dirichlet.

Solutions to the Boundary Condition

Next, let us determine the solutions to the boundary conditions stated above. First,
we integrate Eq. (6.4) to obtain X(t, o) in the closed sector
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X(r.0)=xo—i (v +i0) jo—i (r —i0) jo+ Y %( jue O LT gt )
n#0
(6.7)

where x( is an integration constant. We then implement the boundary conditions to
project onto the open sector. For the Neumann—Neumann case, we find

XON(e,0) =xg— 20 jo+2i Y 2 e cos(na)
n
n#0

and for the Dirichlet—Dirichlet case, we obtain along the same lines

XOP (z,0) = x4+ 20 jo+2 3 2 e sin(no)
n
n#0

Having arrived at this solution, we can become more concrete about the
Dirichlet-Dirichlet boundary conditions. We impose that X(7,0 = 0) = x{ and
X(t,0 =7m) = xé’ , which means that the endpoints of the string are fixed at posi-
tions x§ and x§. Using the explicit solution for X®®'P)(z, o), we obtain the relation

b _ ,a
jo=2 "% | (6.8)
27

Finally, for completeness, the solutions for the case of mixed Neumann—Dirichlet
boundary conditions read as follows:

X(N'D)(r, a) =x0+2i Jn e 't cos(no) ,
n€Z+% "

XPN(t,0) =x0+2 Z Jn gon sin(no) .
nEZ+% "

Note that the index of the Laurent modes in this sector is the same as for the twisted
sector of the free boson Z,-orbifold discussed in Sect. 4.2.5.

Conformal Symmetry

Let us remark that Eq. (6.5) apply to the Laurent modes of the two U(1) currents
j(z) and j(Z) of the free boson theory leaving only a diagonal U(1) symmetry.
However, in addition there is always the conformal symmetry generated by the
energy—momentum tensor. Since boundaries in general break certain symmetries,
we expect also restrictions on the Laurent modes of energy—momentum tensor.
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Indee(L recalling that 7'(z) and T(Z) can be expressed in terms of the currents
Jj(z) and j(z) in the following way:

1 — | Ep—
T =3 N(jJj)@, T@ =3 N )@,

we find that the Neumann as well as the Dirichlet boundary conditions (6.5) imply
for L, = 3N(j j), that

L,—L,=0|. (6.9)

Let us emphasise that this condition can be expressed as T'(z) = T(z) which in par-
ticular means the central charges of the holomorphic and anti-holomorphic theories
have to be equal, i.e. ¢ = ¢. For string theory, this observation has the immediate
implication that boundaries, that is, D-branes, can only be defined for the Type II
Superstring Theories, as opposed to the heterotic string theories.

6.1.2 Partition Function

Definition

Let us now consider the one-loop partition function for BCFTs. To do so, we first
review the construction for the case without boundaries and then compare with the
present situation.

e In Sect. 4.1, we defined the one-loop partition function for CFTs without bound-
aries as follows. We started from a theory defined on the infinite cylinder de-
scribed by (7, o), where o was periodic and t € (—oo, +00). Next, we imposed
periodicity conditions also on the time coordinate t yielding the topology of a
torus.

e In the present case, the space coordinate o is not periodic and thus we start from
a theory defined on the infinite strip given by o € [0, 7] and T € (—00, +00).
For the definition of the one-loop partition function, we again make the time
coordinate t periodic leaving us with the topology of a cylinder instead of a
torus. This is illustrated in Fig. 6.3.

e Similarly to the modular parameter of the torus, there is a modular parameter ¢
with 0 < t < oo parametrising different cylinders. The inequivalent cylinders
are described by {(7,0): 0 <0 <m0 <7 <t}.

For the partition function, we need to determine the operator generating transla-
tions in time circling the cylinder once along the 7 direction. Because boundaries
lead to an identification of the left- and right-moving sector as required by Eq. (6.9),
we see that this operator is the Hamiltonian say in the open sector
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.
g
Fig. 6.3 Illustration how the cylinder partition function is obtained from the infinite strip by cutting
out a finite piece and identifying the ends

C
Hopen = (Lcyl.)O =Lo— ﬁ s

which we inferred from the closed sector Hamiltonian Hjosed = (Leyt)o + (chl.)0~
In analogy to the case of the torus partition function, we then define the cylinder par-
tition function as Z = Trexp(—2m t Hopen) Which can be brought into the following
form:

Z2°(t) = TrHB<qL°‘2L4 ) where g =e 2" .

Here, the superscript C on Z indicates the cylinder partition function and Hg de-
notes the Hilbert space of all states satisfying one of the boundary conditions (6.5).
Clearly, from a string theory point of view, this is just the Hilbert space of an open
string.

Free Boson I: Cylinder Partition Function (Loop-Channel)
We close this section by determining the cylinder partition function for the free

boson. Recalling our calculation from p. 121 and setting t = i¢, we obtain

1

without jo n (lt)

TrHB(qL“‘i )

However, there we have assumed the action of jj on the vacuum to vanish, which in
the case of string theory is in general not applicable. Taking into account the effect
of jo, we now study the three different cases of boundary conditions in turn.
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e For the case of Neumann—Neumann boundary conditions, the momentum mode
Ty = % Jo is unconstrained and in principle contributes to the trace. Since it is a
continuous variable, the sum is replaced by an integral

o0
142 —rt i2 _ 2 _ 2
TrHB<q2JO) = E (no| ™7 |no) = E e T — / dmy e ¥ 0
no —00

no

where we utilised ny = 2. Evaluating this Gaussian integral leads to the fol-
lowing additional factor for the partition function:

1
21

e For the Dirichlet-Dirichlet case, we have seen in Eq. (6.8) that jj is related to
the positions of the string endpoints. Therefore, we have a contribution to the
partition function of the form

(6.10)

2
142 1 Xg B Xg t b a 2
q?’ =exp (—Znt 3 ( . =exp| — ar (xo - xo) :

e Finally, for the case of mixed Neumann—Dirichlet boundary conditions, we saw
that the Laurent modes j, take half-integer values for n. We do not present a
detailed calculation for this case but recall our discussion of the free boson
orbifold from Sect. 4.2.5. There, we encountered the twisted sector where the
Laurent modes j, also took half-integer values for n. From Eq. (4.51), we can
then extract Tr,, ., +1 (q Lo‘ﬁ) giving us the partition function in the present case.

In summary, the cylinder partition functions for the example of the free boson read

1
ZC(P,D) ) = _t (b _ La 2 ,
bos. (1) exp( 7 (x5 — x5) ) )
1 1
ZEONGy = , 6.11
bos. ( ) 2\/; n (ll) ( )
. 't)
ZC(@lxed) ) = n (l ]
bos. ( ) 194(lt)

6.2 Boundary States for the Free Boson

In the last section, we have described the boundaries for the free boson CFT implic-
itly via the boundary conditions for the fields. However, in an abstract CFT usually
there is no Lagrangian formulation available and no boundary terms will arise from
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a variational principle. Therefore, to proceed, we need a more inherent formulation
of a boundary.

In the following, we first illustrate the construction of the so-called boundary
states for the example of the free boson and in the next section, we generalise the
structure to Rational conformal field theories with boundaries.

6.2.1 Boundary Conditions

Boundary States

Let us start with the following observation. As it is illustrated in Fig. 6.4, by inter-
changing t and o, we can interpret the cylinder partition function of the boundary
conformal field theory on the left-hand side as a tree-level amplitude of the under-
lying theory shown on the right-hand side. From a string theory point of view, the
tree-level amplitude describes the emission of a closed string at boundary A which
propagates to boundary B and is absorbed there. Thus, a boundary can be interpreted
as an object, which couples to closed strings. Note that in order to simplify our
notation, we call the sector of the BCFT open and the sector of the underlying CFT
closed. The relation above then reads

(o, T)open <~ (T, 0)closed > (6.12)

which in string theory is known as the world-sheet duality between open and closed
strings.

The boundary for the closed sector can be described by a coherent state in the
Hilbert space H ® H which takes the general form

Fig. 6.4 Illustration of world-sheet duality relating the cylinder amplitude in the open and closed
sector
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|B> = Z ;5

i,jEH®H

i, Jj).

Here i, 7 label the states in the holomorphic and anti-holomorphic sector of H ® H,
and the coefficients o5 encode the strength of how the closed string mode |i, 7)
couples to the boundary |B). Such a coherent state is called a boundary state and
provides the CFT description of a D-brane in string theory.

Boundary Conditions

Let us now translate the boundary conditions (6.3) into the picture of boundary
states. By using relation (6.12), we readily obtain

9z Xclosed|z=0 | Bx) = 0 Neumann condition,

. . (6.13)
9o Xclosed|z=0 | Bp) = 0 Dirichlet condition.

Next, for the free boson theory we would like to express the boundary condi-
tions (6.13) of a boundary state in terms of the Laurent modes. To do so, we recall
Eq. (6.4) and set T = 0 to obtain

- arxclosed|.[=0 = Z (Jn e*ina +7n e+ina ) i

nez

aKT)(closed|,L,=O = Z (]n gii”" _ 7” e+ino ) ]

nez

(6.14)

We then relabel n — —n in the second term of each line and observe again that for
generic o, the summands are linearly independent. Therefore, the boundary condi-
tions (6.13) expressed in terms of the Laurent modes read

(jn + 7,,1) |BN) =0, (no |BN) = 0) Neumann condition,

(6.15)
(Jn =

Jj_n)|Bp)=0 Dirichlet condition,

for each n. Such conditions relating the chiral and anti-chiral modes acting on the
boundary state are called gluing conditions. Note that for the case of Neumann
boundary conditions, in the string theory picture the relation 7y = O means that
there is no momentum transfer through the boundary. On the other hand, for Dirich-
let conditions there is no restriction on 7.
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Solutions to the Gluing Conditions

Next, we are going to state the solutions for the gluing conditions for the example
of the free boson and verify them thereafter. For now, let us ignore the constraints
on jy. We will come back to this issue later.

The boundary states for Neumann and Dirichlet conditions in terms of the Lau-
rent modes j, and j, read

oo
|Bx) = 1 exp(— Z % Jok 7,() |0)  Neumann condition,

k=l | (6.16)
% J—k 7k) | O) Dirichlet condition,

where ANy and Np are normalisation constants to be fixed later. One possibility
to verify the boundary states is to straightforwardly evaluate the gluing conditions
(6.15) for the solutions (6.16) explicitly. However, in order to highlight the underly-
ing structure, we will take a slightly different approach.

Construction of Boundary States

In the following, we focus on a boundary state with Neumann conditions but com-
ment on the Dirichlet case at the end. To start, we rewrite the Neumann boundary
state in Eq. (6.16) as

- LN ﬁ i % (%)mm) ® ﬁ (%)mlﬁ) (6.17)

S EE A e ()

where we first have written the sum in the exponential as a product and then we
expressed the exponential as an infinite series. Next, we note that the following
states form a complete orthonormal basis for all states constructed out of the Laurent
modes j_;:

. 7oL (i \™
|m>=|m1,m2,...)=nm<7£> 0) . (6.18)

k=1

The orthonormal property can be seen by computing
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o0 [o¢]
n|ﬁ UW«/_"HW(“H]]( )k:l_[‘snk,mw

k=1

where we used that
(0] jiy i [0) = k”<o|f+k e |0) = 8u.n k" n

We now introduce an operator U mapping the chiral Hilbert space to its charge
conjugate U : H — H* and similarly for the anti-chiral sector. In particular, the
action of U reads

U jk U= —Jk = —(]'—k)-r ) Ujk U= _7k = _(7—1<)T . UcU' =c",
where ¢ is a constant and * denotes complex conjugation. In the present example,
the ground state |0) is non-degenerate and is left invariant by U'. Knowing these

properties, we can show that U is anti-unitary. For this purpose, we expand a general
state as |a) = Zﬁ |m ) and compute

_ U T <Uij">'”k 0
Z:UAMU EW 7 U |0)
_ZA*H )™ |m),

k=1

(6.19)

where m denotes the multi-index {m, ms, ...}. By using that |m) and |7) form an
orthonormal basis, we can now show that U is anti-unitary

[e¢]

(Ublua)=3 (i|B, [T(=1)""™ A% |m)=>" A" B, =(a|b).
W k=1 m
After introducing an orthonormal basis and the anti-unitary operator U, we now
express Eq. (6.17) in a more general way which will simplify and generalise the
following calculations:

2171®|Um

—
m

! For degenerate ground states, appearing for instance for CFTs with extended symmetries studied
in Chap. 3, a non-trivial action on the ground state might need to be defined.
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Verification of the Gluing Conditions

In order to verify the gluing conditions (6.15) for Neumann boundary states, we note
that these have to be satisfied also when an arbitrary state (a | ® (b | is multiplied
from the left. We then calculate

(@a|e(b|jn+i_|B)= N2a|® blju+j_n|m )®|Un:1>

1 T . py

= 2 (bl lmp{@lvm)+(blm)(@| ], |Um).
Next, due to the identifications on the boundary, the holomorphic and the anti-
holomorphic algebra are identical. We can therefore replace matrix elements in

the anti-holomorphic sector by those in the holomorphic sector. Using finally the
anti-unitarity of U and that Zrﬁ |m)(m| = 1, we find

(@| @b jn+Jin|B)

Z|~

= 3 el lila | i)+ b i o)

Z|~

Z:blfnlm m U™ a)+ (b [m){m | (=jn) |U”"a)

|-

((b’jn |U'a)—(b] ji |U1a)> =0.

Therefore, we have verified that the Neumann boundary state in Eq. (6.16) is indeed
a solution to the corresponding gluing condition in Eq. (6.15).

For the case of Dirichlet boundary conditions, the action of U on the Laurent
modes j, and j, is chosen with a + sign while we still require U to be anti-
unitary, i.e. UcU~! = c*. The calculation is then very similar to the Neumann
case presented here. Note furthermore, the construction of boundary states and the
verification of the gluing conditions are also applicable for more general CFTs, for
instance RCFTs, which we will consider in Sect. 6.3.

Momentum Dependence of Boundary States

In Eq. (2.91), we have computed the momentum 7y in the closed sector which is
related to jo and j, as mp = jo = j,. This is in contrast to the result in the open
sector which we obtained in Eq. (6.6). In the following, the relation between jo,
and 7 should be clear from the context, but let us summarise that

- U

(no)closed =Jo= Jo s (ﬂo)open = 5 Jo = 5 jO . (6.20)
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From a string theory point of view, in addition to the boundary conditions (6.15)
there is a further natural constraint on a boundary state with Dirichlet conditions.
Namely, the closed string at time 7 = 0 is located at the boundary at position xg.
We therefore impose

Xc]osed(r =0, 0’) ’BD) = )Cg |BD>

and similarly for t = m. An easy way to realise this constraint is to perform a
Fourier transformation from momentum space | Bp, ) to the position space. Con-
cretely, this reads

|BD,xg) = /dT[O £ T0xG |BD, 770) .

For the boundary state with Neumann conditions, we have 7y = 0 and in position
space, there is no definite value for xo. We thus omit this label.

Conformal Symmetry

In studying the example of the free boson, we have expressed all important quanti-
ties in terms of the U(1) current modes j, and j,. However, in more general CFTs
such additional symmetries may not be present but the conformal symmetry gener-
ated by the energy—momentum tensors always is. In view of generalisations of our
present example, let us therefore determine the boundary conditions of the boundary
states in terms of the Laurent modes L, and L,,.

Mainly guided by the final result, let us compute the following expression
by employing that T'(z) = %N(jj)(z) which implies L, = % D kot Jn—kJk T

% Zkg_l jkjn—k:
(Ln - Z—n) iBN,D>

(Z (Jn—kdk = J—nsiz) + Z (Jin—t — jkjnk)> | Bxp)

k>—1 k<—1

N =

1 - = - = S
=3 (jnjo = Jendo+ Y (ntic = Topadic + oo = jkjn+k)> |Bxp) -
k>1

Note that here we changed the summation index k — —k in the second sum. Next,
we recall Eq. (6.15) and jj = j, to observe that the terms involving jj and j, vanish
when applied to | By p). The remaining terms can be rewritten as

1 - - - - -
32 (dnaGe T ) Foud s F T onalon £ 1) £ s
k>1

ok (nkE T n k) Fitd ot FJaUnorE_npz) i?—kjn—k> | B.p)-
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By again employing the boundary conditions (6.15), we see that half of these terms
vanish when acting on the boundary state, while the other half cancels among them-
selves. In summary, we have shown that

(Lu—L-,)|Bnp)=0.

6.2.2 Tree-Level Amplitudes

Cylinder Diagram in General

We now turn to the cylinder diagram which we compute in the closed sector. Refer-
ring again to Fig. 6.4, in string theory, we can interpret this diagram as a closed string
which is emitted at the boundary A, propagating via the closed sector Hamiltonian
Hiosed = Lo+ Lo — % for a time t = [ until it reaches the boundary B where
it gets absorbed. In analogy to Quantum Mechanics, such an amplitude is given by
the overlap

201y = (OB] e ! (LotLo=5F) |By | 6.21)

where the tilde indicates that the computation is performed in the closed sector (or
at tree-level) and [/ is the length of the cylinder connecting the two boundaries.

Let us now explain the notation (® B|. This bra-vector is understood in the sense
of Sect. 2.8 as the hermitian conjugate of the ket-vector |® B). Furthermore, we
have introduced the CPT operator ® which acts as charge conjugation (C) defined
in (4.31), parity transformation (P) o +— —o and time reversal (T) ¢ — —1 for
the two-dimensional CFT. The reason for considering this operator can roughly be
explained by the fact that the orientation of the boundary a closed string is emitted at
is opposite to the orientation of the boundary where the closed string gets absorbed.
For the momentum dependence of a boundary state | B, ), this implies in particular
that

(7 |7g) = 8(n§ + 7)) - (6.22)

Without a detailed derivation, we finally note that the theory of the free boson is
CPT invariant and so the action of ® on the boundary states (6.16) of the free boson
theory (and on ordinary numbers ¢ € C) reads

08, m) = 17 |B. ). OcO ' =c",  (623)

where * denotes complex conjugation.
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Free Boson II : Cylinder Diagram (Tree-Channel)

Let us now be more concrete and compute the overlap of two boundary states (6.21)
for the example of the free boson. To do so, we note that for the free boson CFT we
have ¢ = ¢ = 1 and we recall from Sect. 4.2.1 that

| .
Lo=§]010+ J—k Jk »
k>1

and similarly for L. Next, we perform the following calculation in order to evaluate

Eq. (6.21). In particular, we use j_ ji j"f|0) = my k j™{|0) which we obtained from
Eq. (4.13) to find

. * X (—2xit)” = i\
qZkz]/—k./k |%)=HZ(—)(1_kjk)pl—[ 1 '<Jﬁ) |0)

k=1 p=0 p! =1 vV
[c I . _\P [e’e} .
(—2mit) » 1 <]1)m1
= my k — 0 6.24
L= e Zm () 1 o2

The cylinder diagram for the three possible combinations of boundary conditions is
then computed as follows.

e For the case of Neumann-Neumann boundary conditions, we have jo|Bn) =
JolBn) = 0 and so the momentum contribution vanishes. For the remaining part,
we calculate using Eqs. (6.24) and (6.19)

ZENN) Gy —efzﬂl(fz%) | e~ Xz ki |
bos. ( ) Nz Z(m| e }m)x
N -

m

<U%| R T

—2rl
— ( 24) § l_[ 72nlmkk Z[ 1 mi 72nlmkk (_1)2721’"1
n k=1
o0
l—[ Z( —47rlk) — %
1= g—dalk’
N k=1 m;=0 k=1 ¢

where in the last step, we performed a summation of the geometric series. Let us
emphasise that due to the action of the CPT operator ® shown in Eq. (6.23), A/ 2
is just the square of A and not the absolute value squared. Then, with ¢ = €>*'7,
t = 2il and n(t) the Dedekind n-function defined in Sect. 4.2.1, we find that the
cylinder diagram for Neumann—Neumann boundary conditions is expressed as
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g L1
bos. ( ) N]\zj 7}(21[) (625)
e Next, we consider the case of Dirichlet-Dirichlet boundary conditions. Noting
that U now acts trivially on the basis states, we see that apart from the momentum
contribution the calculation is similar to the case with Neumann—Neumann con-
ditions. However, for the momentum dependence, we compute using Egs. (6.22)
and (6.23)

00
a b 4ixind +ixbml a 72nl(jg)2 b
/ dmgy dmy e™ 0" e 00(710|e |n0>
—00

00
_ a b 4ixind +ixbml —2ml erz a b
—f dmy dmy e 070 g0 ¢ (0)8(710+710)
—00

b_ya\?
foo o _zﬂz(ngﬂ ) =) A B C =)}

= 71,’0 e e = 5

—oo 21

where we completed a perfect square and performed the Gaussian integration.
In order to arrive at the result above, we also employed that in the closed sector
Ty = jo = jo- The cylinder diagram with Dirichlet—Dirichlet boundary condi-
tions therefore reads

~ 1 (xb — x")2 1 1
ZEDD () = ex <— 0ol ) — .
bos. Ng P @ 77(211)

e Finally, fo_r mixed Neumann-Dirichlet conditions, the boundary state satisfies
JolBp) = jolBp) = mo| Bp) which leads us to

/dm) e (g = 0| e i |70) = /d”O ¢l Moo=l 8(mo) = 1.

In the anti-holomorphic sector of the Dirichlet boundary state, the action of U on

the basis states |m) is trivial and so we obtain a single factor of (= 1)Z«™ . For
the full cylinder diagram, this implies

nl o0

nl oo o0
~n 6 m 6 1
20w = o T (™) = i T .
bos. () NaMNp NaNp 1 + e—4nlk

k=1 m;=0 k=1

Recalling then the definitions of ¢*-functions from p. 137, we see that we can
express the cylinder diagram for mixed boundary conditions as

Semixed) N2 n (2il)
Zo D=0 9,(2il)
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Loop-Channel - Tree-Channel Equivalence

Let us come back to Fig. 6.4. As it is illustrated there and motivated at the beginning
of this section, we expect the cylinder diagram in the closed and open sectors to be
related. More specifically, this relation is established by (0, T)open <> (T, 0)closed:
where o is the world-sheet space coordinate and t is world-sheet time. However,
this mapping does not change the cylinder, in particular, it does not change the
modular parameter 7. In the open sector, the cylinder has length % and circumference
t when measured in units of 27, while in the closed sector we have length / and
circumference 1. Referring then to Eq. (4.6) in Chap. 4, we find for the modular
parameter in the open and closed sectors that

%) it . %) i
Topen:_:_zznv Telosed = — = 7 -

a 12 a |

As we have emphasised, the modular parameters in the open and closed sectors have
to be equal which leads us to the relation

This is the formal expression for the pictorial loop-channel-tree-channel equiva-
lence of the cylinder diagram illustrated in Fig. 6.4.

We now verify this relation for the example of the free boson explicitly which
will allow us to fix the normalisation constants Np and Ay of the boundary states.
Recalling the cylinder partition function (6.11) in the open sector, we compute

11 =4 I 1 1 N
CNNyy L gl L _ _ VN FCNN)
Zoos (t)_zﬁ i \/;n(——) 2nQil) ~ 2 Zoos ()

1
2il

where we used the modular properties of the Dedekind 7 function summarised in
Eq. (4.15). Therefore, requiring the results in the loop- and tree-channels to be re-

lated, we can fix

Next, for Dirichlet-Dirichlet boundary conditions, we find

a 2 1
2 ”0) =exo (= (8 = 58)') 175
(=4 1 ~
— o (- = a)) oy =M A0
2il
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which allows us to fix the normalisation constant as

Np=1].

Finally, the loop-channel-tree-channel equivalence for mixed Neumann—Dirichlet
boundary conditions can be verified along similar lines. This discussion shows that
indeed the cylinder partition function for the free boson in the open and closed
sectors is related via a modular transformation, more concretely via a modular
S-transformation.

Summary and Remark

Let us now briefly summarise our findings of this section and close with some re-
marks.

e By performing the so-called world-sheet duality (o, T)open <> (T, O )closeds W€
translated the Neumann and Dirichlet boundary conditions from the open sector
to the closed sector. In string theory, the boundary in the closed sector is inter-
preted as an object which absorbs or emits closed strings.

e Working out the boundary conditions in terms of the Laurent modes of the free
boson theory, we obtained the gluing conditions

(jn :l:7—71)|BN,D> = O )

which imply that the two U(1) symmetries generated by j(z) and j(Z) are broken
to a diagonal U(1).

e For the example of the free boson theory, we stated the solution |B) to the glu-
ing conditions and verified them. Along the way, we also outlined the idea for
constructing boundary states for more general theories.

e The cylinder amplitude in the closed sector (tree-level) is computed from the
overlap of two boundary states

c+C

gC(l) — <®B| e—Zﬂl(L0+z0—7) |B) .

We performed this calculation for the free boson and checked that it is related
to the cylinder partition function in the open sector via world-sheet duality. In
particular, this transformation is a modular S-transformation.

e Finally, the BCFT also has to preserve the conformal symmetry generated by
T (z). The boundary states respect this symmetry in the sense that the following
conditions have to be satisfied:

(Ln _Z—n)|BN,D> =0 s

which we checked for the example of the free boson theory.
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e Very similarly, one can generalise the concept of boundaries and boundary states
to the CFT of a free fermion which is very important for applications in Super-
string Theory.

As we mentioned already, in string theory boundary states are called D-branes
to emphasise the space—time point of view of such objects. They are higher di-
mensional generalisations of strings and membranes, and indeed they play a very
important role in understanding the non-perturbative sector of string theory. It
was one of the big insights at the end of the last millennium that such higher
dimensional objects are naturally contained in string theory (which started as
a theory of only one-dimensional objects) and gave rise to various surprising
dualities, the most famous surely being the celebrated AdS/CFT correspondence.

6.3 Boundary States for RCFTs

After having studied the Boundary CFT of the free boson in great detail, let us now
generalise our findings to theories without a Lagrangian description. In particular,
we focus on RCFTs and we will formulate the corresponding Boundary RCFT just
in terms of gluing conditions for the theory on the sphere.

Boundary Conditions

We consider Rational conformal field theories with chiral and anti-chiral symmetry
algebras A and A, respectively. As we have seen in Chap. 2, for the theory on the
sphere the Hilbert space splits into irreducible representations of A ® A as

H=@M,-7Hi®ﬁ7,

ij

where M;; are the same multiplicities of the highest weight representation appearing
in the modular invariant torus partition function. Note that for the case of RCFTs we
are considering, there is only a finite number of irreducible representations and that
the modular invariant torus partition function is given by a combination of chiral
and anti-chiral characters as follows (4.61):

26, =) My (X5 -
ij

Generalising the results from the free boson theory, we state without derivation
that a boundary state | B) in the RCFT preserving the symmetry algebra 4 = A has
to satisfy the following gluing conditions:
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(Ln = L) |B)=
(W) —(=D"W_,) |B) =

0 conformal symmetry,
(6.27)
0 extended symmetries,

where W/ is the holomorphic Laurent mode of the extended symmetry generator

W with conformal weight 4’ = h(W'), and W' denotes the generator in the anti-
holomorphic sector. However, the condition for the extended symmetries can be
relaxed, so that also Dirichlet boundary conditions similar to the example of a free
boson are included

(wi— 0" QW) [B) =0,

where () : A — A is an automorphism of the chiral algebra .A. Such an automor-
phism () is also called a gluing automorphism and for our example of the free boson
with Dirichlet boundary conditions, it simply is Q : j, — —j,.

Ishibashi States

Next, let us recall from (4.31) that the charge conjugation matrix C maps highest
weight representations i to their charge conjugate i*. Denoting then the Hilbert
space built upon the charge conjugate representation by H;L, we can state the im-
portant result of Ishibashi:

For A = Aand H; = H;L, to each highest weight representation ¢; of
A one can associate an up to a constant unique state |13;)) such that the
gluing conditions are satisfied.

Note that since the CFTs we are considering are rational, there is only a finite num-
ber of highest weight states and thus only a finite number of such so-called Ishibashi
states |3;)).

We now construct the Ishibashi states in analogy to the boundary states of the
free boson. Denoting by |¢;, m) an orthonormal basis for H;, the Ishibashi states
are written as

1Bi) =D |, m) @ Ulp;. m), (6.28)

= VA Lo .
where U : 'H — H is an anti-unitary operator acting on the symmetry generators
W' as follows:

Uw, Ut =1 (W)

—n



6.3 Boundary States for RCFTs 227

The proof that the Ishibashi states are solutions to the gluing conditions (6.27) is
completely analogous to the example of the free boson and so we will not present it
here.

The Cardy Condition

For later purpose, let us now compute the following overlap of two Ishibashi states:
(8B)] o2l (Lo+To—5) |B,)) . (6.29)

Utilising the gluing conditions for the conformal symmetry generator (6.27), we
see that we can replace Lo by Lo and ¢ by c. Next, because the Hilbert spaces of
two different HWRs ¢; and ¢; are independent of each other, the overlap above
is only nonzero for i = j*. Note that here we have written the charge conjugate
Jj* of the highest weight ¢; because the hermitian conjugation also acts as charge
conjugation. We then obtain

<<Bj| 6727[1 (Lo+207%f) |Bi>) — 5ij+ ((Bi| eZni(Zil) (Lo*ﬁ) |Bi>>
= ;- Trrg (475 (6.30)

= 8ij+ Xi (21[),

with y; the character of the highest weight ¢; defined on p. 127. Performing a mod-
ular S-transformation for this overlap, by the same reasoning as for the free boson,
we expect to obtain a partition function in the boundary sector. However, because
the S-transform of a character y;(2il) in general does not give non-negative integer
coefficients in the loop-channel, it is not clear whether to interpret such a quantity
as a partition function counting states of a given excitation level.

As it turns out, the Ishibashi states are not the boundary states itself but only
building blocks guaranteed to satisfy the gluing conditions. A true boundary state in
general can be expressed as a linear combination of Ishibashi states in the following
way:

|Bo) = Z B, |Bi)). 6.31)

The complex coefficients B!, in Eq. (6.31) are called reflection coefficients and are
very constrained by the so-called Cardy condition. This condition essentially en-
sures the loop-channel-tree-channel equivalence. Indeed, using relation (6.30) and
choosing normalisations such that the action of the CPT operator ® introduced in
Eq. (6.23) reads

O [B.) =) (BL)" [Bi+)) (6.32)

i
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the cylinder amplitude between two boundary states of the form (6.31) can be ex-
pressed as follows:

Zp0) = (0B, (1T0=5) |,
= 3 B B (| B ) |

= > Bl B} xi(2il) .
i

Performing a modular S-transformation / — 5; on the characters y;, this closed sec-
tor cylinder diagram is transformed to the f0110w1ng expression in the open sector:

Zop (1) > Zap(3;) = ZBZ By S x,(it) = Z”éﬁ X (i) = Zup(®) ,

ij J

where S;; is the modular S-matrix and where we introduced the new coefficients 7/, 8
Now, the Cardy condition is the requirement that this expression can be interpreted
as a partition function in the open sector. That is, for all pairs of boundary states | By)
and | Bg) in a RCFT, the following combinations have to be non-negative integers:

nly=Y BLByS; € L
i

Construction of Boundary States

The Cardy condition just illustrated is very reminiscent of the Verlinde formula,
where a similar combination of complex numbers leads to non-negative fusion
rule coefficients. For the case of a charge conjugate modular invariant partition
function, that is, when the characters y;(r) are combined with x;+(7) as Z =
> xi(@) X+ (T), we can construct a generic solution to the Cardy condition by
choosing the reflection coefficients in the following way:

s
Bé — ol
A/ Soi

Note, for each highest weight representation ¢; in the RCFT, there exists not only an
Ishibashi state but also a boundary state, i.e. the index « in | B,) also runs from one to
the number of HWRs. Employing then the Verlinde formula (4.55) and denoting the
non-negative, mteger fusion coefficients by N7, we find that the Cardy condition

for the coefficients naﬁ is always satisfied
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j Sai Spi Sij Sai Spi S j
nly =) S = ST =Ny e T

i i

Note that here we employed S;; = S;;+ which is verified by noting that § ="

as well as that > = C with C the charge conjugation matrix C; ; = &;;+ introduced
in (4.31).

Remark

For more general modular invariant partition functions, it is still an active area of
research to construct the boundary states. Again the concept of simple currents is
very helpful to find new solutions.

Without proof, we state one important result. If J is an orbit simple current of
length L in a RCFT with charge conjugate modular invariant partition function, then
the orbits of boundary states

L-1

[BJ) = 2_[ /8.

k=0

of the original RCFT define new boundary states for the simple current extension.
In this manner, one can construct boundary states for Gepner models which, as pre-
sented in Sect. 5.6, are simple current extensions of certain tensor products of N = 2
SCFTs. For further simple current extensions of Gepner models, these techniques
are also applicable and lead to a plethora of boundary states of Gepner models.

6.4 CFTs on Non-Orientable Surfaces

Up to this point, we have studied conformal field theories defined on the Riemann
sphere and the complex plane, respectively and on the torus. For Boundary CFTs,
the corresponding surfaces are the upper half-plane and the cylinder. We note that
all these surfaces are orientable, that is, an orientation can be chosen globally.

However, in string theory, it is necessary to also define CFTs on non-orientable
surfaces. One such surface is the so-called crosscap RP* which can be viewed as
a two-sphere with opposite points identified. Other non-orientable surfaces are the
Mobius strip and the Klein bottle, and a summary of all surfaces relevant for the
following is shown in Fig. 6.5.

Orientifolds

Before formulating CFT's on non-orientable surfaces, let us briefly explain the string
theory origin of such theories. Recalling the action for a free boson (6.1), we observe
that this theory has a discrete symmetry denoted as () which takes the form
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Complex Plane
Upper Half-Plane 5

Cylinder

Y

Torus A A

| @
Mobius Strip
(non-orientable)

Y

Klein Bottle A A

(non-orientable)

A

Crosscap A Y
(non-orientable)

>
»

Fig. 6.5 Two-dimensional orientable and non-orientable surfaces. On the left-hand side, the fun-
damental domain can be found and it is indicated how opposite edges are identified leading to the
surfaces illustrated on the right-hand side. Note that for the identification of opposite edges the
orientation given by the arrows is crucial

Q: X(l’, a) > y((t, a) = X(r, —a) , (6.33)

with T and o again world-sheet time and space coordinates. To see that the action
(6.1) is invariant under {), observe that
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Q3 X)(r,0) Q7" = —(8,X)(x, —0) ,

Q (GTX)(I, o) = —}—(aTX)(r, —0). (6.34)
Next, let us note that from the mapping (6.33), we see that ) acts as a world-
sheet parity operator. In the string theory picture, this means that () changes the
orientation of a closed string. As with any other symmetry, we can study the quotient
of the original theory by the symmetry. We have already considered a quotient CFT
in Sect. 4.2.5, where we studied a Z,-orbifold of the free boson compactified on a
circle. Since () changes orientation, in analogy to orbifolds, such a quotient is called
an orientifold.

The Example of the Free Boson in More Detail

Let us further elaborate on the action of the orientifold projection () for the free
boson. We first note that —o has to be interpreted properly because we normalised
the world-sheet space coordinate as o € [0, 2) for the closed sector and as o €
[0, r] in the open sector. The correct identification for —o then reads

—Oclosed ~ 27T — Oclosed » —Oopen ™ 7T — Ogpen -

Next, we consider the free boson in the closed sector and express d, X in Eq. (6.34)
in terms of the Laurent modes j, and j, using Eq. (6.4)

Q9 X)(r,0) Q7" = —(3,X)(r, —0)
Z(Q]n Qfl efn(r+ia) o Q;n Q*l e*n(T*iU))

nez ) _ )
— Z(_Jn e*l‘l(f“rl(Zﬂ*O')) + jn efn(rfl(ana))> . (6.35)

nez

From this relation, we can determine the action of ) on the modes in the closed
sector as follows:

Q0" =7, 07,0 =, . (6.36)

For the open sector, we have to replace 27 on the right-hand side in Eq. (6.35) by
 which leads to an additional factor of (—1)". Using then the boundary conditions
of an open string (6.5) which relate the Laurent modes as j, = #+/,, we obtain the
action of () in the open sector as

Qj, Q7 =4(=1"j,, (6.37)
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where the two signs correspond to Neumann—Neumann, and Dirichlet-Dirichlet
boundary conditions, respectively. For the case of mixed boundary conditions, we
recall that the Laurent modes have labels n € Z+ % and we note that ) interchanges
the endpoints of an open string as well as the boundary conditions. In particular, we
find

erEN,D) Q*l — _(_l)n jr(lD,N) , erED,N) Q*l — +(_1)n jr(lN,D) . (638)

Partition Function: Klein Bottle

Let us now consider partition functions for general orientifold theories. We start
with the usual form of a modular invariant partition function in a CFT

20, 7) = Try( 475 777 %) 6:39)

where we indicated the trace over the combined Hilbert space H x H explicitly.
Next, we generalise our findings from the example of the free boson and define the
action of the world-sheet parity operator () on the Hilbert space as follows:

Qi j)y=%190),00)), (6.40)

where i denotes a state in the holomorphic sector of the theory and j stands for the
anti-holomorphic sector. The two different signs originate from the two possibilities
of () acting on the vacuum |0) compatible with the requirement that Q> = 1. The
simplest choice for (i) is (i) = i, but also more general Z, involutions are
possible, for instance (i) = i, where * denotes charge conjugation introduced in
(4.31).

Since orientifold constructions are very similar to orbifolds, we can employ the
same techniques already introduced in Sect. 4.2.5 and summarised in Eq. (4.52).
More concretely, we project the entire Hilbert space H x H onto those states which
are invariant under (), i.e. we introduce the projection operator %(1 + Q) into the
partition function (6.39). In analogy to Eq. (4.52), we therefore obtain

v,
ZQ(T, ?) = Terﬂ < +T qLO*ﬂ —L024>

1 1 L
=S 2@ +5 TrHXg(Q gl z;Lo—ﬂ) .

The first term is just one-half of the torus partition function which we already stud-
ied. Let us therefore turn to the second term

25, 7) = TrHXﬁ( Q gl qzo—z‘%) . (6.41)
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The insertion of () into the trace has the effect that by looping once around the
direction t of a torus, the closed string comes back to itself up to the action of (),
that is, up to a change of orientation. Geometrically, such a diagram is not a torus
but a Klein bottle illustrated in Fig. 6.5. This is also the reason for the superscript K
of the partition function and for its name: the Klein bottle partition function.

We will now specify the action of ) as (i) = i and ) |0) = +|0) in order to
make Eq. (6.41) more explicit. For this choice, we obtain

(i,j|Q

i’7)=<i77}j7;>:8ij1 (6.42)
where we used Eq. (6.40). Therefore, only left-right symmetric states |i, ) con-

tribute to the trace in Eq. (6.41) and we can simplify the partition function as
follows:

Z}C(Tv f) = TrHXﬂ< QqLO_i qzo—%)
= Z( i’7 ‘ QqLO_Z% Q_l qu()_% Q—l Q } l77>

tJ

. T |=Lo—< —Lo—<

= E <l,l‘qL0 24 qLU 24
i

ii),

where we employed Eq. (6.42). Since only the diagonal subset will contribute to the
trace, we see from this expression that effectively Ly and L, as well as ¢ and ¢ can
be identified. Observing finally that gg = e~*"™, we arrive at

e =Y (ii](gg) """

l

i7) = Trn,, (e 0)) (643

with 1 = 15 and Hgynm, denoting the states
combined in a left-right symmetric way.

ii ) in the Hilbert space which are

Free Boson III: Klein Bottle Partition Function
(Loop-Channel)

Let us now determine the Klein bottle partition function for the example of the free
boson. As it is evident from Eq. (6.43), this partition function is the character of the
free boson theory with modular parameter t = 2it. However, for the momentum
contribution, we need to perform a calculation similar to the one in the open sector
shown on p. 213. In particular, from Eq. (6.43) we extract the j, part, replace the
sum by an integral and compute

|2 Foo 12
TrHsym. ( e_4ﬂt 20 ) — / d”O e_47” 1T = —
—00

Vo
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where we observed that in the closed sector jy = . Combining this result with the
character of the free boson theory, we obtain the following expression for the full
Klein bottle partition function:

Zh (7)) = (6.44)

Sl-
~

=

—~

L

~
~—

Partition Function: Mobius Strip

After having studied CFTs on non-orientable surfaces in the closed sector, let us
now turn to the open sector. Again, the partition function has to be projected onto
states invariant under the orientifold action (). Following the same steps as for the
closed sector, we find

1+ Q c 1 1 .
ZUt) = Try, ( +T 62”’(1‘024)) =3 2%t + > Tryy, ( Q e (Lom5) ) .

The first term contains the cylinder amplitude, but the second term
ZM(1) = Try, ( Q e 271(Lo= %) ) (6.45)

describes an open string whose orientation changes when looping along the ¢ di-
rection. The geometry of such a surface is that of a Mdobius strip also shown in
Fig. 6.5. The corresponding partition function is called the Mobius strip partition
function and hence the superscript M.

Free Boson I'V: Mobius Strip Partition Function
(Loop-Channel)

We now calculate the Mobius strip partition function for the free boson. Recalling
our notation (4.12) from the beginning of Sect. 4.2.1 and the mapping (6.37), we
see that the action of () on a state is

o0
Qlnrng.ns, )= [[ED™ (D |nina.ns. ).
k=1

Performing then the same steps as in the calculation on p. 121 with the action of ()
on the states taken into account, we arrive at

— —i ﬁi :I:l Ny _1 knk knk
=q FD™ (=1)""q

without jo k=1 n;=0

Try, (Q qLU_i )

(6.46)
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We also note that —g with modular parameter T can be expressed as +¢g with mod-
ular parameter 7 + %

For Neumann—Neumann boundary conditions, i.e. for the upper sign in the ex-
pression above, we employ the definition of the Dedekind n-function. However,
since the momentum 77 is unconstrained, we compute

1

+00
12
Try (Q e ¥ ) — / dmye —2mt 3 2mo)’ ,
5 0 2 ﬁ
where we used that jj is invariant under €} as well as that in the open sector jo =
27. The full Mobius strip partition function in the Neumann—Neumann sector then
reads

o1 1
ZNONN() = o :
bos 2V (L +ir)

(6.47)

For Dirichlet-Dirichlet conditions, that means the lower sign in Eq. (6.46), we find
for instance from Eq. (6.37) that j, = 0 so that there is no additional factor from
the momentum integration. Recalling the definition of the ,-function summarised
on p. 137, we obtain

ZMOD) Gy _ o5 /2 (6.48)

bos.

For mixed boundary conditions, the M&bius strip partition function vanishes as ()
exchanges Neumann—Dirichlet with Dirichlet—-Neumann conditions and so there is
no contribution to the trace.

Loop-Channel - Tree-Channel Equivalence

For the cylinder partition function, we have seen that the result in the open and
closed sectors are related via a modular S-transformation. One might therefore
suspect that this equivalence between partition functions and overlaps of boundary
states can also be found for non-orientable surfaces.

This is indeed the case which we illustrate in Fig. 6.6 for the Klein bottle partition
function.

1. The fundamental domain of the Klein bottle shown in Fig. 6.6(a) is that of a torus
up to a change of orientation. However, as opposed to the torus, the modular
parameter of the Klein bottle is purely imaginary.

2. In Fig. 6.6(b), the fundamental domain is halved and the identification of seg-
ments and points is indicated explicitly by arrows and symbols.

3. Next, we shift one-half of the fundamental domain as shown in Fig. 6.6(c).
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Fig. 6.6 Transformation of the fundamental domain of the Klein bottle to a tree-channel diagram
between two crosscaps

4. In Fig. 6.6(d), the shifted part has been flipped and the appropriate edges have
been identified.

5. A fundamental domain of this form can be interpreted as a cylinder between two
crosscaps as illustrated in Fig. 6.6(e).

Analogous to the cylinder diagram (6.21), we expect now that the Klein bottle am-
plitude can be computed as the overlap of two so-called crosscap states |C) in the
following way:

ctc
24

ZK(1) = (O C| e (Lot Lo=5F) | Oy (6.49)

Considering then again Fig. 6.6(d) and Eq. (4.6) from Chap. 4, we determine the
modular parameter in the tree- and loop-channels as

(%) 2it 4it %) i
Topen = — = —|~ = 4L, Telosed = — = 7
o1 3 o1 [

and because of the tree-channel-loop-channel equivalence, they have to be equal.
This implies that the length of the cylinder in Fig. 6.6(e) and Eq. (6.49) can be
expressed as [ = %. We will elaborate on these crosscap states in more detail in the
next section.
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Fig. 6.7 Transformation of the fundamental domain of the Mébius strip to a tree-channel diagram
between an ordinary boundary and a crosscap

For the Mobius strip amplitude, we can apply the same cuts and shifts as for
the Klein bottle amplitude. As it is illustrated in Fig. 6.7, the resulting tree-channel
diagram is a cylinder between an ordinary boundary and a crosscap. We thus expect
that in the tree-channel, we can calculate the Mobius strip in the following way:

ZM(l) = (@ C| e (Lotlo=5) |B) (6.50)

Finally, for the modular parameters in the tree- and loop-channels, we obtain

[0%) (¢%) i

4it .
7:open:_—TZSZtv Telosed = — = 7,
o1 3 (03] l

which leads us to [ = é.

Remarks

e A summary of the various loop-channel and tree-channel expressions together
with their modular parameters can be found in Table 6.1.

e Almost all Q) projected CFTs in the closed sector are inconsistent and require the
introduction of appropriate boundaries with corresponding boundary states. In
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string theory, these conditions are known as the tadpole cancellation conditions
which we will discuss in Sect. 6.7.

6.5 Crosscap States for the Free Boson

Similarly to boundary states which describe the coupling of the closed sector
of a CFT to a boundary, for orientifold theories there should exist a coherent
state describing the coupling of the closed sector to the crosscap. In particular,
analogous to the observation that a world-sheet boundary defines (or is confined to) a
space—time D-brane, we say that a world-sheet crosscap defines (or is confined to)
a space—time orientifold plane.

In this section, we will discuss crosscap states for the example of the free boson,
and in the next section, we are going to generalise the appearing structure to RCFTs.

Crosscap Conditions

We start our study of crosscap states by recalling the transformation of the Klein
bottle, and Mobius strip amplitude respectively, from the open to the closed sector
shown in Figs. 6.6 and 6.7. There, we encountered a new type of boundary, the
so-called crosscap, where opposite points are identified. For the construction of the
crosscap state, we will employ this geometric intuition, however, later we also com-
pute the tree-channel Klein bottle and Mobius strip amplitudes to check that they
are indeed related via a modular transformation to the result in the loop-channel.
As it is illustrated in Fig. 6.8, in an appropriate coordinate system on a crosscap,
we observe that points x on a circle are identified with —x. Parametrising this circle
by o € [0, 27), we see that the identification x ~ —x corresponds to o ~ o + 7.

T <> 0o
—X 4> o+
(a) Identification of points on (b) Closed string at a
a crosscap crosscap

Fig. 6.8 Illustration of how points are identified on a crosscap, and how a closed string couples to
a crosscap
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For a closed string on a crosscap, we thus infer that the field X at (z, o) should be
identified with the field X at (tr, o 4+ 7). More concretely, this reads

X(r,0)|C)=X(r,0 +7)|C), (6.51)
and for the derivatives with respect to T and o, we impose

(0:X)(1.0) |C) = +(9,X)(r, 0 + ) |C),
(6.52)
(0:X)(z,0)|C) = —(9: X)(x, 0 + ) |C) .

Let us now choose coordinates such that t = 0 describes the field X(z, o) at the
crosscap |C). Using then the Laurent mode expansions (6.4) as well as Eq. (6.52)
with T = 0, we obtain that

(n = J-a) [C) = +(=1"(n = j-a) [€).
(U +7-) 1€) = ==D" (U + 7 0) [€)
where, similarly as in the computation for the boundary states, we performed a

change in the summation index n — —n. By adding or subtracting these two ex-
pressions, we arrive at the gluing conditions for crosscap states

(jn+(=1"j_,) |Cor) =0 |. (6.53)

Note that we added the label O1 which stands for orientifold one-plane. The
reason is that by inserting the expansion (6.7) of X(z, o) into Eq. (6.51), we see that
the centre of mass coordinate x of the closed string is unconstrained. In the target
space, the location of the crosscap is called an orientifold plane which in the present
case fills out one dimension because there is no constraint on xg. This explains the
notation above.

Construction of Crosscap States

Apart from the factor (—1)", the gluing conditions (6.53) are very similar to those
of a boundary state (6.15) with Neumann conditions. The solution to the gluing
conditions is therefore also similar to the Neumann boundary state and reads

o0 _1 k _
|Cor) = % GXP<—kz( k) j_kjk)IO), (6.54)
=1
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where we employed Eq. (6.26) and allowed for a relative normalisation factor k
between the boundary state with Neumann conditions | By) and the crosscap state
|Co1).

The proof that Eq. (6.54) is a solution to the gluing conditions (6.53) is analogous
to the one shown on p. 218. Note in particular, the crosscap state can be written as

K N gy
|C01) = E Z: Im) ® [Um), (6.55)

with the anti-unitary operator U acting in the following way:
U, U === ()" (6.56)

Remark

Let us make the following remark. In Eq. (6.33), we have chosen a specific orien-
tifold action () for the fields X(z, o) which leaves the action (6.1) invariant. How-
ever, we can also accompany () by another operation, for instance R : X(t, o) >
—X(t, 0), which also leaves Eq. (6.1) invariant. The combined action then reads

OR: X(r,a) — }?(r,o) = —X(‘L’, —a) .
Note that this orientifold action describes a different theory and that there is no
direct relation to the results obtained previously.

Performing the same steps as before, we arrive at the following expressions for
the combined action QR on the Laurent modes j, and j,:

closed sector QRj,,(QRY1 =—j,, QR j,(Q R)fl =—Ju,
opensector QR j,(Q R)71 =F(=D"j, .
For the action of R on the states, we find
- >pmi |-
Rlm) = (=1)="" |m),
which results in additional factors of (—1) in various loop-channel amplitudes. Con-

cerning the construction of crosscap states, also the identification (6.51) receives a
factor of (—1) which results in gluing conditions of the form

(jn - (_1)” 7711) |CO()) =0,

which is similar to the Dirichlet conditions for boundary states. The notation O0
indicates that the orientifold plane does not extend in one dimension but is only
a point. And indeed, using the expansion (6.7) of X(r,o0) for X(r,0)|C) =
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—X(t, 0)|C), we see that the centre of mass coordinate x is constrained to xo = 0.
Finally, we note that the solution to the gluing conditions in the present case reads

Coo) _.Klexp< jff kjk)|0).

k=1

After this remark about a different possibility for an orientifold projection, let
us continue our studies with our original choice (6.33) which leads to O1 crosscap
states |Coyp).

Free Boson V: Klein Bottle Amplitude (Tree-Channel)

As we have argued in the previous section, from the overlap of two crosscap states
we can compute the Klein bottle amplitude (6.49) in the closed sector, that is, in the
tree-channel. In order to do so, we recall the crosscap state (6.55) with the action of
U given in Eq. (6.56). Noting for a basis state (6.18) that

(—=1)™ (=1)"™" |m), (6.57)

<
=

I
—1®

k=1

and following the same calculation as in p. 221 for the overlap of two boundary
states in the Neumann—Neumann sector, we obtain

2
ZK(01,01) _ —27l(Lo+Lo— %) K
Z (l) = <® C01| e u ) 77(2il) .

bos.

(6.58)

Coi) =

Note that ® is again the CPT operator introduced in Eq. (6.23) which, in particular,
acts as complex conjugation on numbers. Finally, recalling from Table 6.1 the rela-
tion/ = % between the tree-channel and loop-channel modular parameters, we find
the loop-channel amplitude to be of the form
g}qm,m)( )= K =5 K _ K 1
oo 2n(2il) 2n(—55) 2421 1Qin)

where we employed the modular properties of the Dedekind n-function shown in
Eq. (4.15). By comparing with the loop-channel result (6.44), we can now fix

k=72 |.

Free Boson VI: Mobius Strip Amplitude (Tree-Channel)

Eventually, we compute the overlap of a crosscap state and a boundary state giv-
ing the tree-level Mobius strip amplitude. Employing Eq. (6.57) and performing a
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similar calculation as in p. 221, we find for the Mobius strip diagram in the Neumann
sector that

Z~M(01,N>(l) _ <® C01| e—znz(LOJrLU_m) |BN)

bos.
[ p—— 1
~ AL g E—— (6.59)
LI UL
V2 (342

where we expressed (—1) as ™ and absorbed the additional factor into the definition
of the modular parameter. The computation of the Mdbius strip amplitude in the
Dirichlet sector is very similar to the Neumann sector. We find

Zoo () =10 Co

o0
[+
e 747'[1)]{

| 672711(Lo+207%f

Bp)

ot

where we used again the definition of the #-functions. The momentum integration
in this sector is trivial since jj acting on the crosscap state vanishes. This is again
similar to the computation of the cylinder amplitude for mixed boundary conditions
shown in p. 222.

Modular Transformations

After having computed the tree-channel Mobius strip amplitudes, we would like to
transform these results to the loop-channel via the relation [ = é However, by
comparing with the loop-channel results Eqgs. (6.47) and (6.48), we see that this
cannot be achieved by a modular S-transformation. Instead, we have to perform the
following combination of 7'- and S-transformations:

P=TST*S. (6.60)

For the n-function with shifted argument, this transformation reads
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n(i+2i) —— g

where in the last step we employed that /i = ¢’ . For the Mobius strip amplitude
with Neumann boundary conditions, we then compute the transformation from the
tree-channel to the loop-channel as follows:

ZJM(Ol N) N e % 1 P i 1 1

() = —= Wi '
bos. () ﬁ n(% +211) l:é e 2\/; T](% +ll)

By comparing with the loop-channel result (6.47), we have verified the loop-
channel-tree-channel equivalence for the Mobius strip amplitude in the Neumann
sector.

In passing, we note that the Mdbius strip loop- and tree-channel amplitudes for
the Dirichlet sector are also related via a modular P-transformation. In the same
manner as above, one can then establish the loop-channel-tree-channel equivalence.

New Characters

In the last paragraph of this section, let us introduce a more general notation for
the Mobius strip characters. We define hatted characters X () in terms of the usual
characters y (t) as follows:

3(\(‘[) = mi(h—3) X(r + %) . (6.61)
The action of the P-transformation (6.60) for the new characters X (t) can be de-
duced as follows. From the mapping of the modular parameter t = 2i/ under the

combination of S- and 7 -transformations

1
. T2 . TST?S
% ——— 2l4i —— E4l — &
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we can infer the transformation of the hatted characters ¥ (t) as

%(&) = ZP,JX] (2i)  with P =T:ST>ST:,

where T2 is defined as the square root of the entries in the diagonal matrix 7;; shown
in Eq. (4.56). Note that the P-transformation corresponds to the S-transformation of
the usual characters, in particular, P realises the loop-channel-tree-channel equiva-
lence.

Finally, using the properties of the S-matrix (4.54) as well as the relation S? =
(ST)? = C with C the charge conjugation matrix introduced in Eq. (4.31), we can
show that

P2 =C, P*=C, PPi=prPiP=1, Pl =p.
(6.62)

6.6 Crosscap States for RCFTs

Let us now generalise the construction of crosscap states to conformal field theories
without a Lagrangian description. In particular, we focus on RCFTs and we mainly
state the general structure without explicit derivation.

Construction of Crosscap States

The crosscap gluing conditions for the generators of a symmetry algebra A ® A are
in analogy to the conditions (6.53) for the example of the free boson and read

(Lo —(=D"L_,)|C)=
(Wi = (1" (=" WL,)[C) =

0 conformal symmetry,
(6.63)
0 extended symmetries,

with again b’ = h(W'). For A = Aand H; = H;", we can define crosscap Ishibashi
states |C;)) satisfying the crosscap gluing conditions. A crosscap state |C) can then
be expressed as a linear combination of the crosscap Ishibashi states in the following
way:

cl=_Tricn. (6.64)

In fact, the crosscap Ishibashi states and the boundary Ishibashi states are related
via

1Ci)) = ™ TN By)) (6.65)
Indeed, knowing that the boundary Ishibashi states |B;)) satisfy the gluing condi-

tions (6.27), we can show that Eq. (6.65) satisfies the crosscap gluing conditions. To
do so, we compute
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e—?TiLU Ln e+7‘[iL0 — (_1)}1 Ln , e—JTiLo W,l, e+7riL0 — (_l)n W,l, ,

where we used that W' is a primary field. For the generators of the conformal sym-
metry, we can then calculate

) 1))
) ™ iLo=h@)) | 3.y

T iLo—h(di) (Ln —(=1)"
— o7 ilLo—h($) (Ln —(=1)"

= (_1)11 (Ln _an) |Bl>>
:O’

L.,
L.,

and the condition for the extended symmetry generators is obtained along the same
lines. Therefore, the crosscap Ishibashi states (6.65) satisfy the gluing conditions
(6.63).

The Cardy Condition

Similarly to the boundary states, we expect generalisations of the Cardy condition
arising from the loop-channel-tree-channel equivalences of the Klein bottle and
Mobius strip amplitudes. In order to study this point, we compute the Klein bottle
amplitude in the following way:

o+t

g}C(l) — <® C|e—27Tl(Lo+z0—7

c)

= YTV (B 7 RO 2iC(Lo=55) gmi(Lh9)) |5
ij

=Y T 8y e 200 5) (B, | STCH (- 5) |5y
L]

_ Z(ri)z e mi(h@=5) y.(2i] + 1)

_ Z(Fi)2 e~ 2mi(h(9)—5;) Z Ti; x;2il) = Z(Fi)z i (2il)
i J

1

where O is again the CPT operator shown for instance in Eq. (6.32), and where we
employed Eq. (6.30) as well as the modular 7 -matrix given in Eq. (4.56). In the next
step, we perform a modular S-transformation to obtain the result in the loop-channel

20 =Y (1) @i = (1) S Qi) -

i ij

Now, the Cardy condition is again the requirement that the expression above can be
interpreted as a partition function. Since this partition function includes the action
of the orientifold projection (), the coefficient in front of the character has to be
integer but does not need to be non-negative
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i\2
Z(F)Sijzifj e 7.
i
For the Mobius strip amplitude, we compute along similar lines

ct+c

§M(l) — <® C|672n1(1‘0+207j)|3a>

— Zl“l B({t ((Bl‘+|ENi(LU_]1(¢i)) eZT{i(Zil)(Lg—i) |Bj)>
iJ

_ Zri B({ 8 o Ti(h(@)—57) ((Bj|62ni(2il+%)(L07§) 1B;))
iJ

_ Zrl B(t)’[ e—ni(h(@)—ﬁ) Xi (211 + %)

=Y T B, %iQi) =Y T" B} P; %;(it) ,

ij

where we employed the hatted characters (6.61) together with their modular trans-
formation. Interpreting this expression as a loop-channel partition function, we see
that the coefficients have to be integer:

ZF"B;P,,:ma,- € Z.
i

Similar to the Cardy boundary states, for the charge conjugate modular invariant
partition function explained in p. 228, one can show that these integer conditions
are satisfied for the reflection coefficients of the form
P 0i B i Sai

VSoi VS

The Klein bottle and Mdbius strip coefficients can then be written as two Verlinde
type formulas

=

Po; Poi Sij 0 Swi Poi Pij 0
G T T mem 2 T
From the relations (6.62), we can deduce P;; = P;;+ and in particular Pj; = Py,

which allows us to establish the connection to the general coefficients

Si1 Py P
Yk = ST TH
L

1

1
Klein bottle and Mobius strip amplitudes contain only integer coefficients.

As it turns out, the coefficients Y. ’; are integer, guaranteeing that the loop-channel
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Remark

With the techniques presented in this section, it is possible to construct many ori-
entifolds of conformal field theories. However, one set of essential consistency con-
ditions for the co-existence of crosscap and boundary states is still missing. These
are the so-called tadpole cancellation conditions which we are going to discuss in a
simple example in the final section of these lecture notes.

6.7 The Orientifold of the Bosonic String

We finally apply the techniques developed in this chapter to orientifold theories with
boundaries and crosscaps. In particular, we are going to consider a string theory mo-
tivated but still sufficiently simple orientifold model which is the () projection of the
bosonic string. More interestingly, this theory is actually analogous to the orientifold
construction of the Type IIB superstring leading to the so-called Type I superstring.
However, this needs a more detailed treatment of free fermions which we have not
presented here and which is not necessary to understand the mathematical structure
of such theories.

Details on the String Theory Construction

We have mentioned already on p. 70 that the bosonic string is only consistent in 26
flat space—time dimensions and is thus described by 26 free bosons X" (o, T) with
w =0,...,25. The quantisation of string theory in this description, the covariant
quantisation, is slightly involved. However, by defining

Xt = %(XO(J, )+ X'(o, z)) X = %(Xo(o, ) — X'(o, z)) , (6.66)

imposing the so-called light-cone gauge and using constraint equations, we are only
left with the momentum p* as a degree of freedom. For the computation of the char-
acters, we can therefore simply ignore the contribution from X%, ) and X'(o, 7)
so that we are left with the conformal field theory of 24 free bosons X (t, o) where
I =2,...,25. Since the bosonic string is made out of 24 copies of the free boson
CFT, for the computation of the partition functions we can use our previous results.
These have been summarised in Table 6.2 for later reference.

In our previous definition of the open and closed sector partition functions, we
employed the notion common to conformal field theory. However, for the relevant
quantities in string theory, we have to integrate over the modular parameter of the
torus, Klein bottle, cylinder and Mobius strip. After performing the integration over
the light-cone momentum p™, the expressions relevant for the following are
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Table 6.2 Summary of all loop- and tree-channel amplitudes for the example of the free boson
with orientifold projection (6.33)

Loop-channel Tree-channel
1 1
2zl (1.7) = — —
V@ [n(o)|
! 1 5K(01,01) 1
t = — Z R N =
bos( ) @ I](Zil) bos. ( ) 77(211)
1 1 1
ZCONN) s
n =S=_— n =
bos ( ) 2\/; n (il) bos ( ) 27}(21'])
1 : | 1 i
Z P = a7 (x3-5) ZCm.D) - (g —x
o ® = e T 0s. O = e 5
B 1 . V21 1(2il)
i n(it) 5C(mix; n (2il)
20 = o Flmiedy o[22
Da(it) 9,2il)
1 1 ~
g:i(N N)(t) = e ZM(OLN)(I) _

205 (5 +ir) bos

7](%+it) o FMmol, D)(l) _

ZM(DD)t —
® (4 +it) bos.

bos.

2
z7 =/ d — zZT,7), Z° =/ di AR
Te 0

o 12 i (6.67)
dt dt '
K K M M
Z —_[0 2t2Z @, Z —_/O 4t22 @ .

The domain of integration for the torus amplitude Z7 is the so-called Teichmiiller
space. It is the space of all complex structures T of a torus T2 which are not related
via the SL(2,Z)/Z, symmetry. An illustration can be found in Fig. 6.9 and the
precise definition reads

Teich:{re(C —§<r1<+

} . (6.68)
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Fig. 6.9 The shaded region
in this figure corresponds to
the Teichmiiller space of the
two-torus T2

[

Torus Partition Function for the Bosonic String

Let us now become more concrete and determine the torus partition function for the
bosonic string in light-cone gauge. Since this theory is a copy of 24 free bosons, we

recall from Table 6.2 the form of Z&S. and combine it into

d*t 24 d’t 1 1
ZT:/ — (28 (x. D :/ S T T - 6.69
Teich f22 ( bos. ) Teich 7:22 721 2 | 7’]24 (‘L’) | 2 ( )

In order to become more explicit, let us expand the Dedekind n-function in the
following way:

1

o 2
i =9 (1+24q+324q +) (6.70)

Using this expansion in Eq. (6.69) together with the string theoretical level-matching
condition which leaves only equal powers of ¢ and g, we arrive at

d? ‘ 2
zT :f —1: e ] 424 70T +‘
Teich T3
6.71)
d2
— —1: etimn (1 + (24)2 ey ) .
Teich Tp

Let us now study the divergent behaviour of this integral.

e Although the integrand in Eq. (6.71) diverges for 7, — 0 due to the factor of
T, 14 the whole integral is finite because the domain of integration (6.68) does
not include 1, = 0. Therefore, this expression is not divergent in the ultraviolet,
i.e. there is no singularity for small 7,. Let us emphasise that the finiteness in this
parameter region is due to the modular invariance of the torus partition function
which restricts the domain of integration to the Teichmiiller space.
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e Next, we turn to the behaviour of Eq. (6.71) for large 7,. We see that the first
term gives rise to a divergence in the region 7, — oo which corresponds to a
state with negative mass squared, i.e. a tachyon. Thus, the theory of the bosonic
string is unstable. In more realistic theories, for instance the superstring, such a
tachyon should be absent and we do not expect problems due to divergences in
the infrared.

e In summary, the torus partition function of the bosonic string is finite in the
ultraviolet due to modular invariance. In the infrared, the partition function is
divergent due to a tachyon which renders the theory unstable.

Klein Bottle Partition Function for the Bosonic String

As the title of this section suggests, we want to study the orientifold of the bosonic
string and so we have to determine the Klein bottle amplitude. Following the same
steps as for the torus, we arrive at

1 [*®dt #_ 1 [dr 1
Ky — & Z(zr =-5 14 24000
78 = 2/0 7 (20.0) 213/0 (4 P Qin)

In order to simplify the integrand, we perform a transformation to the tree-channel
with modular parameter 1 = 4—11 by employing the modular properties of the
Dedekind n-function (4.15)

=4 ~ 1 * dl 1
Z’C(t) =g ZIC(OZS,OZS)(Z) =— f — (4[)14 ” 1
213 J, 41 n** (—357)

o0 1
=2 dl -5~
/0 n**(2il)

The notation O25 deserves some explanation. Since we are studying the bosonic
string in a 26-dimensional space—time, the orientifold projection naturally acts also
on the light-cone coordinates (6.66). By choosing the orientifold projection (6.33),
we have an orientifold plane extending over all 26 dimensions. However, the con-
vention in string theory is such that only the space dimensions are counted which
explains the term O25.

Similarly as for the torus partition function, let us now expand the tree-channel
Klein bottle amplitude. Using Eq. (6.70), we obtain

[o.¢]
ZK025.029) 1y — 9 / dl (e“”’ +24 4324 4 ) . (6.72)
0

The first term in Eq. (6.72) corresponds again to the tachyon and should be absent
in more realistic theories. We therefore ignore this problematic behaviour. However,
the second term corresponds to massless states and gives rise to a divergence since
in the present case, the domain of integration includes t = 4—11 = 0. This term will not



252 6 Boundary Conformal Field Theory

be absent in more refined theories and so at this point, the orientifold of the bosonic
string is not consistent at a more severe level.

A Stack of D-Branes

As it turns out, the divergence of the Klein bottle diagram can be cancelled by
introducing a to be determined number N of D25 branes. The notation D25 means
that these D-branes fill out 25 spatial dimensions and it is understood that they
always fill the time direction.

If we put a certain number of D-branes on top of each other, we call it a stack
of D-branes. However, since there are now multiple branes, we can have new kinds
of open strings. In particular, there are strings starting at D-brane i of our stack and
ending on D-brane j. We thus include new labels, the so-called Chan—Paton labels,
to our open string states

i, i, j) = |m)®

i j).

where |m) denotes the states for a single string and i, j = 1, ..., N label the start-
ing, ending points, respectively. We furthermore construct the hermitian conjugate
(i, j| in the usual way such that

(i,j]i"j)=8wdj; . (6.73)

Next, we define the action of the orientifold projection acting on the Chan—Paton
labels. Since () changes the orientation of the world-sheet, it clearly interchanges
starting and ending points of open strings. But we can also allow for rotations among
the D-branes and so a general orientifold action reads

N
Qli )= vl i) (6.74)

i, j'=1

where y is a N x N matrix. Without presenting the detailed argument, we now
require that the action of ) on the Chan—Paton labels squares to the identity. For
this we calculate

QZ

N
ij)= Y w0
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from which we infer the constraint on the matrices y to be symmetric or anti-
symmetric

yI==4y. (6.75)

In string theory, the two different signs correspond to gauge groups SO(N) and
S P(N) living on the stack of D-branes.

Let us now come to the final part of this paragraph which is to determine the
contribution of the Chan—Paton labels to the partition function. For the cylinder
partition function, we calculate with the help of Eq. (6.73)

N

260) = Trw (475 ) = Ll g™ 5 [n) x 3o{i
n i j=l1
=2 [nlg"%

iJj)

n) x N*.

Therefore, the effect of N D-branes is taken care of by including the factor N2
for the cylinder partition function. Let us next turn to the Mobius strip partition
function. Concentrating only on the Chan—Paton part, we find using Eqgs. (6.73) and
(6.74) that

N N
S(iilelii)= 3 (iilvie i i) ™).,
i,j=1 i, j'=l1

N
= Z 8ij 8jir viy (v ')

g j'=1

:Tr(yTy_l>=:f:N,

where in the final step we also employed Eq. (6.75). In summary, by including a
factor of £N in the Mobius strip partition function, we can account for a stack of N
D-branes.

Cylinder and Mobius Strip Partition Function
for the Bosonic String

After this discussion about stacks of D-branes, let us now compute the cylinder and
Mobius strip partition functions for a stack of N D25-branes. Since the D-branes
fill out the 26-dimensional space—time, the open strings always have Neumann—
Neumann boundary conditions.

For the cylinder, we recall from Table 6.2 the form of a single cylinder partition
function and combine it with the relevant expression from Eq. (6.67) to obtain



254 6 Boundary Conformal Field Theory
2 2
ZC(N,N)(t) _ N_ /00 ﬂ (ZC(N’N)(t)>24 _ N_ /oo ﬂ 1
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where we included the factor N as explained above. In order to extract the diver-
gences, we perform a transformation from the loop- to the tree-channel via t =
to find

2l

ZC(N,N)(I) t:% ZC(N N)(l) — Nz/ ( l)14 1
— ), 22 g

_ N2/ di 1
T 025 o ,724(2”) :

With the help of Eq. (6.70), we can again expand this expression. The first terms
read as follows

2

N oo
225/ dl (¢! 424+ 32477 )
0

ZC (N,N) ( l)

Next, we turn to the Mdbius strip contribution. Along similar lines as above, we

recall from Table 6.2 the expression for the partition function of a single free boson
and combine 24 copies of it into the M&bius partition function

i

24 N [ dt
ZMON () = + / (2™ 0) =5 |
26 Jo W pAG in

In order to extract the divergences more easily, we transform this expression into the
tree-channel via the relation t = é and the modular P transformation (6.60)

[e°] i

_1
ZMNN) =g FMNN Gy = 4 D 14 € '
B — ) 2% |, 812( l) —(2+L)

8l
N oo enl
=+ dl T A
21 Jo n**(3 +2il)
Expanding this expression with the help of Eq. (6.70), we find

o0
ZMEN () = 4 F dl <e4”’ — 2443244 — ) .

Tadpole Cancellation Condition

After having determined the divergent contributions of the one-loop amplitudes, we
can now combine them into the full expression. Leaving out the torus amplitude, we
find
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1 /~ ~ ~
5 (ZK(025,025)(1) + 70NNy 4 ZM(N,N)(I)>

oo
=2—26/ dl( e (220 £2-25N + N?)
0 (6.76)

24 (226:F2.2‘3N+N2)

+324e‘4”’(226j:2-213N+N2) + o >

The first terms with prefactor ¢*”! stem again from the tachyon which in a more
realistic theory, e.g. Superstring Theory, should be absent. We will therefore ignore
this divergence. The next line with prefactor 24 corresponds to massless states which
will not be absent in more refined theories. However, we can simplify this expression
by noting that

2
(2%F2 25N+ N ) = (25 N)

We thus see that by taking N = 2'3 = 8192 D25-branes and choosing the minus
sign corresponding to SO(N) gauge groups, the divergence is cancelled. In sum-
mary, we have found that

For the orientifold of the bosonic string with N = 8192 D25-branes
and gauge group SO(8192), the divergence due to massless states is can-
celled. This is the famous tadpole cancellation condition for the bosonic
string.

Finally, it is easy to see that the proceeding terms in Eq. (6.76) with prefactors e~#*/

and powers thereof do not give rise to divergences in the integral.

Remarks

e Here we have discussed a very simple example for a CFT with boundaries. The
next step is to generalise these methods for the superstring, in which case we
have to define boundary and crosscap states for the CFT of the free fermion. The
orientifold of the Type IIB superstring defines the so-called Type I string living
in ten dimensions and carrying gauge group S O(32) instead of SO(8192).

e Many examples of such orientifold models have been discussed for compactified
dimensions. These include orientifolds on toroidal orbifolds and also orientifolds
of Gepner models. For this purpose, one first has to find classes of boundary and
crosscap states for the N/ = 2 unitary models and then for Gepner models, in
which the simple current construction is utilised in an essential way. Finally, one
has to derive and solve the tadpole cancellation conditions. All this is a feasible
exercise but beyond the scope of these lecture notes.
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Concluding Remarks

Let us conclude these lecture notes with some remarks. Although we have covered
many aspects of conformal field theory, we could only scratch the surface and pro-
vide an introduction to a collection of CFT issues. For further reading and study, we
have provided a list of essential references at the end of these notes.

However, coming back to our introduction, this course was meant to accompany
a string theory lecture as part of the 2007 newly established “Theoretical and Math-
ematical Physics” master programme at the LMU Munich. As a consequence, we
put special emphasis on computational techniques in CFT which are important for
string theory and had to neglect directions in CFT which are also important but have
their roots in Statistical Physics or pure Mathematical Physics. For the interested
reader, let us give a (incomplete) list of developments not covered in these notes:

e We have focused on unitary CFTs, as they are important for string theory, though,
it is well known that non-unitary CFTs with negative central charge play a very
important role for statistical integrable models in two dimensions. These issues
are discussed for instance in the book by di Franceso, Matthieu, Sénéchal.

e We have only mentioned the basics about symmetry algebras in CFT. In particu-
lar, the field of Ka¢—Moody algebras would have deserved a much more detailed
discussion, as they also play a very important role in mathematics. Their gen-
eralisation to ¢;9 and ¢;; might turn out to be essential for a non-perturbative
formulation of String and M-Theory, respectively. Similarly, the vast field of W
algebras could only be touched.

e We have discussed some aspects of free field CFT, however, interacting CFTs
can be constructed from free fields by allowing for a non-vanishing background
charge. This is the celebrated Feigin—Fuks construction which we also did not
cover.

e Again related to non-unitary CFTs, we did not touch the very much discussed
Logarithmic conformal field theories.

e There exist a number of interesting attempts to develop an axiomatic approach to
CFT which we did not mention, since our emphasis was on applications of CFT
techniques to string theory.
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Knizhnik-Zamolodchikov equation, 99, 102

L

Laurent expansion, 22, 26, 59, 88, 114

loop-channel — tree-channel equivalence, 214,
223,227,235

M

Mobius strip, 230
diagram, 237, 238
diagram free boson, 242
diagram RCFT, 247
fundamental domain, 237
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modular parameter, 237

partition function, 234, 238

partition function bosonic string, 253
minimal model, see unitary series
model

Ising, 75, 105, 136

three states Potts, 75, 109, 151

tri-critical Ising, 75, 175
modular group, 117-119, 173
modular parameter

cylinder, 211

Klein bottle, 236

Mobius strip, 237

torus, 116, 117
modular transformation

S-transformation, 117, 224

T -transformation, 117

U -transformation, 117

Dedekind n-function, 122, 138

invariance under S, 129

‘P-transformation, 243

P-transformation, 245

®-function, 127, 128

¥ -function, 138
momentum operator, 22, 119, 218
monodromy charge, 157, 158
multiplet

BPS, 183

gravity, 202

hyper, 202

vector, 202

=z

=1

coset construction unitary series, 106, 175
energy-momentum tensor, 173
extension free boson, 170

SCFT, 169

super OPE, 174

super primary field, 174

super quasi-primary, 174

super Virasoro algebra, 172
superfield, 173

unitary series, 174

N =2

coset construction unitary series, 187
extension free boson, 175

SCFT, 175

super chiral field, 181

super primary field, 181, 182

super Virasoro algebra, 177

unitary series, 178, 184, 187

unitary series, S-matrix, 189

Index

unitary series, character, 189

unitary series, fusion rules, 190
Neveu-Schwarz sector, 58, 59, 115, 185, 193
Noether’s theorem, 19
normal ordered product, 38

quasi-primary, 40
normal ordering, 38

0
operator
annihilation, 38
anti-unitary, 226
Casimir, 94
CPT, 220, 227
creation, 38
fermion number, 134
spectral flow, 187
world-sheet parity, 231
operator product expansion, 25
energy-momentum tensor, 26, 174
free fermion, 59
general form, 34
ghost system (b, ¢), 68
Kac¢-Moody currents, 88
N =1 super primary field, 174
non-chiral fields, 82
primary field, 26
simple current, 158
orbifold, 139
fixed point, 141
partition function, 142
twisted sector, 140
ordering
normal ordering, 38
radial ordering, 24, 59
orientifold, 231
action, 229, 241
plane, 239-241
projection of bosonic string, 248

P
P-matrix, 245
parafermion, 152, 154
partition function, 118, 119
bosonic string, 199
charge conjugate, 228
cylinder, 211, 212
free boson, 121, 122, 213
free boson on a circle, 124
free boson, N/ = 2 extension, 179
free fermion, 136
Gepner model, 200
Klein bottle, 232
Mobius strip, 234
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simple current, 161 central charges, 191, 248
summary, 155 compactification, 190, 203
torus, 119 gauge group, 253
(1), 129 heterotic string, 191, 203
7Z,-orbifold of free boson, 141 space-time supersymmetry, 195, 197
pentagon identity, 86 tachyon, 251
perturbation theory Type 1, 248, 255
one-loop, 113 Type 1IB, 201, 211, 255
tree-level, 113 string-function, 97, 153, 188
Poisson resummation formula, 124 Sugawara construction, 88
propagator, 46, 68 superspace, 173
R T
radial quantisation, 21 T-duality, 125, 142
Ramond sector, 58, 59, 115, 135, 185, 193 T-matrix, 143

reflection coefficient, 227, 247

. ! tadpole cancellation condition, 254
Rogers di-logarithm, 166

Teichmiiller space, 249
®-function, 126-128, 146, 179, 189
¥ -function, 137-138, 179
torus, 230
compactification, 115
complex structure, 116
fundamental domain, 116
lattice, 116
modular group, 117
modular parameter, 116, 117
partition function, 119, 238
partition function bosonic string, 250

S
S-matrix, 142, 229
for u(1), 128
for 50(10);, 192
for 50(2);, 180
for su(2);, 147
for Vir,, 150
N = 2 unitary series, 189
parafermion, 153
simple current, 159
summary, 155
scale factor, 6, 9, 12
Schwarzian derivative, 27, 115
simple current
boundary state, 229

U
unitary representation, 73
unitary series

definition, 157 N = 1 super Virasoro, 106, 174
Gepner model, 195, 197 N = 2 super Virasoro, 178, 184, 187
N = 2 unitary series, 190 Virasoro, 74, 80, 104
OPE with primary field, 158 W(2,3), 109
orbit, 158
partition function, 161 v
S-matrix, 159 Verlinde formula, 86, 143, 144, 228
special conformal transformation, 9 Verma module, 42, 70
spectral flow, 184, 197 vertex operator, 50, 65
state charge, 51, 53
asymptotic, 22, 23 conformal dimension, 53
boundary, 214, 215 current, 53
crosscap, 236 free boson on a circle, 125
crosscap Ishibashi, 245 states in Hilbert space, 132
highest weight, 70 two-point function, 53
Ishibashi, 226
norm, 35 w
null, 71, 72 ‘Ward identity, 29, 100
string theory world-sheet duality, see loop-channel —
bosonic string, 248 tree-channel equivalence

Calabi-Yau manifold, 190, 203 world-sheet parity operator, 231
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