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Abstract

In this thesis we study conformal invariance of two-dimensional physical
systems, and its connections to the Virasoro algebra. We first discuss how
symmetries relate to Lie algebras, and how the Virasoro algebra
corresponds to conformal symmetries. We then study the theory of the
free open bosonic string. Starting with the Nambu-Goto action, we first
solve the equations of motion of the classical string using the light-cone
gauge. From there, we construct the quantum theory and show it is
indeed a representation of the Virasoro algebra. We then look more
directly into representations of the Virasoro algebra. We define lowest
weight representations and Verma modules, and discuss reducibility of
the latter.
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Introduction

Many algebraic structures in theoretical physics arise through symme-
tries of physical systems. Symmetry is a fundamental concept in modern
physics, and it is no wonder Nobel laureate P. W. Anderson once said: “it
is only slightly overstating the case to say that physics is the study of symmetry”
[ ]. The essential role of symmetry becomes clear via Noether’s the-
orem, which states that families of spacetime symmetries correspond to
conserved quantities. For example, invariance under translations induces
conservation of momentum, and similarly rotational symmetry results in
conserved angular momentum. In these two cases, the set of symmetries
forms an algebraic group under composition, since both translations and
rotations are invertible. However, one often encounters symmetries which
do not follow this pattern: these symmetries may not be invertible or may
only be defined locally. A set of such symmetries does not generally form a
group, yet one can still study them by looking at their infinitesimal genera-
tors. These generators naturally form a Lie algebra, a vector space endowed
with a certain antisymmetric bilinear operation.

Apart from translating or rotating the target space, another natural trans-
formation is scaling. Scale invariance might at first glance seem an un-
likely property of any physical system, as physical systems usually have
some defined notions of size and mass. However, certain theories such
as the Ising model do, under certain conditions, show scale invariance.
A generalisation of proper scaling transformations are transformations
which infinitesimally only scale, but globally may exhibit more involved
behaviour. Such transformations are exactly those transformations that
leave angles invariant, which are referred to as conformal transformations.
Generally we may take the target space to be R" for some n € Z>,. For
n > 2, any invertible conformal transformation which is only locally de-
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8 Introduction

tined, i.e. it is defined on some open subset of R", can be extended to a
globally defined invertible conformal transformation [ ]. This results
in a finite number infinitesimal generators. In the two-dimensional case,
however, such extensions are not possible in general, and one obtains an
infinite set of generators. Conformal invariance in two dimensions is there-
fore very restrictive compared to higher dimensional cases, which makes it
easier to determine the dynamics of conformally invariant systems in two
dimensions. In this thesis, we solely focus on two-dimensional conformal
theories and the Lie algebra structures they contain, namely the Witt and
Virasoro Lie algebras. In particular, we investigate the algebraic structure
of the simplest of such theories which is given by lowest weight representa-
tions of the Virasoro algebra. First, however, we will discuss one particular
physical example of a conformal theory, given by bosonic string theory.

String theory is often advocated as a theory of everything. In this theory,
the fundamental building blocks of nature are thought to be strings in-
stead of elementary particles. While the theory was originally meant to
merely describe the strong interaction, it was later found to contain parti-
cles with the properties of the photon and the hypothetical graviton, the
mediator of gravity [ ]. This led to string theory being considered
in a much broader context, namely as a theory in which both quantum
mechanics and Einsteins theory of relativity are united. Although a multi-
tude of string theories has risen over the years, for our purposes it suffices
to study the simpler bosonic string theory, and leave out the supersym-
metrical counterparts involving fermions. The strings in string theory are
micoroscopic one-dimensional objects which trace out a two-dimensional
surface in spacetime as they propagate through time. This surface is called
the world sheet. Conformal transformations of the world sheet leave the dy-
namics of string invariant, which indeed makes string theory a conformal
tield theory in two dimensions. In the quantum theory of the string one
therefore obtains a representation of the Virasoro Lie algebra, as we will
show for the open bosonic string.

In chapter 1 we cover the necessary groundwork on which the following
chapters are build. This includes a definition of metrics, the framework of
Lagrangian mechanics and a short introduction into quantum mechanics.
In chapter 2 we develop the basics of the theory of Lie algebras and their
representations, and investigate the Lie algebras corresponding to confor-
mal transformations. In chapter 3 we discuss the open bosonic string and
formulate a quantum theory. We finish in chapter 4 by studying elemen-
tary representations of the Virasoro algebra, namely lowest weight repre-
sentations.
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Chapter 1

Preliminaries

In this chapter we give a short review of general concepts that will be used
and discussed within this thesis. These concepts include metrics on vector
spaces, Lagrangian mechanics and quantum theory.

1.1 Metrics

Throughout this thesis we will often encounter notions of length, area and
angles on different sets. Although the reader should be familiar with these
concepts, they might be surprised as we use a slightly generalised notion
of length and area, which might result in negative values. We will there-
fore introduce precise definitions for these concepts.

1.1.1 Distances

Metrics are defined through inner products, for which we use a more gen-
eral definition than is conventional.

Definition 1.1. Let V' be a real vector space. An inner product on V is a map
VxV =R, (v,w) — v-w which is bilinear, symmetric, and admits a basis B
of V such that for all b,c € B we have

o ifb £«
(b,c) = {il e (1.1)

For finite dimensional vector spaces this last property simple means the
inner product is non-degenerate, since it directly implies no nonzero vec-

9
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10 Preliminaries

tor is orthogonal to every basis vector. One should note we explicitly do
not require an inner product to be positive definite, which is usually in-
cluded in the definition. As a consequence, the inner product of a vector
with itself might be zero or negative. The advantage of this is that if we
want to view our vector space as spacetime, we can distinguish between
time and space directions. Any vector whose inner product with itself is
negative can be thought of as pointing in a timelike direction. In line with
this idea, a vector v € V with 0> > 0,9? = 0, 9> < 0 will be called spacelike,
lightlike or timelike respectively. We can now use inner products to define
metrics.

Definition 1.2. Let n € Z~>1, let M be an n-dimensional real smooth manifold,
and for each x € M let Ty M be its tangent space. A metric on M is a map
g : M — Bil(TyM x TyM,R) such that for all x € M the map g(x) is a real
inner product and such that for any smooth curve v : (—1,1) — M the map

£ g(v(D) (7' (1), 7/ (1)) is smooth.

A manifold with such a metric is called a pseudo-Riemannian manifold.
Given two vectors v, w in some tangent space TxM we will often shorten
notation and write v - w instead of ¢(x) (v, w), if it is clear what is meant
by this. Accordingly, > means g(x)(v,v). A simple but very important
example of a pseudo-Riemannian manifold is Minkowski space.

Definition 1.3. For d € N, the d + 1-dimensional Minkowski space is the
vector space R4 := R x RY. We write its elements as x = (x°, %) for x0 €
R and # = (x,...,x%) € R? This vector space is endowed with the dot
product R4 x R1A) 5 R given by

d . .
xoy= (%) (v §) = -2y + ) xy (12)
i=1
Here we identified R4 with its own tangent space.

A common alternative for the definition of this inner product is via matrix
multiplication. In order to do this, one defines the (d + 1) x (d + 1) matrix

-1 00 ... 0
0 10 ...0
n= 0O 01 ...0]1, (1.3)
0 O 0 1
and
x-y=1yTyx, (1.4)

10
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1.1 Metrics 11

where all multiplication on the right-hand side is ordinary matrix multi-
plication. Yet another way of writing such an inner product is via Einstein
notation. Within this notation, summation symbols are suppressed and
instead implied by repeated higher and lower indices. For example

d

d
" xuyy = Z Z " xuyy = yTnx = x - y. (1.5)
u=0v=0

Any linear map L : R(4) — R4 which preserves this inner product is
called a Lorentz transformation. In particular such transformations preserve
the “distance squared”. Special relativity tells us that any physical system
is invariant under a Lorentz transformation; the laws of physics do not
change when a Lorentz transformation is applied.

A pseudo-Riemannian manifold has more structure than a general man-
ifold, as it provides a notion of distance and angles on the manifold.
One should here distinguish between curves that follow spacelike trajec-
tories and ones that follow timelike trajectories. That is, given a curve
v :[0,1] — M such that 7/ is always spacelike, the length of 7y is defined

as
length(y / dxy/ ' ( (1.6)

whereas for such v where 7/ is always timelike, the proper time elapsed

along 7y is
1
ti = dty/—v'(t)2. 1.7
proper time(7) := [ dty/='(1 (17)

Proper time is an important concept, as it can be used to determine the
behaviour of a single relativistic point particle. However, it will not be
sufficient in string theory, for the simple reason a string traces out a two-
dimensional surface, which has both space and time directions. In this
specific case, we will be faced with a map of the type v : [0,1]> — M,
(0,7) — (o, T) such that 8—7 is spacelike and 8—7 is lightlike, and we need
to define its area. This def1n1t10n would have to depend on 37 and 87 and
be invariant under reparameterisations. The correct definition in thls case

is
oy a’r I\ (97’
area(y / dr/ao \/ BT 80 (E)T) (aa ) (18)

11
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12 Preliminaries

oT  Jdo T
the square root is positive, so this expression is well-defined. Moreover, it
depends, up to a sign, linearly on both derivatives, which is an expected
property of any area functional.

Since all of (al a—7> , (aly) and (g—g)z are positive, the quantity in

1.1.2 Angles and conformal maps

Returning to the setting introduced in the previous section, where we have
some manifold M with a metric, the metric gives rise to another interesting
notion, namely that of angles. However, we will only be using angles
in the case of a positive definite metric, so this will be assumed in the
remaining of this chapter. Angles are defined in the following manner.

Definition 1.4. Given two curves 7,6 : (—1,1) — M intersecting at some
x € M at time t = 0 (by which we mean that v(0) = 6(0) = x), the angle «
between <y and § is defined by

$(1)(7(0),6'(0)) |
= D0 0), 7(0) -3 (0, 70) (42
Y(0)-80) w10
V7'(0)25'(0)2 '

This expression should be familiar, as it is simply a generalisation of the
formula x - y = cos(«) ||x|| ||y|| which holds in Euclidean space. We can
now define so called conformal maps, which are maps between manifolds
that preserve angles.

Definition 1.5. Let n € Z>q, let M and M’ be n-manifolds and let ¢ and g’
be metrics on M and M’ respectively. A conformal map from M to M’ is a
differentiable map f : M — M’ such that for all x € M and for all v,w € TxM
we have

8 (f(0) (f (x)o, f (x)w) = A*(x) - g (x) (v, w). (1.11)
for some smooth map A : M — R.

It should be clear that a conformal map preserves angles as defined in
(1.9). As we are specifically interested in conformal maps and conformal
invariance in two dimensions, we will restrict ourselves to the case M =
R2. Here R? is equipped with the standard metric g(x) = (-,-), which
assigns to every point the standard (Euclidean) inner product. Moreover,
in order to classify the conformal maps on IR?, we use the isometry C —»

12
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1.1 Metrics 13

R? given by a + bi > (a,b) to identify R? with the complex plane. Since
we are working with a constant metric, (1.11) simplifies considerably to

{f'(x)o, f (x)w) = A*(x) - (v, w). (1.12)

The set of all conformal maps is now easily determined; we show all con-
formal maps on the plane are either holomorphic or antiholomorphic.

Proposition 1.6. Let U C IR? be an open non-empty subset and let f : U — R?
given by z + (f1(z), f2(z)) be a conformal map (where both U and R? are
equipped with the standard metric mentioned above). Then, if f is viewed as a
complex function, f is either holomorphic or antiholomorphic. In other words,
either f or its complex conjugate is holomorphic.

Proof. First note that for all z € U the derivative of f is just its Jacobian
matrix

df(z) = (Sgﬁ; gig) , (1.13)

where d, f; and 9, f; are the partial derivatives of f; to the first respectively
the second coordinate. By substituting the (orthonormal) standard basis
vectors in the place of v and w in (1.11), the right-hand simplifies to either
zero or A?(x). To be more concrete, let i,j € {1,2}, and let v = ¢; and
w = ¢;. Then by (1.11) we get

A2(x) - 6; = A*(x) - (v,w) = <(gi£ g%) ‘i (gig gig) ej>

B < (gig) ' (%;) > =difi-9jf1 +0if2-9jf2, Y
and in particular
(0xf1)* + (9:f2)* = A*(x) = (3y/1)* + (3yf2)° (1.15)
and
dufi - dyfy +3yfa - dxfa = O. (1.16)

To prove f is either holomorphic or antiholomorphic, we now transition
explicitly to the complex plane. We write z = x + iy and z = x — iy (and
equivalently x = 2% and y = %), and we view f as a complex valued

function via f = f; 4 if,. We will finish the proof by showing that either

13
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14 Preliminaries

d.f =0, 0rdzf = 0, since these conditions are equivalent to f being holo-
morphic in the first case, and antiholomorphic in the second case. To do
this, we will first need explicit expressions for d, and 0s.

For a general function g(x, y) we may apply the chain rule to find explicit
d

expressions for d; = 5~ and d; = % in terms of dy and d,, namely as
ogox L dgdy _dgl ogl _

1.
080 Y) = 5y az Tayar —axa oy 20 s (117)

and

) _dgox dgdy _dgl dgl 1 .
02800 Y) = 503z Tayaz —oxa oy 2O Hids (L18)

d0x—1i0 Ox-+id .
Hence we conclude 9, = — 21 Y and 0; = ";l Y. We can now directly

calculate the product (df)(9zf) by splitting the real and imaginary part.
We have

4(0:f)(0zf) = ((0x —i0y) (fr +if2)) - ((0x +19y)(f1 +if2)),

*

SO

4Re((02f)(9zf)] = (dxf1 + ayfz)(axfl - ayfz) + (0xf2 — ayfl)(BXfZ + ayfl)
= (aXf1)2 - (any)z + (axfz)z - (ayfl)Z
=0

and

4Im[(8zf) (aif)] = (afo - ayfl)(aXfl - any) - (aXfl + any)(afo + ayfl)
= —20xf19y f1 — 20 f20y f2
=0.

Both the “= 0” follow directly from (1.15). Hence either d,f = O or dzf =
0, which completes the proof. Note that in the case where in some point
both d.f and 0; are zero, we simply have f' = 0 which implies A = 0,
which is excluded by definition of conformal maps. O

Remarkably, the situation in two dimensions is unique, in the sense that
the set of conformal transformations is “very large”. It can be shown that

*Here we use the identities Re(zw) = Re(z) Re(w) + Im(z) Im(w) and Im(zw) =
Im(z) Re(w) — Re(z) Im(w) for complex numbers z, w € C.

14
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1.2 Lagrangian mechanics 15

in higher dimensions, all conformal transformations can be obtained by
taking combinations of translations, rotations, dilatation, reflections, and
so called special conformal transformations [ ]. The latter are given
by
x— (x,x)b
1—2(x,b) + (x,x)(b,b)

for some b € R", and are obtained by doing an inversion (x + ﬁ),
translating by b and doing another inversion. The set of conformal trans-
formations (in more than two dimensions) is therefore generated by only
a finite set of infinitesimal transformations [ ]. More formally, the
Lie algebra corresponding to these transformations is finite dimensional.
The contrary is true in two dimensions, as the set of holomorphic trans-
formations requires an infinitely set of generators. This implies conformal
invariance in two dimensions is much more restrictive than it would be in
higher dimensions, which motivates the study of this specific case.

X —

1.2 Lagrangian mechanics

As we will see, string theory provides an example of conformal invariance.
The theory of the open bosonic string in chapter 3 will be formulated via
a Lagrangian. We will give a brief introduction to Lagrangian mechanics
and treat the example of the relativistic point particle.

1.2.1 The Lagrangian

In order to formulate Lagrangian mechanics we need a way to describe
physical objects and their motions. We do this by giving a parameterisa-
tion, which requires two main ingredients: a parameter space and a target
space. The parameter space tells us what the object looks like and the time
period we are interested in. For simplicity we will always assume our
object is a smooth connected manifold M, which justifies us to take the pa-
rameter space to be M x R. Here IR represents the time domain. The target
space is the space in which the object moves. In the simplest case this is
flat spacetime, where the metric is constant, which is exactly Minkowski
space. These observations justify the following definition.

Definition 1.7. A parameterisation is a differentiable map X : R x M —
R written as X = (X0, X1,..., X%) = (X°, X) such that the following hold:

e Foreach t € R the map M — R given by m — X(t,m) is injective.

15
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16 Preliminaries

o Foreach (t,m) € R x M the vector & X (t, m) is either timelike of lightlike.

The above requirements are clearly necessary for our definition to repre-
sent any physical object, but they will not be sufficient for specific pur-
poses. For instance, no physical laws are incorporated within this defini-
tion, hence additional requirements will be made dependent on the spe-
cific context. The way this will be done is through a Lagrangian.

We will formulate Lagrangian mechanics in natural units. This means we
set

c=h=1, (1.19)

where c is the speed of light, and /i the reduced Planck constant. This
means we measure time, distance and inverse energy in the same units.
Especially the fact that we do not distinguish between distance and time
units seems reasonable, since relativity tells us space and time are not fully
distinct but can be mixed instead. The biggest advantage of natural units
is that it cleans up formulas without loss of information, as the correct
quantities of ¢ and # can always be recovered by comparing units.

Definition 1.8. A Lagrangian density is a map which assigns to each parma-
terisation X a function L(X) : R x M — R, which depends differentiably on X
and the derivatives of X. The associated Lagrangian is the function L(X) given

by

The Lagrangian has units of energy.

Definition 1.9. Given a parameterisation X and a Lagrangian L as in defini-
tion 1.8 and a closed interval [t;, t¢] with more than one point, the action is
given by

t t
i) (X) = /t»f/ME(X) av dt:/th(X) dt. (1.20)

Often the subscript will be omitted if the interval is clear.

It follows that the action is dimensionless in natural units. We are now
able to state the primary axiom of Lagrangian mechanics.

Definition 1.10. A parameterisation X is said to describe a (classical) physical
object if for every closed interval [t;, t;] and every differentiable map Y : R x
M — RO such that forallm € M, Y (m, t;) = Y (m, tr) = 0, we have

0

gS(X +€Y)=0, withe € R, (1.21)

16
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1.2 Lagrangian mechanics 17

Solving this equation generally fixes a set of equations of motion, which
may need to be supplemented with separate boundary conditions. It is
important to note that although an action can be used to fully fix the equa-
tions of motions, the action that does this is not necessarily unique. For
example, scalar multiples of an action give the same equations of motion,
but actions which look vastly different may also have the same solutions.
This can be exploited when studying a system, as different actions can
expose different properties, such as symmetries, of a system. This is some-
thing we will use in the study of the conformal properties of the free string,
in chapter 3.

Another useful result from Lagrangian mechanics states that if L(X) only
depends on X and the first order derivatives of X, and if X explicitly de-
pends on a set of parameters (y, ..., {», then the requirement of the action
being stationary in X is equivalent to the Euler-Lagrange equation, which is
given by

— =Y —Pi=0 (1.22)

where P¢ are the conjugate momenta defined by
oL
X

2(%X)

Pl =

: (1.23)

1.2.2 The free relativistic point particle

We will discuss a short example of Lagrangian mechanics, namely the free
relativistic point particle. By definition 1.7 a parameterisation of a point
particle is a map X : R x {point} — R4, but to simplify notation we
will view this as a map X : R — R4, Given a time interval [t;, t] CR,
the action is then given by the proper time that has elapsed on the path that
our particle traces out in the target space. This means we set

2
L=my|— (a_x> (1.24)

S5(X) = m/t;f,/— (%—}f)zdt. (1.25)

17
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18 Preliminaries

The mass is included to make sure the dimensions are correct. For simple
parameterisations which are taken in the static guage, which means X (t) =
(t, X(t)) for all ¢, this means we take

(1.26)

Note that since the particle is assumed to travel slower than the speed of
light, 2% 5; is assumed to be timelike. Therefore, the term within the square
root is indeed positive, and this expression is well-defined. If we were
now given a path Y as in definition 1.10, we have

t
S(X +€Y) —m/f\/ X+€Y> dt.
ty 09X X\ /aY oY\ 2
- ¢ (2 e (2) () - (2) e

Here we can do a Taylor expansion with respect to €, and discard any
terms of order 2 or higher. We will also introduce the notation X = aa—)f.

This gives

S(X+e€eY)~ m/tltf ( (X)Ze%l?) dt.

We can now calculate aa—€S(X + €Y) directly, were we use integration by
parts in the third equality:

9 §(X +eY) = lim 2 X+ = SX)

oe e—0 €
t
m/f d Y dt.
# )2

t X _
Y L
o= X 2
= m —_—
But by the assumptions made on Y in definition 1.10 we have Y (t;) =
Y(tf) = 0, so the first term vanishes. This implies the second term also

18
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1.3 The quantum formalism 19

has to vanish for every path Y, and this gives us
m—— | ——=| =0. (1.27)

To interpret this result, we return to the static gauge, where X(t ( ) =

(t,X(t)). Here We can define V(t) = 4£X, which gives us X = (1, V(t)).
1-

Additionally \/— becomes \/11—V which can be recognised as the re

ativistic Lorentz factor y. If we now look at the spacial part of (1.27), we
find % (7\7) = 0, which tells us exactly that the relativistic momentum

p=ymV (1.28)

is conserved. This is the known equation of motion for a single particle
in the absence of forces, which establishes the idea the Lagrangian was
chosen properly. Moreover, this implies the direction of V is constant.
Additionally, since we have

1 1 1— V2 .
= = = 1-V7 (1.29)
1+(yV)?2 1+ 1YV2 1-V2+V2

the conservation of 7V implies the conservation of V2, and so V is itself
constant. Therefore, a full description of the trajectory of the point parti-
cle can now be described by fixing a value for V(0) = Vj, from which it
follows that

0)+/O V(tar :X(O)+/ Vodt' = X(0) +tVo.  (1.30)
0

Hence the full trajectory is determined by the initial position and the initial
velocity, or equivalently by the initial position and the initial momentum.

1.3 The quantum formalism

The Lagrangian formalism described in the previous section can be used
to describe a classical system. Given a Lagrangian, equations of motion
can be derived, which tell us exactly which parameterisations are allowed.
These equations of motion usually take the shape of a set of differential
equations, which in general do not have a single unique solution, but more

19
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20 Preliminaries

so a family of solutions, characterised by some free variables. For example,
the relativistic point particle can be completely described by fixing an ini-
tial position Xp and an initial momentum 7. In a quantum theory of this
classical system these free variables are now turned into Hermitian oper-
ators on some state space, with appropriate commutation relations. Here,
one can opt for either Schrodinger or Heisenberg operators. Schrédinger
operators remain constant in time while their states change, while Heisen-
berg operators change over time while their states remain the same. Since
in chapter 3 we will work in the Heisenberg picture, we will now illustrate
how one can transition between the two pictures.

In the case where the Schrodinger Hamiltonian is time-independent, any
state 1 evolving according to the Schrodinger equation

2 9(t) = Hy(1) (131)

satisfies ¢(t) = e *H!yp. Therefore, the operator ¢! sends any time de-
pendent state to a time independent one. Hence, given any Schrodinger
operator O, the corresponding Heisenberg operator is O(t) = e/t Qe =,

since for any state ¥
O(t)y = M Oe My = M (Op(1)), (1.32)

which is indeed O (t) brought to rest. Consequently, the time evolution
of a Heisenberg operator can neatly be calculated from its commutator
with the Hamiltonian, via

J _ J iHt ) ,—iHt
atO(t) = at(e’ Oe | ) | |
— (iHeth)Oe—th +ethO(_iHe—1Ht) (1.33)
=iHO(t) —iO(t)H
= i[H, O(t)].
We will now derive one final result, which states that for any two
Schrodinger operators O and U the equality [O(t),U(t)] = [O,U](t)
holds. This simply follows from the following calculation:
[O@),U(H)] = O)U(t) =U(H)O(t)
— ethue—thethoe—th _ ethue—thethOe—th
_ piHt (e~ Ht _ ,iHty o) p—iHt (1.34)
— eth[O u]efth
(O, U](t).

20
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1.3 The quantum formalism 21

This result is for example useful in the common case when one has two
Schrodinger operators g and p, which represent some position and the
corresponding conjugate momentum. These operators should have the
canonical commutation relation [g, p] = i, hence it follows their Heisen-
berg counterparts satisfy [q(t), p(f)] = i. More generally, (1.34) allows
us to (often implicitly) switch between the Schrodinger and Heisenberg
pictures more easily. This will be an advantage in our discussion of the
quantum theory of the bosonic string in chapter 3. First however, we treat
the shorter example of the quantum harmonic oscillator.

1.3.1 The quantum harmonic oscillator

In order to establish a quantum theory of the harmonic oscillator, we first
describe the classical theory. A classical harmonic oscillator is a physical
system whose kinetic energy is proportional to its velocity squared, and
its potential energy is proportional to its position squared. Hence, if the
position of the particle is given by ¢(t), the Lagrangian can be written as
L(t) = 324(t)* — Ynq(t)?, for suitable constants { and 7. Since scaling of L
does not change the behaviour of the system, we may assume it is of the
form

1, ws
L_Zw 2q. (1.35)

Then the conjugate momentum to g is

oL 1.
p= % =7 (1.36)
and the Hamiltonian is given by
e S B S S
H=pj—L=-q"+5q =5 +10°). (1.37)

In order to quantise this oscillator, we introduce Hermitian Schrédinger
operators p and g, with canonical commutation relation [g,p] = i. We

then define the operators a = \% (p — ig) and its adjoint at = \% (p+iq).

A direct calculation then tells us that [a,a’] = 1, and we can retrieve p
and = L fand g = Z(a—a'). Th ite th
gasp \/E(a—ka ) and ¢ \/E(a a"). Thus we can rewrite the
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22 Preliminaries

Hamiltonian as

H=Z ) =5 ((a+a") ~(a—a)

w 2 2

:Z<(a2—|-a+ +aa" +ata) — (a®+a' —aa*—a’La)) (1.38)
_ W 4N W ) t_ 1

=5 (aa +a a> =5 <aa +aa’ —[a,a ]) = w(aa 2).

Here we recognise a' and a as raising and lowering operators respectively,
since for any eigenstate |/1) of H with eigenvalue /1, we have

H(a |h)) = w(aa’ — %)a ) = a (w(a+a - %) |h)>
— aH ) 1)) = (h — w)(a|h)

(1.39)

and
H(a' |h)) = w(aa® - %)a’L |h) = w(a'a + %)Lfr |h)
— at(H +w) ) = (h+w)(a" |R).

Hence a' and a raise and lower the H eigenvalue (or energy) of states,
which justifies the name. They are also often called creation and annihilation
operators, as they take this role in a more general quantum field theory.
Additionally, (1.38) gives us

(1.40)

wa(t)at(t) = eMMtaate Mt = oM (H + %)e_th =H+ % = waa®. (1.41)

We can now compute a(t) using all previous results:

%a(t) (1.39) i[H,a(t)] (129 iwlaa® —1/2,a(t)]
C2D iola(t)at (1), a(t)] = iwa(t)[at (), a(t)] (142)
(1.34)

=" iwa(t)[a’,a](t) = —iwa(t).

The differential equation is solved by

a(t) = e vy, (1.43)
and consequently
at(t) = e“tat. (1.44)
We then obtain
q(t) = %(aei“’t —a'eh), (1.45)

22
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1.3 The quantum formalism 23

1.3.2 Symmetries and Noether’s theorem

So far we have formally defined what we view as a classical or quantum
system. In this thesis we are primarily interested in systems that have con-
formal symmetry. The precise definition of a symmetry depends on the
context. In our framework, where we have some Lagrangian L, a symme-
try is a smooth map h : R(\4) — R(14) such that L(h o X) = L(X), and h s
everywhere locally bijective, which means its derivative is always invert-
ible. Symmetries can often be described by one-parameter families, which
are sets {; }scr of symmetries such that s+ = hs o b, and in particular
ho = id. It is important to note such families are fully determined once
they are known in any neighbourhood of s = 0. Hence, a one-parameter
family of symmetries is already fully fixed once one knows its behaviour
around s = 0, i.e. once one knows

oh = % .
ds s=0

The map dh is called the infinitesimal transformation corresponding to the
family {hs}scr. The generator of the transformations is the differential op-
erator 6hV, where V is some formal differential operator acting on the
parameter space, whose precise definition depends on the specific con-
text. It can be shown that the set of the differential operators obtained this
way is closed under the commutator, and hence this set forms an algebraic
structure which is known as a Lie algebra [ ].

On the other hand, Noether’s theorem tells us that for such a family {4 }ser
we get a conserved charge Q, which in the quantum theory becomes a
Hermitian operator. This operator then generates the symmetry transfor-
mation the classical charge originated from, and the set of these operators
is also closed under the commutator, and we again obtain a Lie algebra.
The two Lie algebras we have obtained are connected: the algebra of the
quantum operators is isomorphic to (a central extension of) the complexifi-
cation of the algebra of classical generators. For example, in the next chap-
ter we will show that the classical generators of conformal transformations
form the Witt algebra, which implies that the corresponding quantum the-
ory should be a representation of the central extension of the Witt algebra,
which is the Virasoro algebra.

A similar argument can be made for Lorentz invariance. The Lagrangian
of the harmonic oscillator which we previously analysed is invariant un-
der Lorentz transformations, and Noether’s theorem hence implies there

23
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are conserved charges. Explicitly, these charges are given by
MW = xtp¥ — p¥xt, (1.46)

which in the quantum theory turn into operators with commutation rela-
tions

[MFY, MP?] = igh® M7 — in*P MM + igh” MPY — in*” MPF. (1.47)

These commutation relations defines the Lorentz lie algebra. Any quan-
tum theory which is compatible with special relativity has to be Lorentz
invariant, and therefore it has to contain a set of operators satisfying these
relations. In chapter 3, this fact will be used to conclude bosonic string
theory can only exist in 26 spacetime dimensions.

In conclusion, we can describe symmetries of both classical and quantum
systems through Lie algebras. This inspires us to study Lie algebras in
more detail. In particular, we will in detail study the Lie algebra associated
to conformal symmetries, namely the Virasoro algebra.

24
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Chapter 2

The Virasoro algebra

In this chapter we study Lie algebras, the natural algebraic structure as-
sociated to symmetries. In particular, we will study the Virasoro algebra,
which is the Lie algebra associated to conformal transformations. We start
with the general theory of algebras and Lie algebras, including the nec-
essary concepts of homomorphisms and ideals. We then define represen-
tations of Lie algebras and the universal enveloping algebra, and we state
the Poincaré-Birkhoff-Witt theorem. We conclude by deriving the Witt and
Virasoro algebras as the Lie algebras corresponding to conformal transfor-
mations.

2.1 Lie algebras

In this section, [F is a field, and all vector spaces are taken over IF. However,
the less mathematically oriented reader can always think of F as either R
or C, as in physics we only encounter Lie algebras over these two fields.
Before we define Lie algebras, we first define the more general concept of
algebras.

Definition 2.1. An algebra is a vector space g equipped with a bilinear multi-
plication [-,-] : g X g — g, which is called the bracket. If |-, -] is associative, then
g is called an associative algebra. If there is an element 1 € g such that for all
X € gwehave [1, X] = [X,1] = X, then g is called unital and e is called a unit.

As is common practice in algebra, we define the relevant morphisms be-
tween algebras as the maps which in some way respect the algebraic struc-
ture.

25
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26 The Virasoro algebra

Definition 2.2. Let (g, [, ]g), (b, [, ]s) be algebras. An algebra homomor-
phism is a linear map ¢ : g — b such that forall X,Y € g

¢([X, Ylg) = [9(X), o(Y)]y- 1)
If ¢ is a bijection, we call it an algebra isomorphism.

Just as in the case of group or ring theory, we will also look at quotient
spaces and formulate an isomorphism theorem.

Definition 2.3. Let (g, |-, -]) be an algebra. A linear subspace i C g is called

e a subalgebra if [i,i] Ci(ie. forall E,F € i we have [E, F] € i);
e 4 (two-sided) ideal if [g,i] C iand [i,g] C i.

The group theoretic analogues of subalgebras and ideals are subgroups
and normal subgroups respectively. Accordingly, an ideal of a Lie algebra
allow us to define the corresponding quotient space, which is also a Lie
algebra.

Proposition 2.4. Let (g, [-,-]) be an algebra, and i C g an ideal. Let q := g/i
be the quotient vector space, and denote its elements as | X| := X +1i. Then q is
also an algebra with bracket defined by [| X, | Y]] = [[X, Y]].

Proof. We only need to show the definition of this bracket is representative
independent. Solet X, X', Y € g, such that E = X — X’ € i. Note [E, Y] € i,
so |[E, Y]] = 0. Hence we have

X Y]] = [[(X=X)+X Y]] = [[E Y]]+ [[X,Y]] = |[X,Y]]. (22

The proof for representative independence of the second coordinate is
done in a similar fashion. O

We now have all the necessary tools to formulate the first isomorphism
theorem for Lie algebras.

Theorem 2.5. Let (g, [+, -]q) and (b, [+, -]y) be algebras, and ¢ : g — b an algebra
homomorphism. Then:

1. ker(¢p) is an ideal of g;

2. im(¢) is a subalgebra of b;

3. there exists a unique algebra isomorphism ¢ : g/ker(¢p) — im(¢) such
that for all X € g we have ¢(g) = ¢(| X]).

Proof. Note the first isomorphism theorem for vector spaces already tells
us ker(¢) and im(¢) are subspaces, and that there exists a ¢ : g/ker(¢) —
im(¢) that is a vector space isomorphism. We therefore only need to proof
the properties involving the bracket.

26
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2.1 Lie algebras 27

1. For E € ker(¢) and X € g we have ¢([E, X]y) = [¢(E), ¢(X)]y =
0,¢(X)]ly = 0, so [E,X]y € ker(¢). A similar argument gives
[X, E]4 € ker(¢), and hence ker(¢) is an ideal.

2. For Z,W € im(¢), we may write Z = ¢(X) and W = ¢(Y) for some
X,Y € g. Hence [Z, Wy = [¢(X),9(¥)]y = $([X,Y],) € im(¢), so
im(¢) is a subalgebra.

3. Let X, Y € g. Then §([|X], [Y]g) = H(LIX, Y]g]) = $(X, Y],) =
9(X),¢(¥)]y = [$(|X]), $([Y])],. Thus ¢ is an algebra homomor-
phism, and since it’s an isomorphism of vector spaces, it is an algebra
isomorphism.

]

We are specifically interested in a certain class of algebras, namely the Lie
algebras.

Definition 2.6. A Lie algebra is an algebra (g, [-,-]), such that |-, -] is alternat-
ing“(i.e. [X,X] =0forall X € g), and forall X,Y,Z € g we have the so called
Jacobi identity

(X, [Y, Z]] +[Y,[Z,X]] + [Z,[X, Y]] = 0. (2.3)
The bracket of a Lie algebra is called a Lie bracket, and a subspace h C g that is
closed under the Lie bracket is called a Lie subalgebra.
We first give a couple of examples of Lie algebras.

Example 2.7. (i) Take g = IF3, and take the Lie bracket equal to the cross-
product, which is defined as

X1 n X1 n X2Y3 — X3Y2
|, lnll=[x2] x| =x3y—xys|. 24
X3 Y3 X3 Y3 X1Y2 — X2V1

(i) Let A be an associative algebra, and define [-,-] : A x A — A as the
commutator: [X,Y| = XY —YX. Then (A,][-,]) is a Lie algebra. A
common example is to take A = Endp (V') with V a vector space, with
composition as multiplication.

(iii) Let n € N, and let V an n-dimensional vector space. Define s{(V) =
{X € Endg(V)| Tr(X) = 0} as the set of traceless endomorphisms of V,
and define the Lie bracket on s\(V') again as the commutator. To see this is

*Any bilinear map which is alternating is also antisymmetric. The converse is also
true, unless the characteristic of IF equals 2.

27
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28 The Virasoro algebra

well-defined, let X,Y € Endg(V), choose a basis of V and write X and Y
in matrix form as X = (Xj)1<ij<n, Y = (Yij)1<ij<n- Then

Tr(XY) = g ZZX,]
:iiXZY:ZYX Tr(YX).

(2.5)

So in particular, for any X,Y € sl(V) we have Tr([X,Y]) = Tr(XY —
YX) =Tr(XY) — Tr(YX) = Tr(XY) — Tr(XY) = 0,50 [X, Y] € sl(V).
Since in general for X, Y € sl(V') the product XY is not contained in s((V),
sl(V) is not an F algebra in the standard way (i.e. with composition as
multiplication). Therefore, if one would want to study this space, it would
be natural to view it as a Lie algebra.

2.2 Lie algebra representations and the universal
enveloping algebra

One should recall the main reason we study Lie algebras (in this thesis)
is because they are the natural structure formed by symmetries. As out-
lined in section 1.3.2, such a Lie algebra appears in the quantum theory as
a set of operators on the state space. In mathematical terms, this means
the state space being a representation of the Lie algebra. In this section we
formally define Lie algebra representations, and we construct the univer-
sal enveloping algebra: an associative algebra which can be used to further
study representations.

We first give the definition of a Lie algebra representation.

Definition 2.8. Let (g, [-,-]) be an Lie algebra. A Lie algebra representation
of g is a pair (V,p), with V a vector space and p : g — Endg(V) a Lie algebra
homomorphism. Here we view Endg (V') as a Lie algebra with the commutator as
Lie bracket.

Although according to this definition the pair (V, p) is the representation,
it is common to be sloppy and refer to either V or p as “the representation”.
However, both should always be kept in mind. Furthermore, the sentence
“Let (V, p) be a representation of g” should be understood as “Let V be a
vector space and let p : g — Endp (V) be a Lie algebra homomorphism”.

Since in general V and p can be very complicated, it is natural to look

28
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2.2 Lie algebra representations and the universal enveloping algebra 29

at the “smallest” possible nontrivial representations. These are so called
irreducible representations.

Definition 2.9. Let (g, [,]) be a Lie algebra, V a vector space, and p : g —
Endg (V) a Lie algebra representation. Let W C V be a subspace. Now define
pw : g — Homp(W,V) by X — p(X)|. If forall X € g the map pw(X)
is an endomorphism of W, which means the image of pw (X) is contained in W,
we may view pw as a map from g to Endg(W). In this case, we call (W, pw) a
subrepresentation of (V, p). The subrepresentations (V,p) and (0,0) are called
the trivial subrepresentations of (V,p). If (V, p) has exactly two subrepresen-
tations, then it is called irreducible.

Since in general the image of p is not closed under composition, one may
try to extend g to a larger structure on which p does have this property. The
most obvious choice for this larger structure would be an unital associative
algebra, since Endp(V) already has this structure. More concrete, we will
embed g into an unital associative algebra ¢/(g) withamap i : g — U(g),
such that every representation p : g — Endp(V) has a natural unique
extension to a [F-linear map g : U(g) — Endg (V). This U(g) can be con-
structed fairly easily, which we will do now.

Definition 2.10. Let (g, [-,-]) be a Lie algebra. For all n € N, let g®" be the
tensor product of n copies of g (in particular g*° = F), and define

T(g) := @ g®". (2.6)

nelN
We will now define a natural multiplication on T (g). Let p,q € N, and let
X = ®f:1 X;eg®Pand Y = ®?:1 Y; e g%4. We then define a multiplication
-1 g®P x g®1 — g®Pta) py:

p+q

p q
XY= (@ Xl-> XY | =R Zk (2.7)
i=1 =1 k=1

7 _ Xk for1 <k<p 2.8)
: Yep forp<k<p+yg. '

In other words, we concatenate X and Y. Note that for all n € IN, we may view
g“" as a subset of T (g). This allows us to extend our newly defined multipli-
cation - bilinearly to T (g). Since U, cn 9°" generates @,cn 8°" = T (g), we
have now defined - on the entirety of T (g). Note - is associative, and has unit

29
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30 The Virasoro algebra

1 € g®0. This makes T (g) into a unital associative algebra, which we will call
the tensor algebra of g. We now define S to be the ideal generated by the set
XY -Y®X—[X,Y]: X,Y € g = g®'}, and we define the universal
enveloping algebra U(g) as

U(g) :=TI(g)/S. (2.9)
We write the elements of U(g) as
4
{@ X,W = X1Xs... X, (2.10)
i=1

This definition might seem very complicated and arbitrary at first glance,
but the constructed algebra U/ (g) has exactly the universal property men-
tioned before. This is summarised in the following theorem.

Theorem 2.11. Let (g,|[-,-]) be a Lie algebra and i : g — U(g) the natural
embedding. Then U(g) has the following universal property: for every unital
associative algebra A and every Lie algebra homomorphism' ¢ : g — A there
exists a unique algebra homomorphism ¢ : U(g) — A which sends 1 € U(g) to
1 € A and satisfies p oi = ¢.

Proof. Let A be an unital associative algebra, and let ¢ : g — A be a Lie
algebra homomorphism. Let g : 7 (g) — U(g) denote the quotient map.
First of all, we define j : g — T (g) by X — X € g®!, where we view g*!
as a subset of 7 (g). Note j is injective, and since no non-trivial element of
g = j(g) is contained in S, so is i := g o j. Furthermore, since both g and
j are linear, so is i. Also note g®! generates 7 (g) in a multiplicative sense
(allowing addition, multiplication and scalar multiplication). This allows
us to define the natural extension of ¢, namely ¢ : 7(g) — A which is
determined by the identity

p p
¢ ((X) Xi) =T To(X), 2.11)
=1 i=1

and extended linearly. In particular it maps 1 € 7 (g) to 1 € A. It is easy
to see that ¢ o j = ¢. Now for any X, Y € g we have:

PXRY-Y®RX—[X,Y])
=P(X®Y) - (Y ® X) - ¢([X,Y]) (2.12)
= ¢(X)p(Y) — p(Y)PX) — (¢(X)p(Y) — §(Y)$X)) = 0.

THere we view A as a Lie algebra as shown in example 2.7.(ii)
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2.2 Lie algebra representations and the universal enveloping algebra 31

i=qoj

Figure 2.1: Commutative diagram of relevant maps.

Hence theset {X®Y —Y® X —[X,Y] : X,Y € g = g®!} is contained in
ker ¢, so S is as well. Hence, by the isomorphism theorem (theorem 2.5),
there exists a unique algebra homomorphism ¢ : U(g) — A satisfying
¢ o g = ¢. Therefore we have

poi=¢ogoj=¢oj=¢. (2.13)

Finally, to see the unicity of ¢, note ¢ is the unique map such that poj = ¢,
as there is no choice for the behaviour of ¢ on g. Any ¢’ satisfying ¢’ oi = ¢
would give us ¢’ ogoj = ¢, and hence § = ¢’ 0gq. ¢ is the unique map
satisfying this last property, and is therefore unique entirely.

We conclude ¢ both exists and is unique.

]

The most important consequence of theorem 2.11 is the fact that any rep-
resentation (V,p) of a Lie algebra (g, [-,-]) automatically yields a map
p : U(g) — End(V). This allows us to transition between g representa-
tions and U (g) representations without any problems. We will now state a
useful theorem concerning the universal enveloping algebra, and partially
proof it. It is the Poincaré-Birkhoff-Witt theorem, which gives an easy way
to construct a basis for such an algebra.

Theorem 2.12. (The Poincaré-Birkhoff-Witt theorem) Let (g, [+, -|) be a Lie alge-
bra, and let B = (b;);c] be a totally ordered basis of g (that is, B is totally ordered
by some total ordering <). Then the set

S(B) := {bpbu, ... by, :m e N,ny,..., 0y € Lby, <by, X... by, }
(2.14)

forms a basis of U(g).
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32 The Virasoro algebra

Proof. We will show S(B) generates U(B). A full proof which also
shows all elements of S(B) are also linearly independent can be found
in [ ]. By definition of 7 (g), the set

U(B) := {@bni :m €N, andny,...,ny € I} CT(g) (2.15)
i=1

of unordered products of basis vectors generates 7 (g). Hence, the images
of these products under the quotient map generate U/(g). It is therefore
sufficient to write an element of U(B) as a linear combination of elements
of S(B). Soletm € N, and let ny,...,n, € I. We continue the proof by
induction on m.

e For m = 0 or m = 1 there is nothing to prove, as the corresponding
empty product or single element is certainly ordered.

e Now assume the statement holds for m — 1. That is, the class of ev-
ery (not necessarily ordered) product in U(B) of length m — 1 can be
written in terms of the ordered products of S(B). Our task is now to
write our arbitrary product b := by, by, ... by, of length m as a linear
combination of elements of S(B). Note that if the Lie bracket on g
would be the zero map, then this certainly would not be a problem.
Indeed, because for all X,Y € gwehave X®Y — Y ® X € S (with
S defined as above (2.9)). Hence, XY = YX € U(g), so U(g) is com-
mutative and we can simply swap around all b; until we are done.
In general, the Lie bracket is not zero and the process is more com-
plicated, since swapping two adjacent terms results in a commutator
term. But still, since we are dealing with finite products, we will only
need a finite amount of swaps (of adjecent terms) to arrive at a fully
ordered product. Let N denote the least amount of swaps we need.
We continue with induction on N.

— For N = 0 we do not need any swaps, so we are done.

— Assume any product of length m for which less than N swaps
will suffice to order it can be written in terms of elements of
S(B). Now we look back at the product b = by, by, ...b,, we
started with. Since we can order this product by N swaps,
there is an index j € {1,2,...,m — 1} such that the product
b, ... bu; by, ... by, only requires N —1 swaps. Now note we
have

b=by, ...byb b

. nj n]v+1... Nm

(2.16)
= by by (b by + [bny by ]) By b
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Since [by;, b
(bi)ier as

ni.1) € 9, we can write it in terms of the basis B =

[y byl = Y Aibi, (2.17)
iel

with all A; € T, all but finitely many equal to zero. Thus it
follows

b= buy by (Bl + [bay by ]) B i,

= bnl oo b”j—l (bnj-‘rlbnj —I'_ Z)\Zbl) bnj+2 .« bnm

icl
= bnl oo bnj*lbnj+lbnjbnj+2 “ e bnm + Z)\l bnl o« e b”j*lbibnj+2 “ e bnm .
only N—1 swaps required only m—1 terms
(2.18)

Now the first term only requires N — 1 swaps to be fully or-
dered, and can thus be written as a linear combination of ele-
ments of S(B), by our second induction hypothesis. All other
terms (the ones grouped within the summation) are products
of only m — 1 terms, as by, and b, , have been swapped out in
favour of some b;. Hence all these terms can also be written in
terms of elements of S(B), and consequently b can as well.

This concludes both our induction proofs, and therefore the proof as a
whole. [

To wind up this section, we will prove one more lemma from represen-
tation theory of Lie algebras that will come into use later. It is known as
Schur’s lemma ([ D.

Lemma 2.13. (Schur’s lemma) Let (g,[-,-]) be a Lie algebra, and let
(V,p),(W,0o) be irreducible representations of g. Let ¢ : V. — W be a homo-
morphism of representations, that is, ¢ is a linear map such that for all X € g
and for all v € V we have ¢(p(X)(v)) = o(X)(¢(v)). Then the following
statements hold:

1. Either ¢ = 0 or ¢ is an isomorphism of representations (that is, it is a
bijective representation homomorphism).

2. If (V,p) = (W, 0), and if ¢ (which is now an endomorphism) has at least
one eigenvalue A € F, then p(¢) = A1d.
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Proof. 1. The most important point for our proof is the fact that both V
and W are assumed to be irreducible representations. This is impor-
tant, since both the image and the kernel of ¢ are in fact subrepresen-
tations. To see this, let v € ker ¢. Then for all X € g:

$(p(X)(v)) = o(X)(¢(v)) = ¢(X)(0) =0 (2.19)

Hence p(X)(v) € ker¢. This means the linear subspace ker ¢ is
closed under the action of g, and it is therefore a subrepresentation.
Since V is assumed to be irreducible it is therefore either equal to V
or to 0, and ¢ is therefore either 0 or injective.

In a similar fashion, any element w in the image of ¢ can be written
asw = ¢(v) for some v € V. Now for X € g:

o (X)(w) = o(X)(¢(v)) = ¢(0(X)(v)) (2.20)

And hence ¢(X)(w) € im¢, and we can again conclude im ¢ is a
subrepresentation. Since W is irreducible, this means im ¢ is either
equal to 0 or to W, and hence ¢ is either 0 or surjective.

Note that if ¢ is zero, it cannot be injective or surjective, since this
would imply either V = 0 or W = 0, but this is ruled out by the fact
V and W are irreducible (the zero space is not irreducible since it has
only one subrepresentation). Hence, ¢ is either zero or both injective
and surjective, and thus an isomorphism.

2. Assume (V,p) = (W,0), and assume ¢ has at least one eigenvalue
A. From part 1 of this lemma, ¢ is either zero or a bijection. If ¢ is
the zero map, it is a multiple of the identity, so here there is nothing
to prove. Now let v € V be an eigenvector of ¢ with eigenvalue A.
Then for all X € g we have:

P(0(X)(v)) = p(X)(¢(v)) = p(X)(Av) = Ap(X)(2) (2.21)

Hence p(X)(v) is also an eigenvector of ¢, with the same eigenvalue.
In other words, the eigenspace of ¢ associated with A is closed under
the action of g, and it is therefore a subrepresentation of V! Since we
assumed ¢ is not the zero map, this means this eigenspace is whole
of V, which directly proves ¢ = A 1d.

O]

It is worth noting that the condition that ¢ has at least one eigenvalue is
automatically satisfied in the case that V is finite dimensional and F is
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algebraically closed. This is because if V is finite dimensional, then ¢ has
a characteristic polynomial. The fact that [F is algebraically closed then
immediately implies this characteristic polynomial has a solution, and this
solution is exactly an eigenvalue.

Remark. Just like in the case of group representations, the notation is of-
ten shortened. When working with a certain fixed representation, the p is
suppressed and for v € V we simply write Xv instead of p(X)(v), as if X
acted directly on V.

This finishes our discussion on Lie algebras in general. From here on out,
we will focus on the Lie algebras corresponding to conformal symmetries.

2.3 The Witt and Virasoro algebras

To find the Lie algebra of conformal transformations, we have to find
the infinitesimal generators of such transformations. Just as the quantum
Hamiltonian generates time translation through e | (t)) = |¢(t + a)),
the infinitesimal generator T of some family {/;} of conformal transforma-
tions should satisfy e*T f(x) = f(hs(x)). Recall conformal transformations
are exactly the holomorphic and anti-holomorphic maps on C. We now
focus on the holomorphic ones. A holomorphic map can always locally
be expressed as a (convergent) Laurent series in z, which can be approx-
imated arbitrarily well by a polynomial p(z,z71) as z + z+ p(z,z71).
We therefore look for the generators of transformations of the form z
z + az" (with n € Z), as these transformations in turn generate such poly-
nomials. We claim the generators are simply given by [, := —z" g,
Namely, for some smooth test function f with a locally convergent Taylor
series, we have

f(z—az"t1) = i %f(k)(z)(—aan)k = i (_%J;lazy{f(z)

=0 ' k=0
exp(—az"*19.) f(z) = exp(al,) f(2).

B

This shows the [, indeed generate holomorphic transformations. More-
over, we can explicitly calculate the commutation relations of the [,,. For
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n,m € Z and a test function f we namely have

U o] f = (bnlon — bl f = 2712 (zm+1 of ) i1 9 <Zn+1 of )

0z 0z 0z 0z
of 82]‘
_ n+l m m+1
=z ((m+1)z 5 1z _822>
of azf
_ m+1 m n+1
z ((n+1)z 5 T2 _azz)
of 02 f 9’ f
— _ n+m+1 n+m+2 _ n+m+2
=((m+1)—(n+1))z 5, T2 32 2 Fye)
0
=—(n— m)zn+m+1 ajzr = (n—m)lyimf,
(2.22)

and hence [I,,l;y] = (n — m)l,1m. This shows the set of infinitesimal gen-
erators is indeed closed under the commutator. Since the commutator is
also clearly alternating and since it obeys the Jacobi identity (commutators
defined by associative products in general do), it forms a Lie algebra. The
complexification’of this Lie algebra is known as the Witt algebra.

Definition 2.14. The Witt algebra is the complex Lie algebra whose vector space
20 is generated by the set {{y, },cz, with Lie bracket given by

La, L] = (n — m) L.

Similarly, from the antiholomorphic conformal transformations we get an-
other set of infinitesimal generators, which are given by I, .= —z"tg..
These generators have the same commutation relations as the [,, and
therefore also form a copy of the Witt algebra. However, since these two
copies commute with each other and thereby act independently, it is often
sufficient to study only the holomorphic part.

When transitioning to a quantum theory, it is not the Witt algebra but a
central extension of the Witt algebra that is encountered. We first state
what we mean by a central extension [ ].

Definition 2.15. Let g be a Lie algebra. A Lie algebra extension of g by a Lie

. . . p
algebra ¢ is a Lie algebra by with a short exact sequence 0 — ¢ g0,

{Formally, the complexification of a real Lie algebra R is the complex Lie algebra
whose vector space is given by C ®p g, with Lie bracket [A @ X,y ® Y] = Ap ® [X,Y].
If one is given a basis of g, the complexification can simply be understood as allowing
complex coefficients instead of only real ones.
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with i and p Lie algebra homomorphisms. If i(c) is central in b, i.e. forall X € b
and C € i(c) we have [X,C] = 0, then b is called a central extension of g by c.
If b = ¢ @ g as Lie algebras, then this extension is called trivial.

To gain some intuition as to why we would look at a central extension,
assume we have some set of symmetries G of a quantum system, which
is represented by a Hilbert space H. One might think this means there is
some unitary action of G on IH. However, the relevant objects within this
Hilbert space are not simply its elements, but more so the rays of IH, which
are one dimensional subspaces of IH and by definition precisely the ele-
ments of the projective space IP(IH). This space comes with an additional
structure, namely a way to calculate transition probabilities. Given two
rays |¢) , |¢) their transition probability namely is given by

chance (P — QD = — 2.23

which is indeed a well-defined operation on P(H). If we want G to act
as a set of symmetries on IP(IH), its elements should respect this transition
probability, so each f € G acts as a map f : P(H) — P(IH) such that for
all |¢), |¢) we have

chance(f |§) — f ¢)) = chance(|g) — [y)). (224

By Wigner’s theorem ([ 1), such a map has a lift toamap f : H — H,
which is unique up to multiplication with some complex phase factor. This
lift has to behave nicely under composition, which means the following:
Given two general f, f’ acting on IP(H), we can either take the composi-
tion f o f’, or we can choose to first lift them to £, f/, then take the com-
position f o f’ of these two and then let this new map act on IP(IH). These
two maps on IP(IH) (which are f o f’ and the projection of f o f’) should be

identical, so f o f’ and f o f/ can at most differ by a phase factor. The effect
of this on the symmetry Lie algebra is that we can lift the Lie algebra of in-
finitesimal transformations g to a slightly bigger algebra § := g ® C, which
satisfies [X, Y/] = [X, Y]+ A(X,Y) for all X,Y € g, where A(X,Y) € C
[ ]. Hence the sequence

0-C—=§—g—0 (2.25)

is exact. To summarise, if a quantum system has a set of infinitesimal sym-
metries g, then these symmetries form a projective representation, which
is equivalent to an ordinary representation of a central extension § of g.
This then finally brings us to the Lie algebra which takes the central role
in this thesis; the Virasoro algebra.
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38 The Virasoro algebra

Definition 2.16. The Virasoro algebra with central charge ¢ € C* is the Lie
algebra whose vector space is given by

RS Spanc({Ln}neZ u{I}),
where the Lie bracket is defined by

3

[Ly, L] = (n —m)Lysm — — (m° —m)dppmol and [L,, 1] =0, (2.26)

c
12
and extended linearly.

Note we have not shown (2.26) indeed defines a Lie algebra, and it is a
priori not obvious it satisfies the Jacobi identity. The calculation however
is more tedious than interesting, so we will not perform it here. Moreover,
although we have defined a Virasoro algebra for every c € C¥, they are in
fact all isomorphic. This can be seen by explicitly defining an isomorphism
(PC . mc — ml by

¢c(Ln) = Ly and ¢c(I) =

7

I
c

and extending linearly. ¢, is clearly linear and bijective. Moreover, if we
let [+, -] denote the bracket on Y., for n,m € Z we have

@e([Ln Lule) = e (1= m)Lysm — 25 (m® = m)dsmol )
= (11— )Ly — 7 (m® = ) o (1)
=(n—m)Lyrm — E(m?’ —m)0y4mol

= ‘PC([Lanm]l)-

Hence ¢, is a Lie algebra isomorphism. One could argue there is no need
to include a central charge in the definition of the Virasoro algebra, and
simply always work with 2; instead. We will however not do this, as
in representations of the Virasoro algebra it is customary to let I act as
the identity. The central charge allows us to without loss of generality to
always assume this is the case.

As promised, the Virasoro algebra is a central extension of the Witt alge-
bra, which we will now prove. Furthermore, it can be shown it is up to
isomorphism, the only nontrivial central extension of the Witt algebra.

Proposition 2.17. For every c € C, the Virasoro algebra with central charge c
is a nontrivial central extension of the Witt algebra, and is up to isomorphism the
only one.
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Proof. We here only proof the first statement, a proof for uniqueness can
be found in [ ].

Let c € C. First note C is a Lie algebra if we define a Lie bracket on C as the
zero map, so for all z,w € C we have [z, w] = 0. We now construct a short

exact sequence 0 — C < 9, L 90— 0of Lie algebras. For this, we define
i:C—>Y.byz— zl,and p: V. — Wby p(I) =0and p(L,) = ¢, for all
n € Z, and extent linearly. It is then clear that i is injective, p is surjective,
and poi = 0. Hence, if i and p are indeed Lie algebra homomorphisms,
the given sequence defines a Lie algebra extension. Since both i and p are
linear, it suffices to check they satisfy (2.1). Since C is a 1-dimensional Lie
algebra, (2.1) is satisfied automatically, by the alternating property of the
Lie bracket, so i is indeed a Lie algebra homomorphism. To check (2.1) for
p, it suffices to show it holds for its basis vectors. For all n € Z clearly
p([1,L,]) = p(0) =0=10,¢,] = [p(I), p(Ly)]. Furthermore, for n,m € Z
we have

p([Lu, L) = p (1= ) L — 75 (8 =)ol

= (1= m)p(Lutm) = 75 (> = m)8ymop (1)

= (n —m)lusm = [ln, tm] = [p(Ln), p(Lm)].

(2.27)

We conclude p satisfies (2.1), and is therefore a Lie algebra homomor-
phism. Hence the given sequence is indeed a short exact sequence of Lie
algebra homomorphisms, and therefor U, is a Lie algebra extension of 20
by C. Furthermore, because the image of i is just the subspace spanned by
I, the image of i is central, so U, is a central extension of 20 by C. O

As stated before, the quantum theory of a system with conformal symme-
try is a representation of a central extension of the Witt algebra, and by
the previous proposition, we can assume it is the Virasoro algebra. In the
next chapter we will visit a concrete example of this principle, namely the
theory of bosonic string theory.
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Chapter 3

Free bosonic string theory

In this chapter we study the free bosonic string, and we will find the quan-
tum theory indeed forms a representation of the Virasoro algebra. We first
discuss the theory of the classical string, and subsequently its quantum
theory-. Most of the discussion in this chapter is based of the work of

[ ]

3.1 The free string

In line with the the previously given summary of Lagrangian mechanics,
we will use a Lagrangian to study the behaviour of a string. Here we will
use parameterisations, which in the string context take the following form.

Definition 3.1. A string parameterisation is a differentiable and injective map
X : R x [0, 1] — RO such that:

e 0. X(t,0) is either timelike or lightlike for all T € Rand o € [0, 7| (mean-
ing our the directions in our parameter space indeed represent time and
space directions in the target space);

o and for all T € R the image of X intersected with the plane {T} x R9~1
is homeomorphic with C (meaning the string does exist at all times, and
the string never self-intersects or changes from an open string to a closed
string). We will call this set the string at time T.

The image of such a string parameterisation is called a world sheet. In
order to realise our string as a physical object, we have to choose a proper
Lagrangian. Inspired by the relativistic point particle, whose action was
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42 Free bosonic string theory

just the proper time along the worldline, we choose the action of the string
to be the proper surface of the world sheet. Introducing the notation X =
%—f and X' = %—ff, this means we set

5= _Z;a’ [cerT /UGC da\/(X ' X/)2 - (X)2(X’)2
1

(3.1)
= — / dt do L
2rta! Jrer oceC
with
1 . 2 N2 2
L= 5 (XX’) - (X) (X’) . (3.2)

Here the constant a’ called the slope parameter has units of inverse energy
squared, such that the action is dimensionless in natural units. It will be
useful to introduce the canonical momenta P* and P? as

oL oL

and PYi= —. (3.3)

T._ =
Pi= 0X X’

These momenta can be explicitly calculated and are equal to
1 (X-X)X — (X)X

Pr=- ! 2 2 2
T ) = (07 ()

(3.4)

and

P’ =

(3.5)

1 (XXX - (X)X
T x)t— (%07(x0)

Moreover, we will impose free endpoint boundary conditions, which say P
vanishes on the endpoints of the string. This condition allows the string
endpoints to move freely, which makes sure the momentum of the string
is conserved, as we will show shortly. Now any parameterisation X for
which this action is stationary satisfies the Euler-Lagrange equation (1.22),

which in our case of the free string is given by
opPT  oP7
a5 T3 = 0. (3.6)

One could say we we are now done, as we have found equations of mo-
tions. However, as becomes obvious from the complexity of (3.4) and (3.5)
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3.1 The free string 43

these equations are in their current form near unsolvable and do not ac-
tually tell us a lot in their current form. The only point of light in this
situation is that these equations of motion hold for every parameterisation
of the string, which implies we can choose a specific one that helps us sim-
plify the this computational mess. In the following section we will choose
a specific parameterisation, and show how it helps solve the equations of
motion. To this end, we will first define the string momentum, and prove
it is independent of how it is measured. This can be done by writing (3.6)
in the more suggestive form of

() (%2) =0 o7
Jao

This tells us (PT, —P7) is a rotationless vector field on the parameter
space, and therefore for any path - the line integral

p(y) = A <_7D7;) ~dr = /YPUdT_/YPTdO- (3.8)

is independent of the precise curve <, and only dependent on the begin-
ning and endpoints of y. Moreover, since P’ vanishes on the world sheet
edges, the above integral is zero for any curve lying on such an edge. As
a consequence of these two properties, for any two curves v, § reaching
from one edge of the world sheet to the other, p(y) = p(¢). This allows us
to define the momentum of the string as

P(T
pi= / ( PT) Ldr = / Pl — / Pdo, (3.9)
Y\ Y Y

where 7 is any curve starting on the world sheet edge described by ¢ = 0
and reaching to the other edge. We can use this momentum to choose a
neat parameterisation of the string, which we will do now.

3.1.1 Useful parameterisations and solving the (classical)
equations of motion

We will explicitly work in the reference frame of some Lorentz observer.
That is, we fix some timelike vector n such that n- p # 0, and for every
point X on the world sheet we set T to satisfy

n-X=2(n pr. (3.10)
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Moreover, we are free to choose the ¢ parameterisation such that n - P7 is
independent of ¢. To see this can be done, given some parameterisation X,
let T : [0, 1] — [0, 7] be some reparameterization (meaning it is bijective
and differentiable). Then we have

S PN(),T) = 1 5L PT((0), ) (3.11)
—n. (%@P%F(U%’f)) e

Hence by properly choosing such a reparameterisation for every T we can
use ara_(;) to make sure the last term is constant. Consequently, it is also in-
dependent of 7, which can be seen by integrating it over a path of constant

T, as we have

7T 7T

n-Pit,0)=n / Pt (t,0)=mn-p. (3.12)

=0

n - P(T,0) :/

=0
Hence n - PT = n;np, which is constant. Moreover, by (3.6) we have

R DU I
P = PT = Ly PT =0, (3.13)

and hence n - P7 is independent of ¢. But by assumption of free endpoints,

P7 is zero in both the endpoints, so in particular n - P = 0 on the end-
points, and therefore n - P = 0 everywhere. By (3.5) this tells us

(X-X"Yn-X = (X)’n-X' =0, (3.14)

but by the paramaterisation condition (3.10), wehaven - X' = n- £X =
Now since we assumed n - p # 0, (3.10) implies n - X is nonzero, and
therefore we can conclude
. X 2., . X/
x.x = XX _, (3.15)
n-X

This allows us to simplify the expression for P* to

. 1 (X')?2X
PT=—— (3.16)
270 [ (X)2(X7)2
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and by (3.12) this tells us

mp_ 1 X)L x
T 27’ /—(X)Z(X’)z a1
1 (X/)Z '

Y 7Y /—(X)Z(X/)zzo/(’1 P

where the second equality follows from our initial parameteristion condi-
tion from (3.10). Cancelling common factors, we conclude

—(X)(X)? = —(X)? (3.18)
and equivalently
(X)2+(X)? =0. (3.19)

This allows us to again simplify P and P?, namely as

- 1 (X")2X 1
U T Ty 2 o
and
v\2 3/ T\2 v/
po—_ L X 1 XX 1 5y

2o’ C(X2(X')2 27! ((X/)2)2__2mx’

Together with equation (3.6) this tells us

. 0 d
X =2na' =P = —27a/ —P" = X" 22

T 8TP o a077 , (3.22)
and moreover the vanishing of P on the endpoints gives us that for all
TeER

X'(7,0) = X'(z, m) = 0. (3.23)

We conclude the equations of motion can be transformed into the follow-
ing four equations: the wave equation (from (3.22))

X" - X =0, (3.24)
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our two parameterisation conditions (respectively (3.15) and (3.19))

X-X'=0 (3.25)
and
(X)?+ (X)? =0, (3.26)
and the boundary condition
X'(7,0) = X'(7, m) = 0. (3.27)

3.1.2 Solving the equations

In the following section, we will solve the four equations mentioned
above, and completely determine the set of all possible solutions. To this
end, we begin with the wave equation (3.24). If we perform a change of
variables from ¢, T to T + 0, T — 0, we find

92X 0 0X ot 0X do
ot+o)d(t—0) 9(t+0) (ga(r—cr) +$8(T—0))

L0 (x ax
~d(t+o)\oT  Oc
X _ 9 d
_a<%_%> oT a(%_)'r(_%) oo
N oT (T +0) oo (T +0)
X X PX X X X

9t2  91dc | 90dT 002 912 902 0,
(3.28)

where we used the chain rule twice, and the inverse function theorem.

This tells us that a(;}_}_{g) is independent of T 4 ¢, so we can write a(?_;_gg) =

Gi(t — o), for some function G; : R x [0, 7] — R4, Integrating now
gives

X(t—o,14+0) = /Gl(r—a)d(r—a) +F(t+0), (3.29)

and since [ G1(t —0)d(t —0) only depends on T — ¢, we can define G(T —
0) := [ Gi(t — 0)d(T — ), and we can therefore write

X=F(t+0)+G(t—0). (3.30)
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3.1 The free string 47

From (3.27) we know % .= 0, which implies that for all T € R
o=

'

F(t)-G'(7) = A

= 0. (3.31)

So F/ = G/, so F = G + ag for some constant vector ag. If we thus define
f =2(G +ay/2), then for all o, T we find

X(t,0)=F(t4+0)+G(t—0) =G(t+0) +a—0-|—G(T—0) 2
2 332

2
= J(f(r+0) + f(r—0))

The factor 2 in the definition of f is simply a matter of convention that will
clean up our work a bit later on.

Moreover, from aa—éf = 0 we find that for all T

O=TT

fl(t+n)—f(t—m) =0, (3.33)

so f' is periodic with period 27t.

Since f’ is periodic with period 27t and smooth, it follows from Fourier’s
theorem ([ 1) we can write

(ee]

f'(x) =co+ ) (cncos(nx) + dysin(nx)), (3.34)

n=1
for constants a,, b, € R. Integrating now gives
f(x) = fo+cox+ Y (Ancos(nx) + By sin(nx)) (3.35)
n=1

for some other constants fy and A;;, B,. Now using the goniometric for-
mulas

cos(A + B) = cos(A) cos(B) — sin(A) sin(B),
sin(A + B) = sin(A) cos(B) + sin(B) cos(A),

we can find that for every n € IN we have

cos(n(t+0)) + cos(n(t — o)) = 2cos(nt) cos(no),
sin(n(t+0)) +sin(n(t —0)) = 2sin(nt) cos(no).
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Using this, we can substitute (3.35) into (3.32), which yields

X(1,0) = 3 (f(t+0) + f(r—0))

o0 (3.36)
= fo+cot+ Y (Ancos(nt) + By sin(nt)) cos(no).
n=1
Here we can determine ¢y already. Namely, by (3.21) PT = ﬁX, SO
T T 1 . 1
_ T _ -
p= 02077 = /0_0 2mx’X PR (3.37)

where we used that the integral over any term sin(no) or cos(no) van-
ishes. Hence ¢y = 2a’p, and we find

X(t,0) = fo+2a'pT+ i (A, cos(nt) + By sin(nt)) cos(no).  (3.38)

n=1

We will rewrite this into a more common form

X(t,0) = fo+2a'pT+ i (A, cos(nt) + By sin(nt)) cos(no)

n=1
1 & . , B, . .
= fo+2a'pT + 5 Y. <An(e”” +e M) T"(e”” - e_””)) cos(no)
n=1
= fo+2a'pT — % Y. ((Bn +iA,)e"" — (B, — iAn)e_i”T> cos(no)
n=1
iv2e! = * INT

= fo+2a'pT — 7 le (une une_i’”> cos(no),
n=

(3.39)

where the constants a,, are defined appropriately. Lastly, for each n € Z
we will introduce a constant &, defined by

ap\/n forn >0
&y = § V2a'p forn =20 (3.40)
a*,/—n forn <O0.

Note this implies «;, = a_,. We can rewrite X(7,0) in terms of these &,
namely

1 .
X(t,0) = fo+ V2aoT +ivV2' Y —aye " cos(no), (3.41)

nez\{0} !
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and moreover, we have

X+ X' =vV2a' Y aye M), (3.42)
nez
This is the most general solution to the wave equation (3.24). However, it
generally does not satisfy the constraints (3.25) and (3.26). In order to find
the solutions which also satisfy these constraints, we will work in the so
called light-cone gauge. This means we make a specific choice for the vector
n.

3.1.3 The light-cone gauge

The light-cone gauge is defined by fixing the vector n to be the light-
like vector (1/ V2,1/4/2,0,..., 0). To make our lives easier, we will start
working in light-cone coordinates. This means that instead of writing
a vector as (x,x1,..., xd), we write it as (xt,x7, %2, ..., xd), where xT =
(x°4+x1)/v2 and x° = (x° — x1)/+/2. To avoid cluttering notation we
will introduce the notation xZ = (x2, ey xd) for the tail of this vector, which
means x = (x*,x~,x7). We call x* the transverse part of x. It can be easily

seen that for two spacetime vectors x,yy € R(14) we have
d . .
xoy=—xy —xy"+Y xy=—xty —xyt+xL-yf,  (343)
i=2
where the inner product between x” and y? is just the regular Euclidean
inner product. In particular, for any vector x = (x*,x~, xT) we have
x? = —2xtx 4+ (xF)2 (3.44)

Returning to the task at hand, note that since X = n - X, our first parame-
terisation condition (3.10) implies X* = a’p™ 7. From (3.25) and (3.26) we
can now deduce that

(X' +X)*=0. (3.45)

In lightcone coordinates, this means
0= (X£X)=2XT £ X)X £X )+ X +£xT)? (346
and since X'* = 0 and 2X™ = a/p™, this tells us that *

(XT + XI')Z'

X +X" =
2pta’

(3.47)

*Note we can safely assume the momentum of our string is not light-like, and hence

pt#0.
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50 Free bosonic string theory

Hence, in order to find X~ (up to some constant), it suffices to know how
X? behaves. We can therefore conclude that the function X%(t,0), to-
gether with the constants p™ and x, fully determines X! This can explic-
itly be done by using the previous expression for X~ &+ X'~ from (3.42):

(XT + xT')2

i) ooy
V2o Y e M) = X £ X = TR

nesz

2
_ p% (Z ,xge—inwra)) (3.48)

nez
— L+ Z (Z IX%_mOC%1> e—in(rﬂ:a).
p neZ \mecZ
Hence we find that for alln € Z
1
o, ok och. (3.49)

n— = n—m
2‘xlp+ meZ

To summarise, in order to find a solution to the equations of motion it suf-
fices to fix values for all &%, a value for p*, and a value for Xy - The al fully
determine X7, and together with p* they determine all «,, . Together with
x; this fixes X~ entirely, and since p™ fixes X by our parameterisation
condition, we then know X.

Moreover, infinite sums in (3.49) are quite special, and will be very impor-
tant later on, so we introduce special notation for them; they will be called
the transverse Virasoro modes, and are denoted as

1
Ln=5 Y ol (3.50)
meZ

It is no coincidence the notation we introduce for these modes coincides
with the notation of the generators of the Virasoro algebra in chapter 2. In
fact, in the quantum theory, the operators corresponding to these modes
generate the Virasoro algebra.

3.2 Quantisation of the string

In the previous section we found out a classical string can be fully de-
scribed by fixing the constants aZ, p™, and x; . In a quantum theory of the
string, we have to turn these constants into operators, and establish their
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3.2 Quantisation of the string 51

commutation relations. In order to do this, we will first write down a new
action for the transverse coordinates. This action is given by

5= 1 /dr/da ((XI)2 - (XZ’)2> . (3.51)

47ta’

Note this action gives P and P°Z as the momenta conjugate to X, and
the Euler-Lagrange equations are exactly the wave equation. Hence we
can use this action to construct a quantum theory of the string. The advan-
tage of this action over the Nambu-Goto action is that it does not contain
a square root, which would be problematic, as we have to interpret the
variables as operators. In order to solve this action, we once again expand
X7 into its Fourier modes as

X —cos(no
X =qp+2vVa' Y g} % (3.52)
n=1

Substituting this back into our action gives

(Y7 (Y1 nz171
S_/ [4a/‘70‘70+ ) <2nqnqn Sndln ) | 4T, (3.53)

n=1
where we used that for all n,m € Z>, we have the elementary formulas

7T

0 ifn#m
/2 ifn=m.

/ﬂ cos(nx) cos(mx) dx = / sin(nx) sin(mx) dx = {
0 0

This action is now neatly the sum of the action of a free particle, which only
has kinetic energy, and an infinite set of actions of harmonic oscillators.
The free part simply has a linear solution, which we can write as q% =
xt +2a'p? 7. In order to solve for the oscillators, we first substitute pZ for
.7

4y to get

= n
H=a'pips + ) 5 (pupn +dadn). (3.:54)

n=1

As illustrated in section 1.3.1, we expand these g~ as

(ake=T — a{rei’”), (3.55)

which gives us

Xt = xk + 24/ pP 7 +iv2u ) (a%e*i’” — a?eim) %. (3.56)
n=1

51

Version of July 11, 2020- Created July 11, 2020 - 11:00



52 Free bosonic string theory

Here we introduce operators oc% as
aty/n forn >0
tx% = < V2a'pg forn =20 (3.57)

(al,)'v/—n forn <0

completely analogous to (3.40) such that (3.56) becomes

1 ‘
XH(t,0) = 2§ + V2a'afT+ivV2d Y Etx%e_”” cos(no).  (3.58)
neZ\{0)

This concludes the work necessary for the transverse directions. What
remains are the + and — directions. As before, the + direction is very
simple, since we can define the operators p* and «; to obey

Xt =2a'ptT=V2a]T. (3.59)

Since we can express X' solely in af, we are free to set x; = 0 and ;7 =0
for all n # 0. Moreover, X~ has a familiar expansion

1 .
X~ =x5 +V2agT+iv2a' ) Etx;e_”” cos(no), (3.60)
n7#0

where the &, can be expressed in terms of the aZ, namely through the
Virasoro operators

1
Lni=5 Yo ey (3.61)
pEZ
as
_ 1
8, = ——L,. (3.62)

V2 pt "

We now have all operators we need, but of course this is not enough to
quantise the system; we need to know how these operators interact with
each other. We thus have to construct commutation relations among all
operators, which we will now do.
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3.2 Quantisation of the string 53

3.2.1 Commutation relations and normal ordering

As illustrated in the example of the single quantum harmonic oscillator,

foreachn € N and I € {2,..,D} we have [a}, (a})] = 1. Hence, by

definition [a],a! ] = n. Moreover, since different a!, and al, act indepen-

dently, two al and o, only fail to commute when I = Jand n = —m. We
thus conclude
[k, ] = 181,18, -m. (3.63)

With these commutation relations in mind, we can express the Hamilto-
nian in terms of Ly, namely via

= N 1 t d—1
H=D<’P%ﬁ%+Zg(p%p%q%qn)—iaowwﬂ (” T)

n=1 n=1
1 ad n(d—1
— gefaf + 3 (afat, - ML)
n=1
177 (177 nd-1) — (1 7 1
= E‘XO(XO +n;1 (2 nn 2 +n;1 zana—n
=-afaf + Y (zal,al )+ Y (5afal, ) =L
2 n=1 2 n=1 2

However, this calculation contains one major flaw; the second and third
line contain infinite sums over positive integers. These sums are ill defined
to say the least. The problem we encounter here becomes even more ap-
parent when we try to normal order L,. To normal order an operator means
to write it as a sum over products of creation and annihilation operators,
such that all annihilation operators appear left of the creation operators.
This is desirable, since such a normal ordered operator gives a clear result
when acting on the vacuum state. As a consequence of (3.63), every Ly
for n # 0 has no ordering ambiguity. However, there is a problem for Lo,
since a! and a’ , do not commute for n # 0. If we were to take (3.61) as
definition for Ly, then in order to normal order this Lo we would find

Z“—pp "‘0 ag + 5 Z"‘—p p+ Z"‘p —p
peZ
1 I 7
2"‘0“0 +5 Z ol pay + 5 Z < ol pay + —P]) (3.64)

1
:anlx%-_’_za_p p+ Z
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54 Free bosonic string theory

This is problematic, since this last expression contains a clearly divergent
part. However, we can avoid these problems by defining Ly to be normal
ordered without this divergent part, as

L1
Lo:= 5“0“0 + Y ol (3.65)
p>0

Consequently, the correct expression for a, becomes

wy = \QZTU(LO +a) (3.66)

for some yet to be fixed constant 4, and the Hamiltonian equals
H=Ly+a. (3.67)

By direct calculation we can now find the commutator of some arbitrary
a) and Ly,. In the case where m # 0 this can be done by substituting (3.61)
and using the fact that &, and o)y always commute if I # J. Hence, [a], L]
can be simplified to

[al, L] = [ S Y a p] :% Y g, o). (3.68)

peZ peEZ

This can further be simplified by using the general identity [X,YZ] =
X, Y|Z+Y[X, Z], to
1

ot Ll = 5 1 o o
P

=5 Z( Ky m p]‘x +D‘m p[“iﬁ/“;{)])
PEZ (3.69)

I I
= E <”5n+mfp,0“p + am—pnéﬂer,O)
pEZ

_ 1 I + I _ I

A similar calculation gives the same result when m = 0. We can now
finally determine [L;, Ly,|. In order to do this properly, we first rewrite L,
as

Zanpp+ sz 0y ps (3.70)
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3.2 Quantisation of the string 55

which also holds for n = 0. We then find for n, m € Z that

1
[Ln/LnJ:: E Z:[ n—p p/Lm +5 2: ” P’

p>0 P<0

-2 pzo o Lo+ 5 2 -l L

4= ;;) ol pt s sz al_ o L (3.71)
:_p;)n_ np+m p—“_ ZP“HPP+W

+5 ]!;)P“wrm n—p T3 Z nh=p %“%—Hm'

Recall two &, and «;;, only fail to commute if n 4+ m = 0. Hence, assuming
this is not the case (so n + m # 0), the thirst and fourth and the second and
third terms can be directly combined, which gives us

1
[Ln/Lm] = E Z(Tl—p)lX% p+m p+ Z pa” P p+m

pEZ
1
= L (= P+ X (p = m)ad,
2% eyt T Ly iyt (3.72)
1
= 2 ez(n - m)a%—l—m—p‘x%
p
For the case where m = —n, we have to proceed slightly differently.

Namely, we first rewrite (3.71) such that the operator occurring on the
right is oc% , which becomes

1
[Ln Low] = 5 1 (n = p)a o + 5 EP% Py

p>0
+5 Zp“pnnp+ ). (n—p)agal,

0 0

2 pe ”< (3.73)
_ oL
—‘Z”_ ot p+ Y. (p+n)at,a;

p>0 p>n

z

5 Z”_ oL, P+ Z”+P

P>n p>0
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56 Free bosonic string theory

If this expression is organised slightly differently, it becomes

[Ln, L Z dnat ol + = Z 3n+p)al u;
p>n
(3.74)
L, 17 T 7
+§2nzx0¢x0 + § Z (p+n)aZ .
p=—n

By now using [a}, ) | = néy1j6n,—m we can rewrite the last term as

1 & 1y
3R A I
— %;(n —p) (agplxg +p(d — 1)) ) (3.76)

Substituting this back into (3.74) we get

Ly, L_y] =2n (—ocotxo + Z oc_p p> + = Z n— -1). (3.77)
By induction, one can proof the identities'
Zp— n(n+1) and Zp n+3n +2n%), (3.78)

which we can use to simplify (3.77) to

(Lo, L] =2nLo+ -1 (n® —n). (3.79)

12

Looking back at (3.72), we can therefore conclude that for all n,m € Z we
have

d—1
[Ln/ Lm] = (1’1 — )Ln+m + T(m?’

As promised, the L, indeed satisfy the Virasoro commutation relations.
This hints at conformal symmetry of the string. In section 3.4, we will
explain why the string is indeed has this conformal symmetry. First how-
ever, we briefly discuss Lorentz invariance of the string. As we will see,
this will put an interesting restriction on the possible values of 4. Namely,
the only possibility turns out to be d = 25! *

- (3.80)

TThese two formulas are the simplest examples of the so called Faulhaber’s polynomials.
More on these can be found in [ ].
!This is not a factorial.
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3.3 Lorentz symmetry and conserved quantities 57

3.3 Lorentz symmetry and conserved quantities

Just as discussed for the single harmonic oscillator, a relativistic quantum
string theory needs to contain Lorentz generators, which must satisfy the
commutation relations from (1.47). To recall, these relations are given by

[MFY, MP?] = igh® M7 — in*P MM + igh” MPY — in*” MPF. (3.81)

Moreover, want these generators to be Hermitian and normal ordered.
The classically conserved charge is

1 T . .
M = / (XFXY — X'XM) do, (3.82)
=0

which upon mode expansion and evaluation of the integral gives
e 1
MM = xiipl — xfph — i ) E(oc’inzx‘,/l —a¥ al). (3.83)
n=1

Although it is tempting to interpret this expression in terms of quantum
operators, this will not work entirely. Aslongas y, v # —, everything goes
well. To see this, note the last term in (3.83) is always Hermitian, since

VR
X
gk
|
~—~
=
~
Ny
=
S <
|
=
|'§‘
=
=
i
N—
v
—+
Il
t
gk
/N
~—~
=
<

W)t = @) )"

3
I
—_

=
=
<
~—

=

I
=
gk

Sl= = I
—
8
| =
=
X
=
|
‘SE
=

S
I
[y

(& &l —a” ).

I
|
D12

3
I
—_

Moreover, in the case where j,v # —, xj and p}j commute’. As x}j and p}
are assumed to commute, this implies (3.83) is Hermitian. Moreover, the
commutation relations of different M*¥, MP? (where u,v, p,c # —) are eas-
ily checked to satisfy (3.81). For example, assuming u,v,p,o € {2,...,d},
the only relevant relations to be checked are those of the form [M!/, MK],
forI,],K € {2,...,d} distinct. Now since

1 1 ko L K I K, I . K
—zEa,naﬁ,zEa,nan = —Erxﬁzx,n and [xop(]),—xopo] = —ix pé,

§We assume p # v, as 4 = vimplies M*¥ = 0 and there is nothing to show.

57

Version of July 11, 2020- Created July 11, 2020 - 11:00



58 Free bosonic string theory

it follows that
ad 1 1
MU,MIK — —ixK ]+ix] K4 <——DC]0(K + —ocKuc£ )
[ ] 0Po 0Po ’;1 p nen non n (3.84)
= —iMN =im/K,
which indeed coincides with (3.81).

In the situation where one of u, v, p, o equals +, life becomes even easier,
as all &;f are zero for nonzero n. However, the last set of operators, those
of the form M~! for I € {2,...,d}, are more involved. First of all, (3.83)

is not Hermitian for y = — and v = I, since x} and p, do not commute.
The correct Hermitian expression can be found by averaging (3.83) with
its Hermitian adjoint, which for 4 = — and v = I gives

_ _ 1 _ =1, _
M~ = xgpo— 5 (xopg +pox0) =i ) —(aT,m —al,eg).  (3.89)
n=1
It can be shown that this operator indeed generates the correct Lorentz
transformations, and thereby has to satisfy the commutation relations
from (3.81). In particular, we would have to have

ML, M7 =o. (3.86)

Directly calculating this commutator is cumbersome, to say the least. This
becomes apparent when one recalls that the a,, can be expressed in terms
of the L, (c.f. (3.62)), which are quadratic in the al. The expression in
(3.85) is therefore cubic in the a!, which makes confirming (3.86) that much
harder. However, utilising all commutation relations stated in this chapter,

it is possible to calculate that

I g 1
ML, M) = o ngKm(af_na{Z —al_al), (3.87)
where
d—1 1 /d—-1
A step by step handguide of this calculation is given in [ ]. Here a

is the ordering constant introduced in (3.66). Since the al nucfl — ol L&k are

independent, in order for [M~!, M~/] to vanish K,, has to be zero for every
m € Z>1. This implies
d—1 d—1

1—720 and T%—QZO, (389)
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3.4 Conformal properties of the world sheet 59

from which we can conclude
d=25 and a=—1. (3.90)

We thus conclude this free bosonic string theory can only exist in 26 space-
time dimensions! Although it might seem reasonable to therefore discard
the theory all together and deem it unrealistic, such measures are not nec-
essary. The theory can still be saved by compactifying certain dimensions.
This means that instead of strings living in R x IR®, we consider strings
living in R x R3 x (S!)?2. If the metric on the latter space is chosen such
that all S! are small enough, this space will resemble R x R? to the ob-
servers living in this universe. Moreover, more realistic superstring theo-
ries has been developed, which also allow fermionic particles. A similar
argument as in the bosonic case shows such theories are only consistent
in either ten or eleven spacetime dimensions. Hence, it will be up to ex-
perimentalists to either find evidence or counterevidence for these extra
dimensions, in order to either strengthen the case of string theory, or reject
it.

3.4 Conformal properties of the world sheet

Apart from Lorentz invariance, bosonic string theory also has the
promised conformal symmetry, which was hinted at by the occurrence
of the Virasoro algebra in the quantum theory. The best way to exhibit
the conformal invariance of the string is by introducing a new action for
the string, namely the Polyakov action. This action depends on a metric on
the world sheet, so we will let i(c, T) be a metric on the world sheet of
signature (—, +). The Polyakov action is given by

1 v
S, = v /dr/dm/ —det(h_l)h“ﬁaaxyaﬁx Myv (3.91)

written in Einstein notation (cf. (1.5)). Here we view h as a 2 X 2 matrix
with components /%P, and 77 is the 2 x 2 matrix 7 = (! ?) mentioned ear-
lier. The reason the Polyakov action is interesting, is for two reasons. First
of all, it is equivalent to the Nambu-Goto action with which we started
this chapter. This can be shown by calculating the equations of motion
corresponding to this action, which is done in [ ]. The second reason
is because it is invariant under conformal transformations in a very clear
way. Namely, if we have a conformal transformation that takes i to i = Ah
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60 Free bosonic string theory

for some A € R+, then
V — det(A=1)it = \/— det((Ah)~1)AR#
=/~ A-2det(h=1)A (3.92)

=/ —det(h—1)nP.

This directly implies S, = Sy, and hence the Polyakov action is invariant
under conformal transformations. This explains the existence of a copy of
the Virasoro algebra in the quantum theory.

We have hereby concluded our discussion of the bosonic string. One way
to learn more about string theories is by looking at other, possibly simpler,
theories that share properties with string theory. One of the most impor-
tant properties are of course its set of symmetries. We have discussed
both Lorentz invariance and conformal symmetry of the string. Whereas
Lorentz invariance occurs in any relativistic theory, (two-dimensional)
conformal symmetry is specifically found in string theories, as the world
lines of particles are here replaced by two-dimensional world sheets. This
inspires us to look more abstractly into theories that have two-dimensional
conformal invariance. Since such theories are always representations of
the Virasoro algebra, we will specifically look at the simplest among these
representations.
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Chapter I

Representations of the Virasoro
algebra

In this chapter we study representations of the Virasoro algebra. However,
not every such representation is physically relevant, so we will introduce
certain restrictions on these representations. Just as in string theory, we
will always think of Ly as the Hamiltonian. Another way to see why this
is a sensible choice, is by considering the closed string instead of the open
one. A closed string can, just as the open string, be parameterised by two
coordinates T, 0, representing the time and space directions respectively.
The difference with the open string is that we take ¢ € R instead of ¢ €
[0, 7], and the parameterisation X has to satisfy

X(t,0+2m) = X(7,0) 4.1)

for all T, € R. We can also view such an X as a function of the complex
coordinate z = T + ic. The constraint (4.1) then implies X satisfies X(z +
27i) = X(z), and hence that it only depends on exp(z). Formally this
means X factorises as a map X : C* — R(4), such that X(z) = X o exp.
On C*, the radial direction now corresponds to the time direction. We can
now, just as in section 2.3 where we originally defined the Witt algebra, let
act [y act on X. We then get

exp(alp)X(z) = exp(—az0;)X(z) = i (_%?‘Z)I(X(z)
k=0
— ¥ 2X @) (—az = X(1 - a)2)
k=0 """
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62 Representations of the Virasoro algebra

We thus find [ to generate dilatations, which indeed correspond to time
translations. Hence, it makes sense to view Iy, and consequently Ly, as the
Hamiltonian. This will be the main inspiration behind the definition of
so called lowest weight representation, which we will make shortly. First
however, we will show some more general results. We start with a short
lemma. Recall we denote the Virasoro algebra with central charge ¢ € C
as Y..

Lemma 4.1. Let V be a U.-representation, and let v € V with Lov = Av for
some A € C. Then forall vy :== Ly, Ly, ,...Lyvwithny,..., ny, € Z we have

Lovy = (A — Y5y ) or.

Proof. We prove this by induction on k. For k = 0, there is nothing to
prove. So now assume the statement holds for vy_; := Ly, ,...Ly0, ie.

Lovg_1 = (A — Zf;ll n;)vr_1 (IH). We then have
Lo’()k — L0<L7’lkL7’lk71 . e Lnlv) — (LOLnk)Lnk71 . e Ln
= (LnkLO + [LO, Lnk])Lnk71 e Lnlv

H k—1
- Lnk )\ - Z nl Lnk71 . e Lnlv - nkLnkLnk71 . e Lnlv
i=1

- <A_z>

In particular, this either means v} is an eigenvector of Ly, or it is zero. In
the first case, this means that applying any L; to an eigenvector of L just
lowers the Ly-eigenvalue of this eigenvector.

%

]

The second result we need to mention is simply an application of the
Poincaré-Birkhoff-Witt theorem (or PBW theorem for short, c.f. theo-
rem 2.12) on the Virasoro algebra. In order to do this, we need to give
an ordered basis of U,. By definition, the set {L, },cz U {I} is a basis, so
we only need to come up with a total order on this set. A natural choice is
the following: for all n,m € Z withn < m we define L, < L, and L, < L.
The PBW theorem than gives the following result.

Corollary 4.2. The set

(4.2)

A k . kEN/nll--'lnmez’
B {Lnanz...anI L <me... < }

forms a basis of U (D).
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Moreover, we make some last definitions that will come in handy in the
remainder of this chapter.

Definition 4.3. We define

B = {Lnanz...an N € 2 } cB @3
and we define the creation operator algebra as*
U T) = (B7) CU(DT,). (4.4)
Furthermore, for all N € IN we define
BN .= {Lnanz...an €eB: ini = —N} (4.5)
i=1
and
UM = <B<N>> C U(T). (4.6)

Elements of both U (0. )(N) are said to have level N.
Note that by the PBW theorem (theorem 2.12), it follows directly that

UDB)) = P U™, (4.7)
NelN

41 Verma modules

When L is seen as the Hamiltonian, we immediately get an extra condi-
tion on the Lp-eigenvalues. In any realistic physical system, the energy is
bounded from below. Hence, the eigenvalues of L, which represent the
energies, should also be bounded from below. This motivates us to define
the so called lowest weight representations.

Definition 4.4. A lowest weight representation (LWR) is a representation R
of the Virasoro algebra, such that the following hold:

1. Lo has an eigenvector vy € R with an eigenvalue A € C that has
the smallest real part'. That is, Re(A) is the minimum of {Re(A) :
A eigenvalue of Lo }.

*Here (B~ ) can both be seen as the vector space or the algebra generated by B, as
these are the same as sets.
fIn particular, v, # 0.
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64 Representations of the Virasoro algebra

2. IZ)A = OA.
We call A the conformal dimension.

From these simple extra requirements we can already conclude something
more about the action of . on R. We will summarise this in the following
lemma.

Lemma 4.5. Let (R, p) be a lowest weight representation, with A € C and vy as
in definition 4.4. Then the following holds.

1. vy is a primary vector. That is, it is nonzero and for all n > 0, we have
LnT)A = 0.

2. If R is irreducible, for all v € R we have Iv = v. In other words, I acts as
the identity.

Proof. 1. From lemma 4.1 it follows directly that LoL,vpn = (A —
n)L,vs. However, since n > 0, the real part of A — n is strictly
smaller than the real part of A. Therefore, L,vs cannot be an eigen-
vector of Lo, so it has to equal 0.

2. Note that since I is central in U, (as defined in definition 2.15), for all
X e€Y.and v € Rwehave p(I)(p(X)v) = p(X)(p(I)v). Hence, p(I)
is a homomorphism of representations (as defined in lemma 2.13).
Since by the second assumption in definition 4.4 p(I) has at least
one eigenvalue (namely the eigenvalue 1, since p(I)va = vp), by the
second part of Schur’s lemma (lemma 2.13) it acts as the identity on
whole of R. O

From the first statement of this lemma we can directly learn more about the
action of U (0.) on an irreducible LWR R. Recall that by theorem 2.11 we
get an action of U (U.) on R for free, and hence we can look at the subspace
U(B.)vp = {Uvp : U € U(B.)}. This space is clearly closed under the
action of U (U.), and hence it is closed under the action of U, itself. It is
therefore a subrepresentation. Since R was assumed to be irreducible, we
conclude either U (V. )vpy = 0 or U (V. )va = R. By the second assumption
of definition 4.4 the first option is ruled out, so we conclude U (U.)vp =
R. By corollary 4.2, U(*0.) is generated by the set B, from which we can
conclude that R is generated (as a vector space) by
k.  mkelN,ny,...,n, €2Z,
{Lnanz...anIvA. <y < 1y }

meN,n,...,ny €Z
np <ny < ... < ny ’

4.8)
— {Lnanz e anvA :
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where we used the second assumption of definition 4.4 to ignore the
I*-terms. Taking a closer look at an arbitrary element L, Ly, ... Ly, 0a
of this set, the first part of lemma 4.5 tells us that if n, > 0, then
Ly, Ly, ...Ly,va = 0. Now definition 4.3 seems very natural to make, as
we can straightaway conclude that

R = U(B)va = U(B:) To,. (4.9)
In other words, the linear map
¢r:UB)T) = R definedby U — Uvy (4.10)

is surjective. The case where ¢r is also injective warrants a separate defi-
nition.

Definition 4.6. Let R be a lowest weight representation, with primary vector v
and conformal dimension A (as defined in definition 4.4). If ¢r defined in (4.10) is
both injective and surjective, then R is called a Verma module, which is denoted
as V.

By definition, Vs = U(0,)(~)v, for some primary vector v,. From (4.7) it
follows directly that

Va = UD) oy = P (um)(m%) . (4.11)
NeIN

We have now written V, nicely as a direct sum of smaller subspaces (note
that these subspaces are not subrepresentations, as they are not closed un-
der the action of 2J.), and these subspaces actually have have a significant
meaning. That is, lemma 4.1 directly implies that U/ (. ) (N v, is exactly the
eigenspace of Ly corresponding to the eigenvalue A + N. The elements of
V can thus be arranged as in fig. 4.1.

It is important to note that the notation V4 is not ambiguous, in the sense
for that in general two Verma modules with equal conformal dimension
are isomorphic. This will follow from the following proposition.

Proposition 4.7. Let A € C, let V be a Verma module and R a lowest weight
representation, both with conformal dimension A. Then the map ¢r o ¢y~ isa
homomorphism of representations, as defined in lemma 2.13.

Proof. Let vp” and vaR be primary states in V respectively R, and let L €
U.. Then any v € V can be uniquely written as Uv," for some U €

IThis figure is inspired by figure 2.16 in | 1.
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vA 0
/

L_qvp 1
Lzlv{ L_ sz 2
L? 1UA 1UA L 3UA 3

/
LY oa o L2508 2L210A 3L 107 L_gqop |4
YN

Figure 4.1: The elements of a Verma module with primary vector v,, ordered by
their level N. *

U(V.)(~). Hence we have

L((¢ro ¢y ") (v)) = L((¢pr o v ) (Uva")) = L(pr(U))
= L(Uvag) = (LU)vag
= (pro¢v ) ((LU)vs")
= (pro¢v")(Lo).

(4.12)

We thus conclude ¢ o ¢! is indeed a homomorphism of representa-
tions. [

Now assume we have two Verma modules V5 and V’A, that both have con-
formal dimension A € C. Proposition 4.7 then states both ¢y, and Py, are

-1

bijections, and hence ¢y, o ¢y, isas well. This directly implies V, and

V), are isomorphic.

Furthermore, Verma modules are in general not irreducible, as they may
contain nontrivial subrepresentations. Since the Ly-eigenvalues are dis-
crete, such subrepresentations are also lowest weight representations,
which are generated by so called singular vectors. Finding these singular
hence gives a way to construct subrepresentations. We will hence spend
the remainder of this chapter searching for them.
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4.2 Finding singular vectors

In this section, V, is a Verma module with primary state v, with conformal
dimension A. We will first start with introducing some terminology .

Definition 4.8. Let R be a representation of the Virasoro algebra, and let vp be
a primary state (cf. definition 4.4). Then for each U € U(V.)(7), the state
Uwv,y, if it is linearly independent from vy, is called a descendent state or simply
descendent. If it is also a primary state, then it is called singular vector.

Assume V), has a singular vector s. From (4.11) we can write s = Zf\i 0Si

for some M € IN and with s; € U(2.)("). Then for all n > 0 and each sj we
have

M M
O0=Lus=Luy|Y si| =Y Lusi (4.13)
i=0

i=0

and hence

M
Lpsj = —)_ Lus;. (4.14)
=0
i)
However, by lemma 4.1, if Lns]- is nonzero it is an eigenvector of Ly with

eigenvalue A +j —n, and — Zi]\io Lys; clearly is not! Hence L,s; = 0 for

i#]
each 7, and therefore each s; is a singular vector. We can conclude that if

there is a singular vector v, we can assume it is an eigenvector of Ly. We
will discuss two examples of these singular vectors, namely those at the
low levels (recall the definition of level in definition 4.3).

Example 4.9. Assume we have a singular vector s € V at level 1 (in other
words, Los = A+1). Then's € U(B:) Moy = (L_1)va, 505 = al_jv, for
some a € C*. Now by assumption for all n > 0 we have L,s = aL,L_jvp =
0. By definition of a lowest weight representations this is automatically true for
all n > 1. We remain to demand aliL_qivpn = 0, and hence L1L_1vp = O.
To actually get a concrete condition from this expression, we can simplify this
expression using the commutator rules we used to define the Virasoro algebra in
definition 2.16, namely

LiL_yvp = (L_1Ly + [L1, L_1])vop = L_1L1vs +a[Ly, L_1]va

(4.15)
=0+ 2LOUA = ZAUA.

Thus there is a singular vector at level 1 if and only if A = 0.
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68 Representations of the Virasoro algebra

Example 4.10. Assume we have a singular vector s at level 2. Then there are
a,b € C, not both zero, such that s = alL_,vp + bL%lvA. Similarly to the
previous example, we do not have to worry about Lys for n > 2, since these are
zero by the previous assumptions we have made. We thus only need to require
Lis = Las = 0. This can be directly written out as

Lis = al1L_ovp + bLle_lvA
=a(L_pLy + [L1,L_5])oa +b(L_1L1 + [L1,L_1])L_10x
=al_pLqva +3aL_qoa + bL_1L1L_q0A + 2bLoL_q10x
= 0+ 3aL_1vp +bL? | Livp + 2bL_1Lova + 2bLoL_1vp
= 3aL_qvp + 2AbL_10p +2(A +1)bL_10p
= (3a+ (4A+2)b)L_qv,,

and trough a similar simple (but tedious) computation we can also find
Los = ((4A + 1c)a+ 6Ab)v,.

We thus need to find for which c, A the two expressions above can be simultane-
ously zero for a proper choice of a and b. This is equivalent to finding c, A such

that the matrix
o 3 4N +2
Ky = (4A +1lc 6n ) (4.16)

has a non-trivial kernel element (a,b), which on its turn is equivalent to
det(K;) = 0. Since

det(Ky) = 18A — (48 + 3c) (48 +2) = —16A% + (10 — 2c)A — ¢,

which is the case if and only if

A 10-2c++/(2c—10)2—4-16-c _5—c++/(c—25)(c—1)
B 2-16 N 16 '

Although the method for finding singular vectors used in these two ex-
amples certainly works, it is not very efficient, and it only gets more com-
plicated for higher levels. Hence we will look at another way of finding
these values, which will ultimately become theorem 4.14. In order to get
there, we first introduce a complex inner product on V. From a physical
perspective, this inner product is very natural. If we want to view V, as
the state space of some quantum theory, it should be endowed with an in-
ner product. Moreover, just as for the open string, we want L_,, to be the
Hermitian adjoint of L, for each n € Z.
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Definition 4.11. We define (-,-) : Vo x V5 — C as the sesquilinear’ map
satisfying

(o, vn) =1, (4.17)
and foralln € Z and v, w € Vp

(Lyv,w) = (v, L_,w). (4.18)

Although (4.17) and (4.18) certainly seem like a loose requirement, they
do in fact fully determine (-, -). To see this, first note that by assumption
U(B.)(")v, forms a basis of Vy, so by the assumed sesquilinearity it suf-
fices to look at expressions of the form

<Ln1 PP LnkUA, Lml “ e LmévA>,
which by (4.18) equals
<UA, L*l’lk oo L*l’llel . e Lm[’UA>.

By using the commutation relations of the L; (from (2.26)) we can write
the vector Ly, ...L Ly, ...Ly,va in terms of the basis elements of
U(B:)()v,, and by again using the assumed sesquilinearity we can re-
duce this further to determining expressions of the form (va, Lva), where
L € B~. Hence L € BW) for some N € N+, which implies that Lo, is
an eigenvector of Ly with eigenvalue A + N. However, this in fact directly
implies that vy and Lv, are orthogonal, meaning that (va, Lvy) = 0. To
see this, note

A(vp, Lop) = (Avp, Lop) = (Lova, Lop) = (va, LoLoa)

= (va, (A +N)Lvg) = (A+ N) (v, Lvp) (4.19)

and therefore
0= (N+A—A)(vp, Lvp) = (N +2Im(A)i){va, Lva). (4.20)

For all N # 0 however, N 4+ 2Im(A)i is nonzero, so (va, Lva) has to be
zero. In a very similar fashion it can easily be shown that any two vectors
of a different level are orthogonal, which can be used to simplify calcula-
tions considerably, as will be illustrated in the following example.

$By sesquilinearity we understand linearity in the second argument, and antilinearity
in the first argument.
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Example 4.12. Suppose we wanted to calculate x := ((2Lo + L_2)va, (iL_1 +
2L_p + (34 i)L_yL_1)va). Using the sesquilinearity we can write this as

X = <(2L0 + L,Z)UA, (iL_l +L o+ (3 + i)szL_l)UA>
= 2i<L00A, L_10A> + 2<L00A, L_20A> + 2(3 + l) <L()UA, L_zL_10A>
+ i<L_2'()A, L,17)A> + 2<L_2?JA, L—20A> + (3 + 1) <L_2’UA, L_2L,17JA>.

By using the orthogonality property of the different basis vectors, only one of these
six terms survives, and the above expression reduces to

x = 2(L_pvp, L_204),
which we can directly calculate, namely via

x = 2(L_pvp, L_pvp) = 2{(vp, LoL_ovp) = 2(va, (L_oLo + [Lp, L_3])va)
= 2<7JA, [Lz, L_2]0A> = 2<UA, (4L0 — ﬁ -6 - I)UA> = 2<UA, (4A — %)UA>
— (SA — C) <Z)A, UA> =8A —c.

Definition 4.13. Let N € N, let M = #BWN) 9, and let by, ..., by € BN
be distinct elements (so BN) = {b; : 1 < i < M}). We define GIN) to be
the Gramian matrix of (-,-) on the subspace U(B.)N)v, with respect to the
basis by, ...,bp. In other words, GWN) s the M x M matrix with coefficients

GiY) = (i, by), which looks like!

buby)  (bub) .. (byby)
cN) _ <b2/:b1> <bz,:bz> <b21:bM> | (4.21)
banby) (basbs) . (basbat)

For example, G(?) is given by
GO — (<L—2%L—zm> <L_sz,L21vA>> _ (4A—§ 6 )

(L% joa, L_gvp) (L2 0a, L2 [04) 6A  8A+2
(4.22)

The matrices GN) can now be used to find subrepresentations through the
following theorem ([ D.

9In fact M = P(N), with P(N) being the partition function from number theory, which
gives the amount of ways N can be written as the sum of non-negative integers.

Itmplicitly we have to choose an ordering on BN) here. For our purpose it does not
matter which one is chosen, but to make this definition consistent it can be assumed to
be lexicographically ordered.
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Theorem 4.14. Let N € IN. Then the following are equivalent:
(1) detGN) = 0;
(2) There is a level N vector v € V which is orthogonal to all states in Vx;
(3) Va has a non-trivial subrepresentation with a nonzero level N state;

(4) There is a non-trivial singular vector (i.e. linearly independent from v,) at
a level N' < N.

In the literature, det G(N) is referred to as the Kac determinant. To prove
this theorem, we first need a short lemma.

Lemma 4.15. Let v € VA \ {0}, and n € Z~¢. Then L_,v # 0.

Proof. First assume that v is a level N vector for some N € IN. We can then
write v = Y, v Apbua, with all A, € C. Forsuchab € BW), we can
define the length of b as the number of L;’s it consists of (e.g. L_4L_5 has
length 2, and L3 | has length 3). We can immediately do some observations
concerning this newly introduced length.

e If b haslength ¢, then L_,,b, when written in terms of the level N 4+ n
basis BIN*"), consists of a single term of length ¢ + 1, and possibly
other terms of smaller length. This can easily be seen by looking at
how the commutator rules were used in (2.18). To write L_,b (which
is a product of L;’s) in terms of B(N*"), it needs to be properly or-
dered, and to this end repetitive swaps of the L; are used. Such a
swap consists of a substitution given by L;L; = L;L; + [L;, L;], and
obviously the term containing L;L; still has the same length as the
original product, and the terms containing [L;, L;] have a smaller
length.

e If we take two b, b’ € B(N) with the same length ¢, then the terms of
length ¢ + 1 obtained when writing L_,b and L_,b’ in terms of B (N)
are only equal if b and b’ are equal. This follows directly from the
previous observation in which we showed these terms simply are
L_,band L_,V’, but properly ordered without being concerned with
the non-commutativity of the L;. Hence they both only contain the L;
from b and b/, and one additional L_,. But if these £ + 1 length terms
are equal, they contain the same L;, so b and b’ contain the same L;,
and are thus equal.

e Returning to v, let £ be the highest number such that there is a
nonzero b € BN) with length ¢, and let k be the amount of such
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terms. Then L_,v (when written in terms of BN*")) contains ex-

actly k terms of length ¢ + 1, and by the previous point, these are all
different. This means they cannot cancel out, so L_,v is nonzero.

If we now allow v to be an arbitrary state, it will still be a linear combi-
nation of vectors with a defined level (this follows from equation (4.11)),
so we can write v = Y N_gvn, with all vy of level N and all but finitely
many zero. It follows that L_,v = Y.5y_y L—,vn, and since all the L_,vy
are nonzero (proven above) and linearly independent (as they are Lo-
eigenvectors with different eigenvalues), L_,v is nonzero. O

We are now ready to prove theorem 4.14.

Proof. We first show the equivalence of (1) and (2), and then the equiva-
lence of (2), (3) and (4).

(1)=(2) Assume det GY) = 0. Then the rows of GV ) are linearly depen-
dent, hence there exist nontrivial Aq,...Apy € C such that for all
j € {1,...,M} we have Y™, (A;b;, b;) = 0. It follows directly that
if we define v = Y™ A;b;, then forall j € {1,..., M}

M M
<U, b]> = <szb1/ b]> = Z)\i <b1‘, b]> =0 (4.23)
i=1 i=1

Therefore v is orthogonal to a full set of basis vectors of the level N
subspace, and thus to the level N subspace itself. Since v is itself
a level N vector, it is orthogonal to all other elements of V) with a
different level, so by (4.11) it is orthogonal to the entirety of V4.

Moreover, given a non-trivial level N vector v orthogonal to every
other state, it can be written in terms of the basis (vy, ..., vy ), and the
reversal of the previous argument then gives us the required result.

(2)=(3) Let v € VA be a level N vector orthogonal to all other states, and
define R = {w € V, : wis orthogonal to all states in VA }. Then R is
clearly a subspace, and since v € R and vy € R, it is neither 0 nor
Va. We still need to prove that R is closed under the action of U, but
this can be easily done: let w € Rand n € Z, and let w’ € V be any
vector. Then

(Lyw,w') = (w, L_yw') =0 (4.24)

so L,w is orthogonal to every state in V5. Therefore R is a nontrivial
subrepresentation with a nonzero level N vector (namely v).
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(3)=(4) Let R C V\ be a non-trivial subrepresentation with a nonzero level
N state v. We now take N’ € IN to be the smallest number such that
R has a nonzero level N’ vector, and we let w be such a vector. Then
clearly w # v,, as this would directly imply that R = V,. Since
for any positive n € Z- the vector L,w is of a lower level than N
(namely N — n), it has to be zero. But since this holds foralln € Z
we have proven that w is a singular vector.

(4)=(2) Let w € V, be a non-trivial singular vector at some level N’ < N.
If we now look at the level N vector v = Lyy_nw, then lemma 4.15
implies v # 0. Now for all level N vectors w’ we have

(v,w') = (Ly-nw,w') = (w, Ly _nw').

We can then write Ly_pw' in terms of the basis BN)v, as
Ly_nw' = ¥, gov) Apbva, and focus on (w,bop) for such a b €
B(N'). By definition, b = Ly, ...Ln, ,Ln,, for anonempty set of neg-
ative ny,...,n, € Z 9. Hence we have

(w,b) = (w, Ly, ...LN, ,LN,va) = (LN_, ¥, Ln, ... LN, ,7A)

=(0,Ly, ...LN,, ,oa) =0

and this directly implies that

(v,w") = (w, Ly_nw') Z Ap(w, b) 2 Ap-0=0. (4.26)

beb(N beb(N

Hence the level N vector v is orthogonal to all other level N vectors,
and thus to every vector in V.

(4.25)

]

Theorem 4.14 is very powerful, as it gives us a clear way to predict and
construct subrepresentations of Verma modules, namely by calculating the
Kac determinant det GN). Luckily, this has been done in the most general
way, and the result is summarised in the next theorem.

Theorem 4.16. Let N € IN. Then

detGN) = A TT (A —As)PN=T9), (4.27)

r,s€IN
rs<N

where A is some positive constant, P(N — rs) is the partition function mentioned
in the footnote on page 70, and

1
r,s — 48

A ((13—c)(r +52)+\/c—1 )(c—25)(r* —s )—24rs—2—|—2c>.

(4.28)
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A proof of this theorem can be found in [ 1.

4.2.1 Unitarity

At the beginning of section 4.1, we defined lowest weight representations
as representations in which the Ly-eigenvalues are bounded from below.
The argument therefor was that in any quantum theory the energy levels
are bounded from below, and hence, if this representation is the state space
of some quantum theory, the eigenvalues of Ly should be bounded. There
are however other restrictions we can make. For instance, the eigenvalues
of Ly should be real, which implies A € R. Moreover, for any Verma mod-
ule contained in our representation, the “inner product” introduced in the
previous section should indeed be an inner product, meaning it should be
positive definite. Representations for which this is the case are called uni-
tary. We should therefore determine for which values of A and c a Verma
module is unitary. In the following, we briefly illustrate the consequences
of this assumption.

First of all, for the vector L_,v5, we have

c
(L_pop, L_yvpa) = (va, LyL_yvpa) = (v, (2nLg — E(rﬁ —1))va)

— 3
—2nA+12(n n).

If a Verma module is unitary, the above expression should be a a posi-
tive real number for each n € IN-(. For it to be real, ¢ has to be real as
well. Now for any ¢ < 0, the above expression becomes negative for large
enough 7, and therefore unitary representations only exist for ¢ € R>o.
Moreover, for n = 1 the above expression equals 2A, and we can there-
fore also assume that A > 0. To determine for which remaining values of
A and c the Verma module is unitary, we can use the Gramian matrices.
Namely, the inner product is positive definite if and only if every Gramian
matrix is. In particular, a zero of a Kac determinant (viewed as function
of A) corresponds to a zero norm vector, and a negative Kac determinant
implies the existence of negative norm vectors.

For ¢ > 1, it can be shown the representation is always unitary, as proven in
[ ]. A sketch of how to prove this is the following. First one shows
there are no zeros of the Kac determinant in the region c > 1, A > 0. This
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can be done by rewriting (4.28) to

2
1—c¢ 25—¢
A?‘S ]_—C

5T 96 (r+s)+(r—s)

—4], (4.29)

and considering the two cases ¢ > 24 and 24 < ¢ < 1. Then, one notes
the number of negative eigenvalues of the Gramian matrix in two points
(c,A), (', A") can only be different if they are separated by a curve where
the Kac determinant vanishes. One then shows that for “high enough”
values of A the Gramian matrices are indeed positive definite. These facts
together prove that in the ¢ > 1 region the Gramian matrices are always
positive definite, and hence the theory is unitary [ ]. In order to
construct a consistent conformal field theory from such representations,
the Verma modules occurring in a theory need to be closed under fusion.
Fusion is a concept originating from the correlation functions between the
different fields in the theory, but this is beyond the scope in this thesis.
For ¢ > 1 however, this means a consistent theory always consists of an
infinite sum of Verma modules.

For ¢ < 1, things are different. For c < 1 and A > 0, the Verma mod-
ule contains negative norm states, and is therefore not unitary [ ].
We can however still look at quotients of such a Verma module. Namely,
given a subrepresentation R C V,, the quotient V5 /R is again a U,-
representation. Such a quotient is of course only possible if V4 is reducible,
and theorem 4.14 and theorem 4.16 tell us when this is the case. To obtain a
unitary quotient, the subrepresentation needs to contain all negative norm
states. Although this almost never occurs, in the special cases where

o1 5(p-a° (4.30)
pq

for some coprime p,q € Z>», interesting things happen. In this case, we
can rewrite (4.28) into an easier expression. We namely have

— )2 2 _ 2 2 2
1B3_c—124 SP—@7 _12pq  6p"—12pq+6q” _ pT+q”
pq pa Pq

_1)2
-2 —+ 2c = _12M,
pq
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and
—_q)2 2 _ 2
Jie—1)(c—25) = \/6(19 9) (24Pq L 02— 12pg +69 )
pq pq pa
_ \/6(19 —q)? 6(p+q? _ PP —¢
rq pq pq
which implies that

48pqh, s = 12(;72 + qz)(r2 + SZ) + 12(;92 — qz)(r2 + 82) —24rs — (p — q)z
= 12(p*r* + 475> — pgrs — (p — 9)%),

and hence

Ay = Proas”—(p—q)

2
N 4pq '

(4.31)

It can then easily be shown the zeros of the Kac determinant obey the
equalities

Ars = Aq+r,p—s/ Ars+1s = Aq—r,p—s = Aq—r,p—l—s/

4.32
Ao+ (q—8)(p—5) = Braps = Aggr. (4:32)

This implies that for c as in (4.30), a Verma module with A = A, s for some
r,s € IN contains infinitely many singular vectors. These singular vec-
tors in their turn also generate Verma modules that are again reducible.
As before, we can take quotients, and if |§ — p| = 1, these are unitary
[ ]. Moreover, given this fixed value of ¢, (4.32) tells us the follow-
ing: when one is given a small set of Verma modules corresponding to
low values of r and s, every reducible Verma module for this value of ¢
is already contained in one of the modules one started with. This allows
for consistent theories (i.e. theories closed under fusion) built from only
a finite number (of quotients) Verma modules. Such theories are known
as minimal models. Important examples are the model of the Lee-Yang sin-
gularity, for (p,q) = (5,2), and the two-dimensional Ising model, where
(p, ") = (4,3). The theory for (p,q) = (4,3) is however also a model
for the free Majorana fermion ([ ]), and this equivalence was used
by Lars Onsager to find a first exact solution of the two-dimensional Ising
model.
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Conclusion

In physics, there is a close connection between continuous symmetries and
Lie algebras, which is twofold. On the one hand, the infinitesimal gen-
erators of symmetries in the classical theory form a Lie algebra. On the
other hand, Noether’s theorem implies that those symmetries correspond
to conserved charges, such as energy and momentum. In the quantum
theory, these charges turn into operators, which also form a Lie algebra.
For conformal symmetries, we derived the corresponding classical alge-
bra, namely the Witt algebra, by looking at the infinitesimal generators.
We then argued that in the quantum theory, it is not the Witt algebra itself
but a central extension that should occur; for the Witt algebra, the Virasoro
algebra is the unique such central extension. As shown in this thesis, one
important example of a quantum theory in which a representation of the
Virasoro algebra is found, is the theory of the free open bosonic string.

To develop the string theory, we started with the Nambu-Goto action in
(1 + d)-dimensional Minkowski space. We then solved the equations of
motion in the light-cone gauge. Here, instead of the usual d spacelike
dimension and a single timelike dimension, one transitions to two lightlike
and d — 1 ‘transverse’ spacelike directions. In this solution, the transverse
directions obey a wave equation, and are solved in terms of an infinite
set of independent oscillation modes wl (with n € Z). Moreover, when
assuming the motion in one lightlike direction to be linear, the motion in
the second lightlike direction is fully determined by the Virasoro modes,
defined as L, = Y jez a%_kac% . In the quantum theory, the L, turn into
quantum operators. As shown in thesis, the Virasoro modes indeed obey
the Virasoro commutation relations, which indicates string theory indeed
has conformal symmetry. This can be seen explicitly from the Polyakov
action.
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78 Conclusion

Instead of starting with a physical system, representations of the Virasoro
algebra can also be studied directly in an abstract manner. Inspired by the
open string, in such representations we view Ly as the Hamiltonian, and
hence assume the Lp-eigenvalues are bounded from below. The build-
ing blocks of these so-called lowest weight representations are the Verma
modules. As shown in this thesis, a Verma module is reducible if and only
if it contains a singular vector. In theorem 4.14 we showed this occurs
exactly when a Kac determinant vanishes. Theorem 4.16 then gave an ex-
plicit formula for the Kac determinant, hence completely solidifying for
which choices of A and c a Verma module is reducible. With this theory of
Verma modules at hand, the next step would be to construct actual phys-
ical theories from these representations, the simplest of which are known
as the minimal models.
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