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Foreword and acknowledgments

These lecture notes are not supposed to be a substitution for the textbooks and reviews
that are available in the literature. In fact, they are heavily based on them. However
during the course I follow a somewhat non-standard path and these notes can be useful
to find the discussed material at the right place.

These notes have been originally written by E Marino and B. Valsesia who followed
the first edition of the course in 2020. The manuscript became quickly rather useful to
the other students in the subsequent years. After some further editing, the notes have
now reached a more-or-less stable state. That doesn’t mean however that typos have been
completely eliminated or that they cannot be further improved and/or enriched. We thank
in advance anyone who will point us extra typos, possible issues or just suggestions.

The level of the lectures is set for undergraduate students with knowledge of basic
Quantum Field Theory and General Relativity. The notes can also be appropriate for a
basic PhD course on String Theory, in case of no previous exposure to the subject. No
knowledge of Supersymmetry is required.

November 2023, C. Maccaferri
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1 Introduction

1.1 The heritage of the past millenium

Last century has been characterized by an impressive advance in the understanding of the
physical world. We have understood how Nature is organized at very small scales, following
the rules of Quantum Mechanics. We have also understood how it is organized at very large
scales, according to the elegant description of General Relativity. A lot of experiments, espe-
cially concerning high energy physics in accelerators, confirmed our vision of the quantum
world to an astonishing precision. However more and more confusion emerged from astro-
physical observations, to the point that we finally realized that what we have understood so
well is only a tiny part inside a very mysterious Universe.

* The celebrated Standard Model of Particle Physics (the most precise theory we have
at our disposal to describe the microscopic world) can only describe about 5% of the
matter/energy which is present in the Universe. A mysterious 20% should be incarnated
by the so-called dark matter. This is thought of as an exotic form of particle matter which
is very weakly interacting with photons (and so it is invisible) but which contributes to
the energy momentum tensor and thus couples to gravity. Without dark matter, galaxies
would not rotate in the way we observe and the structure of the large-scale universe
would be different. But what is dark matter? How is it related to the standard model
matter and to the real nature of gravity? No one knows.

* Our universe is expanding and the expansion is accelerating. Something is constantly
pushing our universe apart. How is this possible? General Relativity tells us that this
is what happens when there is a positive cosmological constant in Einstein equations.
Although this cosmological constant is expected to be vey small, it still provides the
remaining 75% of the energy balance. Even more mysteriously than dark matter, this
elusive form of energy is invoked with the name of dark energy. Since dark energy is at
the end of the day a positive cosmological constant, it should be produced as a vacuum
energy of some of the fields which describe the evolution of the universe at large scale.
Which fields? How are they related to the Standard model fields? No one knows.

* We have finally observed black holes, also thanks to the impressive success in the de-
tection of gravitational waves. We are essentially sure that giant black holes live at the
center of every galaxy. Smaller, stellar-like black holes are everywhere in the universe.
What is their physics? Are they really “black” or they can eventually give back something
of what they have absorbed? Despite a lot of research and speculations, again no one
knows.

This is empirical evidence that the Standard Model plus General Relativity cannot be the end
of the story.

How can we fill the gap?

Many theoretical physicists believe that the main reason why we don’t understand the
above issues (and in fact many others) is that our knowledge of the basic laws of Nature is not
complete and we are missing something fundamental. This belief comes from the fact that,
at a fundamental theoretical level, there is a big hole in our model of the universe. Indeed
it turns out that Quantum Field Theory and General Relativity, the two pillars that are at the
basis of everything we know, are not compatible with one another! To understand what is the
story of this incompatibility let us sketchily review the salient features of the quantum theory
and of gravity.
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1.1.1 Quantum field theory

Quantum Field Theory (QFT) is the paradigm we use to describe fundamental interactions at
the microscopic scale. Most of the QFT’s we are interested in have a definition in terms of a
path integral which allows to compute correlation functions of operators {O;(¢)} as

(ol---on)~f D¢ 0y(§) -+~ Op(§) eFS@). (1.1)

Assuming that the action is of the standard form

@)= [ ax (Goxs-vi9.00)). 12

one is usually interested in perturbative computations. This means that we consider the the-
ory of (small) fluctuations around the saddle point ¢ = 0. The leading contribution from the
saddle point is the tree-level part of the amplitude. Higher terms in the saddle point expan-
sion account for loop corrections. This procedure gives a power series expansion in i which
is called perturbation theory and it is given by the sum of all the Feynman diagrams. The
obtained contributions are generically divergent but, if the original action is renormalizable
(i.e. if it possible to absorb the divergences into a finite number of counter-terms), one finally
obtains finite numbers for the scattering amplitudes, which can be tested against experiments
in colliders. This is what happens for the Standard Model of particles which describes in this
way the physical phenomena associated with electromagnetic, weak and strong forces. This
description is very accurate when i — 0%, where the quantum couplings are small and be-
comes however less predictive outside of this limit. The reason is that an amplitude is not in
general an analytic function of # and the power series expansion is often only an asymptotic
expansion with zero radius of convergence. This typically happens because, as i grows, the
path integral starts to be sensible to other classical solutions ¢, of the (euclidean) action Sg(¢)
which contribute at order ~ e~#5:(#-) Notice that this quantity is evidently not vanishing, yet
it has a vanishing power series expansion in i — 0*. Therefore this contribution is invisible
in perturbation theory. These effects are called non-perturbative contributions, the paradig-
matic example being the so-called instantons. Although they are negligible at weak coupling,
they are however important at strong coupling, for example to understand confinement of the
strong interaction at low energy. It is fair to say that while we understand very well the per-
turbative structure of QFT (weak coupling), the non perturbative strong coupling aspects are
still rather elusive. In conclusion, given the fact that we typically have weak coupling at high
energy (asymptotic freedom), we understand well the UV behaviour of QFT but we still have
rather poor understanding of the infrared (IR) region. However we believe (as the numerous
lattice simulations have confirmed) that the path integral is giving a complete definition of
QFT, we are just unable to calculate it without resorting to perturbation theory.

1.1.2 General relativity

The fourth fundamental force of Nature, gravity, is described by a classical field theory, General
Relativity, encoded in the Einstein-Hilbert action

Ser(uy) ~ é f d*x+/—g (R(g)—A). (1.3)

The quantity Kk ~ 4/ Gnewton 1S the gravitational coupling and simple dimensional analysis tells
us that it has dimension of length (in natural units fic = 1), which means that gravity is ex-
pected to become strong at very short distances. This expectation is however not really testable
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because at short distances we should treat gravity quantum mechanically and we cannot, be-
cause General Relativity is not renormalizable. This is expected for a theory having a dimen-
sionful coupling constant xk of negative mass dimension. Indeed in this case renormalization
typically requires an infinite number of counter-terms of increasing dimension, with the conse-
quent complete loss of predictiveness. A way out would be UV finiteness of the theory without
renormalization. It turns out that pure GR (with no matter) is finite at one-loop but diverges
starting from two loops. Therefore renormalization is needed and infinite counter-terms are
generated in the process. Let us elaborate a bit more on why we need infinite counter-terms.
Counter-terms are naturally organized in a power-series expansion in k. Since k has dimen-
sion of an inverse mass, a generic counter-term will be ~ k"4, which is an irrelevant®
operator of mass dimension A = 4 + n. Since there is no upper bound to the dimensions of
irrelevant operators, this means that, to absorb the divergences, we will have to switch on in-
finite counter-terms allowed by general coordinate invariance. These counter-tems are higher
derivatives of the curvature tensor(s) and its powers ~ k™*2P~43™[R]? and we would need
infinite experiments to fix them. This means that the theory is non-renormalizable. As a mat-
ter of fact, this is not a peculiarity of gravity but it is common to all theories with a negative
dimension coupling constant by analogous arguments.

The dimensionful coupling constant and the consequent need of infinite counter-terms is
indeed reminiscent of the Fermi theory of weak interactions which is not renormalizable but
it is the low-energy effective field theory of the (renormalizable) SU(2) gauge theory of weak
interactions, obtained by integrating out the SU(2) massive gauge bosons. If we follow this
analogy we are then lead to consider the possibility that GR might be an effective field theory
where some fundamental microscopic degrees of freedom have been integrated out leaving
the graviton as the low energy degree of freedom. As we will see, this is precisely the picture
that is suggested by string theory.

To summarize, the problem with GR is in a sense opposite to the problem with QFT. In
GR we understand very well the infrared (classical gravity) but we are in trouble with the
ultraviolet (quantum gravity).

1.1.3 The Planck scale

What is the scale at which classical GR is expected to fail in describing gravity? When gravity
becomes quantum mechanical? We can have a simple estimate from dimensional analysis. If
we associate to Relativistic Quantum Mechanics the constants of Nature ¢ and # and to General
Relativity ¢ and G, we see that we can construct a fundamental length, mass and time called
Planck units

Gh _
lpranex = \| 3 ~107°m, (1.4)
Mptancc =\ 2 10%Gev ~ 10K g, (1.5)
Gh _
Eplanck = \ C_5 ~10%s. (1.6)

f a theory is defined in D space-time dimensions, an irrelevant operator has mass dimension A > D. A
marginal operator has dimension A = D and a relevant operator has dimension A < D. Irrelevant operators are
not important at low energy but become important at high energy and, in an effective field theory understanding,
are generated by integrating out high energy degrees of freedom.
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The Planck mass, in particular, can be defined as the mass of a particle whose Compton wave-
lenght A, is the same as its Schwarzschild radius r,. To be precise, remembering that

2nh 1
A(m)="2= (1.7)

c m
rm) =2 m, (1.8)

c
the Planck mass is defined by the relation
1

rs(Mpianck) = ; Ac(Mplanci) - (1.9)

This is essentially saying that the wavelength of a photon that can detect the particle is the
same as the event horizon of the particle itself! If the mass of the particle were higher, the black
hole associated to the particle would eat the photon completely. In length terms this means
that it is not possible to resolve distances smaller than the Planck length Ipjne ~ Ac(Mplanck)
because the needed energy would create a black hole whose horizon is larger than the distance
we want to probe! This is an important lesson that we get by trying to combine the rules of
quantum mechanics with the existence of event-horizons. From QM we know that to resolve
smaller and smaller distances we need higher and higher energy. However there is a limit to
the energy that can be stored in a region of space: if too much mass-energy is concentrated
in a too small region this will collapse gravitationally, forming a black hole! This discussion
is certainly rather heuristic but it points to the fact that in any quantum theory of gravity we
expect to have a minimal distance beyond which space-time itself breaks down. The existence
of a minimal length also suggests that in a full quantum gravity theory there should not be UV
divergences whatsoever because there is a natural cut-off given by the Planck scale. This is
precisely realized in string theory, as we will see in detail.

1.2 String theory: A first look

The basic idea of string theory is that the fundamental degrees of freedom are extended objects:
one-dimensional relativistic strings. The size of strings is the only scale of the theory which is
called o’ and has the dimension of length squared. The size of the string is set to be of the
order of the Planck length

(1.10)

/ 2
a ~ lPlaan 4

but the precise relation is a consequence of the strings dynamics and of the string coupling
constant (a quantity which will be introduced later on in the course). However we have to
specify a little better what we mean by ‘size’: since we want a relativistic theory we cannot set
a fixed length, as this would not be invariant under Lorentz transformations. What is constant
is the tension of the string, which can be considered as the mass per unit length

1

Tstring = Cymwl (111
If we perform a Lorentz boost the length of the string can change but its tension remains
constant (just like the invariant mass of a relativistic particle). This has the funny consequence
that by stretching the string the energy grows linearly and not quadratically as it would be for
a non-relativistic rubber band. Incidentally (but not that much incidentally after all) this is
precisely the behaviour of QCD flux tubes between quarks in the confinement regime. This is
not a curious coincidence but it is related to the fact that relativistic strings are indeed a good
description of strong interactions in the strong coupling phase. This is also one of the line
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Figure 1.1: A free closed string, a closed string emitted by a D-brane and open strings
attached to a single or multiple D-branes.

of reasoning that can bring to the celebrated AdS/CFT correspondence which essentially says
that some QCD-like gauge theories (the ‘CFT’ side of the duality), when they are in a strong
coupling phase, can have a dual description in terms of strings (the ‘AdS’ side of the duality).

Strings can close on themselves to form a loop (closed strings) or they can have endpoints
(open strings). Closed strings are sort of universal objects which can freely propagate in space-
time, just like particles (see fig. 1.11.1(a)). Open strings, on the other hand, need some more
structure to be identified. In particular, contrary to the closed string, the endpoints of an
open string are two preferred points whose position in space-time will generically be on some
hypersurface (which in some case can coincide with space-time itself) (see fig. 1.11.1(c)).
These surfaces are known as D-branes and are one of the most important ingredients of string
theory. As we will see D-branes are genuine dynamical objects which can fluctuate and interact
in space-time. In fact, the most correct way of thinking at open strings is in terms of fluctuation
modes of D-branes. D-branes interact with closed strings. In fact D-branes are the sources of
closed strings in the same way as usual matter is the source of the gravitational field (see fig.
1.11.1(b)).

To better understand this point we need to zoom a bit on the internal dynamics of a string.
Being an extended object a string will be first of all characterized by its center of mass which
will behave as an elementary particle. The mass and the spin of this elementary particle de-
pend on the vibrational mode of the string. Indeed thanks to its tension the string vibrates
relativistically. Vibrations naturally organize themselves into harmonics and, as we will see,
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each harmonic gives rise to a state with definite mass and spin. In particular, calling N € Z
the vibrational mode, the mass of the state will be of the form

am?>~N—1, (1.12)

where ‘1’ is a zero-point energy whose precise value will be determined by quantum consis-
tency and which depends on whether we are considering bosonic strings (as we are doing now)
or superstrings, for which the zero point energy will be different. But these are unimportant
details for the time being. At the same time, the spin of the state will also be determined by
the vibrational mode in a way that roughly goes as

s~ 2N, closed string, (1.13)
s~N, open string. (1.14)

We see that for the first harmonic N = 1 we get a massless particle whose spin is two for
the closed string and one for the open string. Now, it can be shown that a massless spin two
particle can only be the graviton: there are no consistent interactions for a spin two massless
particle other than general relativity (with possibly higher derivative corrections) where the
graviton h,,, appears as the fluctuation of the metric tensor around flat Minkowski metric:

8uv = MNuv +hyy- (1.15)

Therefore we have to conclude that a theory of closed strings necessarily includes gravity!
The nice thing about this is that, as we will see in detail, strings interact consistently in a full
quantum setting and since gravity is part of the closed string spectrum, string theory naturally
provides a setting in which gravity is treated quantum mechanically, without encountering the
problems we had in trying to quantize general relativity. String theory, beside other things,
provides a theory of quantum gravity.

But gravity is not the only thing we get. Looking at the open string spectrum we also
encounter massless spin-one particles. These are the needed Lorentz representations to de-
scribe the gauge bosons of Yang-Mills theories and indeed we will see that open strings (or
more correctly D-branes) are responsible for the emergence of gauge theories from string the-
ory. Therefore in string theory Yang-Mills theories and gravity are unified in a fully quantum
mechanical way.

We have said before that in a theory of quantum gravity we expect UV divergences to
be tamed by the natural cutoff provided by the Planck mass. How is this realized in string
theory? It is not possible here to give a complete account of the absence of UV divergences
but the following example will give you the taste of what happens in a high energy string
scattering.

Consider a ¢ theory where the interaction potential is given by V(¢) = g f dPx ¢3(x).
This theory is obviously UV divergent, the simplest divergent diagram being the one-loop tad-
pole (see fig. 1.2) consisting of a cubic vertex where two legs are connected by a propagator
and the third leg is the emitted particle from the unstable quantum vacuum

1
A~ gf d’p Im = divergent. (1.16)

To get an (although incomplete) idea of what happens in string theory one should think of
substituting the potential as

V() - V(e), (1.17)

where ) ) .
¢ =e*"p > e P p(p), (1.18)

6
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Figure 1.2: The tadpole diagram of the ¢> theory.

Figure 1.3: The tadpole diagram of the deformed ¢? theory.

and at the end we switched to momentum space. This deformation essentially dresses the
interacting field with a gaussian form factor which describes a spreading of the interaction at
asize ~ Vo’ (see fig. 1.3). This simulates the fact that strings, being extended objects, cannot
interact at a point. Now the same tadpole diagram will become

_2a/p2

A~ gf dPp ﬁ = convergent, (1.19)

where we are assuming we are doing a Wick rotation to euclidean momentum to ensure con-
vergence thanks to the gaussian factor. We see that the fact that the interaction is diffused at
the string scale a’ guarantees that UV divergences will always be absent, because the expo-
nential suppression will always be stronger than any power coming from the loops.

During the lectures we will have a more refined understanding of how UV divergences are
avoided (or reinterpreted as IR divergences), but this simple example should give the right
intuition of what is happening at high energies: string theory is very soft, much softer than
any standard field theory.

What we have described up to now (bosonic string theory) seems very promising for a
possible ultimate theory unifying QFT and GR. There are however a couple of unsatisfactory
issues which tells us that bosonic string theory is not enough.

* The theory is unstable. If you look at the mass formula (1.12), it appears that for N =0
the corresponding state is a tachyon. In QFT a tachyon is a sign which is telling us that we
are quantizing the theory around an unstable vacuum. The search for a stable vacuum
is far from obvious, especially for what concerns the fate of the closed string tachyon.

* It turns out that the spins we are able to create with the bosonic string are all inte-
ger (1.13), (1.14) and therefore we can only describe spacetime bosons. But we need
fermions to describe nature.

* Quantum consistency of the theory is subtle and it fixes the dimension of space-time to
be 26. This is clearly very far from our 4 dimensional space-time.

As we will see in the last part of the lectures, the first two points are solved by upgrading to
the so-called superstring which is at the moment the best available model for unification. In
the superstring the dimension of space-time will be fixed to 10 by quantum consistency. This is
still rather far from our 4 but, either through compactification or by means of various D-branes
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configurations one can easily get effective 4D field theories which are qualitatively very close
to the standard model. Getting exactly the standard model is an active area of research and,
as of now, it has not yet been accomplished.

There is indeed a multitude of ways we can obtain a low energy effective field theory from
a unique superstring theory in 10 D, which suggests that our “low energy” physics may be in
a sense accidental, just like it is accidental that our planet is at the right distance from the sun
to guarantee life. In other words, our experimented physics may be just one of the possible
billions of ways string theory has broken down at low energy. This sometimes leads to spec-
ulations which inevitably have a sort of philosophical taste. This however should not distract
us too much. On the other hand there is perhaps a lesson to be learnt about the difficulty of
reproducing exactly the standard model which has to do with the fact that we still don’t under-
stand the real non-perturbative structure of string theory. Without this understanding it is not
really possible to make solid low energy predictions. The understanding of string theory is still
an on-going endeavour which will have to be continued by the next generations of physicists
in the years to come!

1.3 Overview of the course

These lectures are rather long and extended, probably too much for a 48 hours undergraduate
course. We have tried to explain everything by only assuming some knowledge of perturbative
QFT (including renormalization) and a bit of GR. But this requires time and constant effort to
fill the gaps. We hope we have reached the goal at least partially and students will find them
useful.

The notes are organized as follows.

In chapter 2 we study the relativistic particle and develop the tools that will be later used
for the string, in particular BRST quantization.

In chapter 3 we introduce the bosonic string in the oscillator formalism and we explore
the spectrum of closed and open strings. In particular we introduce D-branes as boundary
conditions for open strings. We go through the BRST quantization of the Polyakov path integral
and we introduce the (b, c) reparametrization ghosts, the BRST charge and its cohomology.
At last we introduce light-cone quantization as a way to capture the gauge invariant content
of BRST, at the price of loosing Lorentz covariance.

In chapter 4 we give an account of two dimensional conformal field theory, which is the
worldsheet theory we get after gauge fixing the Polyakov path integral. We also give some
notion of boundary conformal field theory, to properly describe open strings and D-branes.
We end up describing the general bulk-boundary correlation functions and relate them to
interactions between open and closed strings in presence of D-branes.

Chapter 5 deals with string perturbation theory. After discussing the topological expansion
of the Polyakov path integral we discuss in some detail tree level closed and open string ampli-
tudes, where all the CFT machinery developed in the previous chapter can be used. Then we
discuss the non-linear sigma model and the emergence of Einstein equations, together with
the full non-linear field equations for the massless closed string states. We continue by giving
a quick look at loop amplitudes and to the concept of moduli space. As an example we dis-
cuss the closed string one-loop vacuum amplitude and we introduce modular invariance. We
also discuss the open string one-loop vacuum amplitude. We carefully go through the analysis
of open string UV divergences and reinterpret them as IR divergences associated to Riemann
surface degeneration in the closed string channel. We then follow Polchinski original compu-
tation to see that D-branes are sources for closed strings and we estimate the tension of the
D-branes.
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In chapter 6 we finally introduce the superstring and its superconformal two-dimensional
field theory with Neveu-Schwarz and Ramond sectors. We derive the superconformal con-
straints and we obtain the spectrum of physical fluctuations. By explicit computation in light-
cone gauge we verify that the torus partition function is not modular invariant as it stands but
needs the GSO projections. In this way, out of an inconsistent model, we get four consistent
truncations: Type IIA-B and Type OA-B. The Type O theories only contain spacetime bosons
and are still plagued by the tachyon. On the other hand the two Type II theories are stable
(no tachyons) and contains bosons and fermions. We discuss their spectrum and find out
that there is a perfect match, at every mass level, between bosonic and fermionic degrees of
freedom. This is the sign of spacetime supersymmetry. In the set of the bosonic degrees of free-
dom we will encounter several massless fields in the form of differential p-forms (the so-called
Ramond-Ramond forms). We will understand them as generalized electro-magnetic potentials
that couple to D-branes just like the photon couples to electric particles. This will complete
our pictures of D-branes which will finally be understood as extended dynamical objects with
a mass (sourcing the gravitational field) and a charge (sourcing the Ramond-Ramond fields).
In parallel we will also have a look at D-branes from the perspective of open superstring. Fi-
nally we will briefly mention the existence of the Type I theory and the two Heterotic theories.
However we won’t have time to do more than just mentioning them, to get the final picture of
five distinct superstring theories.

In chapter 7 we will give an overview of string dualities. We will start with T-duality, which
will be fully discussed at level of the worldsheet. We will then discuss the strong coupling
behaviour of Type IIB and Type IIA which will bring us to (respectively) S-duality and M-
Theory. We will finally see how the five superstring theories are all connected by perturbative
and non-perturbative dualities, leaving us with a unique theory, whose fundamental structure
and principles are however still rather mysterious.

1.4 Small guide through the literature

The material of these notes is taken for a large part from the classical String Theory books, to
which the student is directed for a complete list of references. Students are highly encouraged
to go through these books and not to be satisfied by these notes alone. An important source of
material is the book by Blumenhagen, Liist and Theisen [1], which is a modern and complete
resource on the subject. The books by Polchinski [2, 3] are also highly recommended for
the very insightful explanations, although they are updated up to 1997 or so, just before the
AdS/CFT correspondence. Anyway they are perfectly appropriate (although a bit advanced at
first reading) for these lectures, which cover a subset of the two books. We have also used the
classical books by Green, Schwarz and Witten [4,5]. These books however have been published
in the 80’s where some crucial elements (most notably D-branes) were still to be ‘discovered’.
As far as two dimensional conformal field theory is concerned, the classical reference for a self-
contained introduction is the ‘yellow book’ by Di Francesco, Mathieu and Sénéchal [7]. The
classical article by Friedan, Martinec and Shenker [6] is effectively a standard and pedagogical
‘textbook’ for the RNS formulation of the superstring. The lecture notes by David Tong [8] have
also been a useful ingredient in the preparation of this course and students are encouraged to
read them. For students who would like to be introduced to the world of string theory in a
remarkable pedagogical way, which does not assume preexisting knowledge of QFT and GR we
recommend the book by Zwiebach [9]. Other classical and useful resources on string theory
are [10] and [11].
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2 Free relativistic particle

The construction of a dynamical theory for a relativistic string is rather different from what
one is used to in particle theory. For this reason, before attacking the string, we will discuss
something which should be well known: a free relativistic particle. But we will do this using
the same tools that we will later apply to the string.

2.1 Old covariant quantization

2.1.1 Classical aspects

A relativistic particle can be described by a one-dimensional field theory where the space-time
coordinates are interpreted as D Lorentz scalars X, labeled by the Lorentz indices
u =0,1,...,D—1, and depending only on the time parameter 7. The dynamics of these
fields is encoded in the world-line action?

. wdxo
S'=—mdeV—X2=—m d’r\J—ndedi (2.1)

dt dt’

which is proportional to the arc-length of the space-time trajectory. This action is clearly in-
variant under time reparametrization T — 7 = T + 6(7), as it is easy to prove by insisting that
X transforms as a scalar in one dimension:

L dx*  dfdx*
XHM(1)=Xx"(7) T =4 47’ (2.2)

=
dr
S[X”(T)]——mdeV—X —mfdr—\ dT XZ—S[X“(T) (2.3)

This one-parameter diffeomorphism invariance is a gauge symmetry of the action. Related to
this, the canonically conjugated momenta

oL mx*
w = 0 = 5 (24)
oxXH —x2
are identically constrained to obey
PP +m*=0. (2.5)

Notice that, from a space-time perspective, this constraint is nothing but the mass shell con-
dition for a free particle of mass m. An additional fact is that the associated Hamiltonian is
identically vanishing:

H=PX"—-L=0. (2.6)

The fact that the canonical conjugated momenta are constrained, together with the vanish-
ing of the Hamiltonian makes the quantization procedure (although not impossible) rather
intricate. Moreover if we look at the action (2.1) as a one-dimensional field theory, we don’t
recognize (because of the square root) a standard kinetic term for the scalar fields X*(1).

To solve all of these problems at once we introduce a new classically equivalent action
which contains a new one-dimensional field e(7) in addition to the scalar fields X*:

72
S[X,e]= %Jdr (X?—emz). (2.7)

2We always use the metric signature (—, +, ..., +).

10
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The new field e(7) is the “ein-bein”.® In this trivial 1-dimensional case we can write e = /—g..
and rewrite the action S[X", e] as

1 o
S[X*, g:-1= 3 J dt v/—g(g""x"X, +m?), (2.8)

namely the action of D scalar fields on a one dimensional manifold whose metric g, is con-
sidered as a dynamical field. We have also used the trivial 1-dimensional identification

1

gt = , g=detg=g... (2.9)
gTT

This action describes D free scalar fields X* covariantly coupled to a one-dimensional metric
8- and is therefore obviously invariant under v-reparametrizations (which are just the one-
dimensional diffeomorphisms). Using the general formula for the change of a field ¢ under
an infinitesimal reparametrization ¥ = 7 + 6(1)

¢(1)= (1) +8(7) + ()57 = $(v) + $(7)6(7), (2.10)
and the fact that the einbein transforms as a 1-form
é(t)dt =e(r)dr, (2.11)

we can write the complete set of gauge transformations (1-dimensional diffeos) as

ge = —40) (2.12a)
dr

5XH =—0X(1), (2.12b)

6Tt =0(1). (2.12¢)

It is easy to verify that (2.7) is invariant under this set of transformations.
Exercise 2.1.1
Check egs. (2.12a), (2.12b) and (2.12c¢).
Exercise 2.1.2

Verify that (2.7) is invariant under the transformations (2.12a), (2.12b) and (2.12c).

If we now evaluate the equations of motion (EOM) for e and X* we obtain

5S .

5—:0 = X2+e’m?=0, (2.13a)
e

55 dx¥_

—_— =0 = =0 , 2.13b

oXH dt e ( )
so that replacing (2.13a) in (2.7) we obtain the starting action S’ (2.1), which proves the
equivalence of the two actions. Moreover from equation (2.13a) we recover exactly the con-
straint (2.5) over the momentum P, = X u/e. The constraint (2.5), giving rise to the physical
mass-shell condition, is now realized as the equation of motion for the ein-bein e.

3A D-dimensional (pseudo-) Riemannian manifold which is locally Minkowski has a metric &u» which can be
written g, = eﬁnabei, where e, are the components of D one-forms e® = ede“ (with a = 0,---,D — 1)) which
are usually called vielbeins.

11
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2.1.2 Quantization

We may now proceed to the first quantization method, equivalent to the Gupta-Bleuer method
in QED, that we will refer to as old covariant quantization (OCQ). The first step to implement
this method is to consider e as a gauge parameter which has to be fixed. We will thus set e to
a fiducial value:

e=é=1 (fiducial value). (2.149)

We may convince ourselves that this fiducial value can be achieved, starting from any e(7), by
a reparametrization (2.12a):
6e=—0.(0e)=1—ce. (2.15)

Explicitly:
0(1) :—% ((T—TO)—J dT/e(T/)) . (2.16)

Exercise 2.1.3

Check eq. (2.16).

The gauge fixed action is given by simply setting e = 1 in (2.7) and reads

) 1 )
sgaugefixed(xy — g(x )| = 3 J dr (X*—m?). (2.17)
e=1
If we vary this action with respect to X we get
X*=o0. (2.18)

This equation describes a generic geodesic motion in flat space-time but there is no informa-
tion at all about the mass-shell of the particle! In other words, if we consider the canonical
momentum

P,=X,, (2.19)
it seems we have lost the mass-shell P2 + m? = 0. What has happened? The ‘sin’ we have
committed has been to fix e = 1 and then to forget the equation of motion for e. The missing
equation is given by (2.13a) with e — 1:

X2+m?=0 < P’+m?=0. (2.20)

Notice that this cannot be obtained anymore by varying the gauge-fixed action (2.17) but we
have to carry it as an additional constraint on the space of solutions to (2.18).

Now, armed with this understanding, we can quantize the theory. We follow canonical
quantization which means that we impose equal-time canonical commutation relations on the
space of solutions of (2.18). The generic solution to (2.18) is given by

XM(t)=x"+pHt, (2.21a)
PH(7)=XH =pH. (2.21b)

In the quantum world the solutions X and P (not the generic configurations of X and P not
solving the X-eom!) become canonically conjugated operators with respect to the equal time
commutator?

[X¥(1),PY(t)] = i()n*", (2.22)

4From now on we will set i =c¢ = 1.

12
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which explicitly means

[xH,p¥]=1in"". (2.23)

This is an Heisenberg algebra which is realized in a Hilbert space of momentum eigenstates:

p*10,p) =p"10,p), (2.24)
(0,pl0,p") = 5(p—p’). (2.25)

The generic state in this space is
o) = f d’py(p)|0,p). (2.26)

The coefficient y)(p) (or equivalently its Fourier transform v (x) = f dpp(p)e’?™) is a scalar
field in space-time, not subject to any equation of motion. Therefore the obtained Hilbert
space contains the most generic off-shell configurations for a scalar field in space time. The
requirement of physicality (mass-shell condition) comes from the missing equation of motion
of the ein-bein e. Classically the equation is simply p?+m? = 0. In the quantum world we have
to impose that the operator p%+m? vanishes when inserted between physical states |0, p)P"y*)

(phy S)(O, p’l(p% +m?)|0, p)(phy =0 (Physical state condition). (2.27)

Thus a state will be physical if and only if

(p*+m?) |phys) = 0. (2.28)

If we now use the Fourier transform to change basis to the position eigenvectors, we get

Y(p) = f d4xp(x)e P>, (2.29)

Then the physical condition is translated to

(@—m*yYP(x)=0, (2.30)

so we find that the wave function must satisfy the Klein-Gordon equation.

2.2 BRST quantization

The old covariant quantization we have gone through in the last section is perfectly fine for the
particle but, as we will see, it falls somehow short for the string in determining unambiguosly
the critical dimension and the correct physical spectrum. To see these two crucial things neatly
emerge, we need to consider the BRST quantization (or the related light-cone quantization).
In this preliminary section we are going to review the BRST formalism. This is the ‘correct’
method to quantize theories having gauge symmetries controlled by a Lie algebra structure.
As we will see this is sufficient for both the particle and the string.

13
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To describe the BRST quantization we consider a general action S[¢;] for a set of fields
¢;.> This action is equipped with a gauge symmetry (redundancy) given by the following fields
transformations:

O0¢; =8%,9;, (2.33)

where &7 are the gauge parameters associated to the algebra generators 6, which we will
assume to satisfy the properties of a Lie algebra:

[5a) 5b] :fabC(SC' (234)

We define the (Minkowskian) path integral

_ | Péi_isten
Z= J woiare e (2.35)

which is naturally normalized by the volume of the gauge group. It is clear that this last quo-
tient is necessary to avoid the field overcounting due to the gauge redundancy. Indeed, if we
integrate over all the possible field configurations we will also consider the states that just
differ by a gauge transformation and therefore have identical action contribution. Given the
fact that the gauge equivalent states are infinite this produces a divergence in the path inte-
gral, proportional to the volume of the gauge group. However this divergence is not physical
because gauge equivalent states are physically equivalent and we must implement a gauge
fixing procedure to explicitly factorize and simplify away the group volume. The gauge fixing
can be implemented in the case of a Lie Group using the Faddeev-Popov method (FP).

Let us consider a gauge fixing condition FA(¢;) = 0 © that defines the gauge nonequivalent
states qgi | FA(q§i) = 0. By definition it is possible then to describe every other state in the
field space using the ¢; gauge orbits, and in particular we can reparametrize the fields ¢; as
¢, = ql;f with the condition that under infinitesimal gauge transformation the parametrization
behaves as ql;f ~¢; +E95,¢;.

The first step to implement FP is to manipulate the trivial functional identity described as
a functional integral over the (functional) gauge group, namely

JD§“5(£‘1) =1, (2.36)

using the well known property of the Dirac delta 6(f (x))|f’(xo)| = 6(x — xg) (where x, is a
simple zero of f(x)), and generalizing it to the functional integral

Ar &
f DEIS(EY) = f Dgadet[%] S(FA ;) =1. (2.37)
£=0

>In our notation the indices will be used to denote every parameter of the field ¢, both continuous (like the
space-time coordinates) and discrete. The saturation of two indices must be interpreted as an integration in the
continuous case and as a summation in the discrete case:

b = dip, (2.31)

P = f dap(a)p(a). (2.32)

As an example, in the free particle case ¢; = (X*(7), e(7)) so that the i index represents 7, u and also distinguishes
between X and e.

®Lowercase and uppercase Latin letters will be used to identify respectively the gauge group and the gauge
fixing functions indices.

14
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Using this resolution of the identity we can then rewrite 2.35 as

3
_ | P st J N KL G A&
Z Vol(g)e DEdet 5Ea . o(F (7). (2.38)

We can use the gauge invariance of the action and of the measure to transform the field as
¢; — ¢i€ in the action and in the measure so that we can then globally rename d)f — ¢; S0
that the full integrand is £ independent and we can then factorize the integral over £¢ as

_ o [ DPbi st 5FA(¢_1'£) Al
Z—JDE JVol(g)e det 5ea €:05(F (¢:)). (2.39)

By definition Vol(G) = f DE? and the factorized integral simplifies away with the denominator,
leaving a normalized path integral with the integrand explicitly defined to constrain the fields
over the surface F(¢;) = 0 which imposes the gauge fixing condition. The new two factors
in the path integral can be further manipulated and included in the exponential using the
following two properties:

* The Dirac delta can be rewritten in an exponential form by introducing a new bosonic
auxiliary field By:

S(FA(¢) = J DB, e!BAF'(#) (2.40)

* To find an exponential form for the determinant we can recall the properties of the
Berezin integral for Grassmann numbers. Given a square matrix M, we have that

f dbydcy ...db,dc, e ?Mat = detM . (2.41)

We recall that a Grassmann number 6 is an anticommuting object obeying 82 = 0. The
Berezin integral is thus defined to be

f 466" =5, (2.42)
J d91d92 9291 =1. (2.43)

In the end we obtain the gauge fixed path integral

5FA

Z= f D¢ DB,Db,Dc° ol stoemrtsin, e ] , (2.44)

where ¢; are the original physical fields, B, is an auxiliary bosonic field acting as a Lagrange
multiplier for the gauge fixing condition F4(¢) = 0 and c%, b, are new fermionic fields known
as Fadeev-Popov ghosts divided respectively in ghosts c¢® and anti-ghosts b,. The resulting

exponent
A

., OF
SFP[¢i;BA: Cas bA] = S[¢l] + BAFA + le 5€a Ca >
is the gauge fixed action of the theory. Assuming that the gauge fixing condition F4(¢) =0
fixes the gauge completely, the path integral of this action will now integrate over physically
inequivalent configurations and it is therefore the one that we have to use to compute physical
quantities, for example correlation functions of gauge invariant operators.

(2.45)
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Since we have fixed the gauge we are not supposed to have anymore a gauge symmetry in
the FP action (2.45). But in fact we have now a new global and fermionic symmetry which
is a remnant of the local gauge symmetry:

Opp;i =c"6,¢, (2.46a)

SBBA = 0, (2.46]))

5BbA = iBA, (2.46C)
1

Spc = Ef‘;ccbcc. (2.46d)

Op generates the Becchi-Rouet-Stora-Tyutin (BRST) symmetry. We will explicitly check the
invariance of the action in a while, using an elegant quick method. But you may want to check
it directly by hand. Notice that & relates a boson ¢ to the a fermion ¢ and it is therefore a
fermionic symmetry (in this sense it is quite similar to supersymmetry with the important
difference that the parameter is a fermion but not a spinor). Notice also that this set of trans-
formations don’t depend on the choice of gauge-fixing F,(¢) (whereas the FP action (2.45)
obvously does). Moreover this symmetry is nilpotent, namely it satisfies

52=0. (2.47)

To prove this we just need to prove that the action of 5123 is zero on every field, in fact if we take
a generic functional of the fields F[¢;], where ¢; represents a field in the set {¢;, B, bs,c®}
and |g;| its Grassmannality, we obtain

52F[cp ]=52¢ 5_+( 1)|<m|+15 ) i
B I B 16 o BY¥I19B J5<PJ5<P1
1 5%F 8%F SF
=—|(=D¥"5,0,6 +(=D)YMS 0,850 ——— [+ 520, —
5 |:( ) BPI10BYy 50,60, -1 BYJ B‘P15%5¢J B¥PI 50;
1 5%F 52F S§F
=~ | (1) 650,850 +(=D)M1850,65¢ —}+52&p =
2|: BYrTE J5¢J5‘101 BYreE J5(PJ5‘PI B 15‘101
oF
= 6:F[¢]=65017—, (2.48)
o0y

and in the end 62F[<p1] =0VF < 5Bcp1 = 0. The result of 512; on the fields can be proven
to be zero by direct evaluation:

6ZBA =530=0, (2.49)
5 bA—l6BBA— (2.50)

55 = 65(c*86,p;) = 55c?5,¢; _Ca53(5a¢i) = 5 2cPc 5, — 5,5, ¢;
=% acbcc5a¢i—1[cacb5a5b¢i+cbca5b5a¢)i]

2cbets ¢l——c (84, 8p1¢; = =f2cbcts qsl—— ¢ cc5.¢;

— 2% 270
=0, (2.51)
200 = Lt b.cy— 1 a by.c_ Lca b c
6BC - Efbc63(c ¢ )__fbcaB(C )c _Efbcc 5B(C )
1
= Zfbcfb Cdcecc f;cfderCdCe = fbcfb Cdcecc _f fb CCCdCe
1
= Efbcfbcccdce _fba[cfdl;]cccdce

—0, (2.52)
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where the last term is zero due to the Jacobi identity. We can now prove that §z is an actual
symmetry of Spp. To do this we first observe that

SF4
6B(_ibAFA) = BAFA+ ibA5BFA == BAFA + ibAEBd)i%
i
_ SFA . S6FA
:BAFA+le5a¢i?¢Ca:BAFA+le5€aCa. (253)

This means that the total FP action differs from the initial gauge-invariant action by a 65-
variation. This is sufficient to establish the BRST invariance of the FP lagrangian

53Spp = 65 [S[¢i1+ 6p(—ibaF™Y) | = 65S[¢; 1+ 65(—ibaFY) = c*5,S[¢;1=0,  (2.54)

which is zero because the original action is invariant under gauge transformation. Thanks to
the Noether theorem we know then that there exists a conserved fermionic charge Qjp, the
BRST charge.

In the quantum theory Qp will be an operator which will realize the BRST transformations
on other fields/operators via a properly defined adjoint action

53(101' = i[(pia QB] = i(_1)|¢|+1[QB: (Pl] ) (255)

where [A,B] = AB — (—1)“IBIBA is the graded commutator and |A| is the grassmanality of A.
Since 5% =0, Qg will also be nilpotent’:

0= 5%;%‘ = [Q5,[Qp, ¥i]]
= Qp(Qpy; — (—1)¥1p,Qp) — (=¥ (Qpy; — (—1)¢l,Q5)Q5
=Qrp; —9,Q2 =[Q2, i1 Vi

— Q@2 =0. (2.56)

Since Qj is a nilpotent linear operator, it defines a cohomological structure on the fields Hilbert
space H. In particular we can define exact states as |E) = Qg |¥), which are automatically
inside the kernel of Qp, and closed states which are in the kernel of Qg, Qg |C) = 0 without
necessarily being exact. Given the definition of exact states we can then define an equivalence
relation ~ in KerQjg as

@) ~ |¥) +Qp|®), |¥) € KerQg, (2.57)

which means that two states are equivalent iff they differ by an exact state. The cohomology
of the operator Qj is then defined as the quotient

H(Qp) = KerQp/ImQg . (2.58)

The existence of the cohomology is the key point of the formalism. Indeed physical states in
the Hilbert space should be identified with the cohomology of Qp, as we are now going to
argue. We start by the following consideration: an arbitrary amplitude between two physical
states |i) = ¢;]0), |f) = ¢ |0) can be evaluated using the path integral

(fli) = J Do ¢ e5er (2.59)

’Importantly assuming that there are no anomalies in the process of quantization!
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and it must be invariant under a change of gauge fixing F, — F4 + 6 F4. This means that

= J Dy g 55(ba8F) ;7% = (f|55(bASFA)|i)
=i(f|[bs6FQzlli) =0, (2.60)

and since it must be zero V 6 F, this imposes that Qg |i) = (f|Qp = 0. This means that a state
is physical only if it is closed under the action of Qp:

Qg Iphys) =0. (2.61)

On the other end if we take a closed state that is also exact |E) = Qg |A) and we evaluate its
amplitude with a physical state |¢), we obtain

(El¢) =(AlQplp) =0, because Qgl¢)=0, (2.62)
which means that it is impossible to transit between an exact state and a physical state. This
allow us to conclude that the physical states are identified with the cohomology of Qj.

2.3 BRST quantization of the free particle

We can now apply the BRST formalism to the free particle case considering the classical action
1 x*
S[X“,e]zi dt| ——m“e|. (2.63)
e

The gauge symmetry is represented by the reparametrization invariance T — 7+ 60(7), namely
the group of one dimensional diffeomorphisms. The infinitesimal gauge transformations are

6XH =—-0(1)d X", (2.64)
6e=—0.(ef(7)). (2.65)

The compact notation we used in the previous section should then be understood as

¢i - {XM(T)’ E(T)}, (266)
g4 — 0(1"). (2.67)

With this understanding we have®
£ XM (1) > f dt’ 0(t)6..X"(1) =—0(1)a.X"(7)

= 5. X*(7)=—-56(t —1")3. X (1), (2.68)

8The derivative of the Dirac & is functionally defined by its integral action on a function. In particular:

. 6(x+h—x5)—6(x—xq)

f dx 8,50 —x)f (x) = lim f a ) £ = lim T TNZIED o
jdx 8,,5(x —xo)f (x) =;£%J dx S(X_h_x(’g_‘g(x_xo)f(x) :}mw — F(x,).

In the text we denote 6’(x) = 8,6 (x) which obeys &'(—x) = —6"(x).
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£°8qe(7) f a¥ 05 e(x) =~ L2 ()

= 6.e(t)=68"(7"—1)e(t’), (2.69)

so that we have defined the infinitesimal generators of the group. Now we need to find the
values of the structure constants f¢,., that can be derived evaluating the action of the com-
mutator [6, ,6.,] on X*(7):

[6:,,0., X" () =[6(r —71)3;6(7 — 72) — 6(7 —72)0:6(T —71)] 3 X"(7) (2.70)

= f dT3fT3T1T25T3X“(T),

— fTS :5(T3—T1)5/(T3—Tz)—6(T3_Tz)6/(T3_T1). (271)

T1T2

Exercise 2.3.1

Obtain the same structure constants by computing [6 ,5.,]e(7) and, in doing this,
realize that we can equivalently write

[P, = §'(11—72)(6(T1—73) +6(T2—73)) . (2.72)

Now we can write down the BRST transformations from the general relations (2.46a),
(2.46b), (2.46¢) and (2.46d):

SpXH =[c15,X"] = f d7y (7)), XM (1) =—cX", (2.73a)
536 = [Ca5ae] = f dT] C(T1)5T16(T) = _dc(;;_e) > (2'73b)

5Bb :lB, (273C)
Snc = 1 a b.c|_ 1 dr-d T
BC = Ef b€ C | = 5 T1d Ty f 7 7, c(T1)e(T2)
1
=3 J dt,dTy [5(7: —11)6'(t—15)—6(7 —71,)8 (v — Tl)] c(tq)e(ty)
= % [—cé+éc]=—cé, (2.73d)
which is nilpotent.

Exercise 2.3.2

Check the explicit form of these transformations and check that they are indeed nilpo-
tent. In doing this pay attention to the fact that §'(x —y) = %(ax —39,)6(x—y).
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Given the gauge fixing condition F(7) = e(7)—1 = 0 — e = 1 we can then evaluate the
gauge fixed action from the general result (2.45):

Sor = S[X*,e]+ BoFA +ib,5 ,FAc®

=S[X‘u,e]+JdTB(T)(e(’L’)—l)-i—if dt b(7)c?6,(e(r)—1)
:fdr [%(%—em2)+B(6—1)—ibd§:)]
= f dt [% (X?Z—emz) +B(e—1)+ibce] . 2.74)

The gauge fixed path integral is then immediately obtained using S¢p:

7= [ DxpDeDBDYDE o 43 —enJmte-yibec]

9 )
X——em2)+ibce:|

[ ; 1
= DX“DeDchelde[z( E 6(e—1)

_ [ pxupbpeei s liG-mYriv] (2.75)
where we have integrated out the fields e and B, obtaining the reduced BRST action

SqlX, b,c]:fdr [%(Xz—m2)+ibc], (2.76)
where e is fixed to 1 while B is determined using the equation of motion of e:

. 1(x?
= [B+ibc——(—2+m2)]
e=1 2\e e=1

=B+ibe— 2 (K +m?) =0

Oe

— B= %(X2 +m?)—ibc. (2.77)

It is important to notice that the reduced action still contains a residual BRST symmetry given
by

SpXH = —cX*, (2.78a)

5BC =—c¢, (2.78b)
1,. .

53b=—iB=i(§(X2+m2)—ibc), (2.78¢)

which is also nilpotent. However since we have used the e and B-eoms, this transformation
leaves the action invariant and is nilpotent only when all the remaining eoms are imposed:

% =¢=0 = c¢(1)=cy, (2.79a)

6S .

2 =b=0= b(x)=by, (2.79b)
5—S:X“=O — XM(1)=x"+phr. (2.79¢)
oxXm
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Exercise 2.3.3

1) Check that the reduced BRST transformations leaves the action (2.76) invariant,
using the eoms.
2) Check that the reduced BRST transformations are nilpotent, using the eoms.

To have a nilpotent BRST symmetry only realized when the fields are on-shell is not a
problem for us because, to quantize the theory, we work on the space of solutions. We thus
proceed to canonical quantization of the reduced BRST action (2.76).

To do so we evaluate the conjugate momenta

oL .
PH(T) = ﬁ :X“ =Du> (280&)
P.(1)= 83_[, =—ib=—iby, (2.80Db)
¢
oL
Py(7)= — =—ic = —icy, (2.800)
b(T) prs 0

that are realized on the Hilbert space # as the usual self-adjoint operators satisfying the canon-
ical commutation relations

[X*(7), Py (7)]=[x",p,] =6, (2.81a)
[C, b] = [COJ bO] = 1 b) (2.81]))

with
XJ"=X, PT:P’ C(J)FZCOJ b2)= bO' (2.82)

Notice that canonical commutation relations for the fermionic fields (b, c) do not contain the
i, because the anti-commutator of hermitian objects is already hermitian (the same happens
when quantizing the Dirac lagrangian). Since ghost and matter fields obviously commute, the
Hilbert space can be decomposed in the tensor product of two disjoint spaces H = Hpjarer ®
Hahosts = Hy ® He that can be studied separately.

* H,; = Span{|0, p)}, which is the matter Hilbert space of the old covariant quantization
which we have already studied.

* H; which is spanned by acting b, and ¢, operators on a vacuum [|), which is defined
by by |l) = 0. We can define the state |T) = ¢, |l). Because of the nilpotency of ¢, we
also get

ol =c3ll)=0, (2.83)

and we see that the vectors {||),|T)} are the only possible linearly independent states
in H. This means that the ghost sector of the Hilbert space is two-dimensional and
spanned by |]),|T), Hg = Span{|l),|T)}. These states satisfy the orthonormality condi-
tions

(mm =« =0,  UN="N)=1. (2.84)

In particular the only non-vanishing inner product is given by
{(Lleol 4) = (T 1bol T) =1. (2.85)

In the end we obtain that the entire Hilbert space can be spanned by the set of vectors {|0, p) ®

11),10,p) @ 1)} ={IL,p),IT.p)}-
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We must now understand what are the on-shell states of the theory by studying the co-
homology of the the BRST charge Qg. The form of Qp can be obtained through the Noether
theorem as the conserved charge associated with the global BRST symmetry, and it results to
be Qp = %co(p2 + m?), satisfying the following commutation relations:’

1
[Qp,co]l =[Qp,p,]1=0, [Qp, bo] = E(PZ +m?). (2.86)
The physical states must be in the cohomology of Q so that at first we must impose

0=2Qzl,p) =(p*+m?)[1,p) - p*+m*=0, (2.87)
0=2Q;z|T,p) = cg(p2 +m?)|l,p) — identically zero. (2.88)

Therefore the kernel of Qg can be written as

(2.89)

p2+m2=0} '

At the same time it is important to exclude all the exact states in the kernel of Q to isolate
the cohomology. To do so it is more practical to define #, and #; as the ghost and anti-ghost
number operators which respectively count the number of ¢ and b present in each state. The
total ghost number will then be defined as # = #. — #; = cqb, that acts on the states giving

KerQp = Span{|T,p)} U Span{ll,m

#|1,p) =0, #|T,p)=1. (2.90)
It is obvious then that if there exists a state |A) | |],p) = Qg |A) its ghost number must be
#1L,p) =#(QplA) =#Qp+ #|A) — 0=1+#|A) — #|A)=-1, (2.91)

but in the free particle Hilbert space there is not such state with negative ghost number, because
the vacuum state is annihilated by the anti-ghost b. It turns out then that all the closed states
at ghost number zero ||, p) are inside the cohomology of Q. On the contrary we known that

2Q|L,p) = (p*+mH)I1,p) , (2.92)

where (p2 + m?) is a c-number that, if non-zero, can be inverted, thus allowing us to find the
trivializing vector of |1, p):

2

[y Y 2 2
IT,1>)—Qp2+m2 ILp), (p"+m*#0). (2.93)

It turns out in the end that all the |1, p) states are not-exact if and only if p?> + m? = 0 and the
total cohomology of the BRST charge is given by

H(QB) = {ll)p> @ |T>p)}p2+m2:0 . (294)

If we then consider the most generic field at ghost number zero, namely

ly) = J d’py(p)Il,p), (2.95)

the physicality condition is equivalent to

QlY)=0 — (p*+m*(p)=0. (2.96)

One can easily check that, on the equations of motion, we have §,¢ =i[¢,Q;], for ¢ = (X*,c, b).
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This is the same result we found using the old covariant quantization, where we have already
observed that if we change 1(p) to position space, using the Fourier transform, we get that
the “wave function” in position space satisfies the Klein-Gordon equation

(m—m?*1)(x)=0. (2.97)

We can ask what is the role of the states at ghost number 1 (build on |1)), where the coho-
mology of Q is isomorphic to the one at ghost number 0 (build on |])). The role of this sector
is to provide the full Hilbert space (and hence the cohomology) with a non-degenerate inner
product, since ghost number zero states would have identically vanishing inner product with
themselves because of (2.84).

Having a non-degenerate inner product is very important: a consequence of this is that the
equation Q |3) = 0 can be obtained as a proper equation of motion by extremizing an action
principle of the form

S[1= 3 (lQl), (2.98)

which is in this case equivalent to

Stw)=3 f aprd?p; (L prl Q1L p2) ¥ (0 (p)

_1
2

-1 f dp ' (p)(p? + m2p(p)

J ddp1ddpz IPT(P1) (,p1l7,p2) (P% + mz)l/)(Pz)

. % f déx 4 ()(=0 + m2)p(x). (2.99)

Notice indeed that this is a genuine space-time action for a (complex) scalar field! This closes
our long journey which started from the 1-dimensional field theory of the world-line and,
through its BRST quantization, finally lead us to the desired Klein-Gordon action in space-
time. A similar construction is available for the string and goes under the name of String Field
Theory.

2.3.1 Practical tools for building the BRST charge

The construction of the BRST charge for the free particle has been quite long but we can notice
that, at the end of the day, it boiled down to the simple structure

Qg ~ c - (constraint) = co(p2 +m?), (2.100)

where the constraint is p? + m? = 0, which is the missing equation of motion for the einbein
e(7). In fact this structure is more general and it easily generalizes to systems with multiple
(compatible) constraints. As we will see, the string falls nicely inside this scheme.

Let us suppose to have a theory equipped with a series of constraints F;, expressed as
operators satisfying a Lie Algebra

[]:ﬁ]:k] = Yijk]:i~ (2.101)

It turns out that there exists a canonical way to construct the BRST charge directly using the
Lie algebra generators ;. As a starting point, to every constraint F; we will associate a pair
of ghosts and anti-ghosts ¢/ and b j- The ghosts will obey

[bi,c/]1=6]. (2.102)
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Together with the structure constants '’ jk we can then define new Lie algebra generators acting
on the ghost sector as

Fi=—ri by, (2.103)
which satisfy the following properties:
[Fi,cl1= _Yijk[cjbkzcl] = _Yijkcj[bk;cl] = _Yijkcj5§< = _Yijlcj 5 (2.104)
[./—"i,bl] :—'}/ijk[C]bk, bl] :’)/ilkbk. (2105)
Using these two relations we can also prove that F; satisfy the same Lie algebra of F;, namely
[F Fil =71 Fr. (2.106)
This can be proven by direct evaluation:
[*ﬁ.lwﬁ:]] = [‘FN-iJ_ijlckbl] = _ijl ([‘FN-IJ Ck]bl + Ck['ﬁ.in bl])
= —ijl (—Yimkcmbz + Yizmckbm)
=7k Yim <" =il i ™ by

= (ijlYimk —ijl}’jmk)cmbz
= —YijkYkmlCmbl = Yijkﬁk > (2.107)

where in the last steps we have used the fact that the structure constants satisfy the Jacobi
identity:
1,k 1k Lk _
Yik Yim T Yik Ymj T Ymk ¥j; = 0. (2.108)
Using the definitions of F; and F; we can finally identify the BRST charge:
= U F 2l F = (L F — Sy kel 2.109
Q=c i+§c i=c i_EYijCC k- (2.109)
If we apply this expression to the ghost fields we obtain
i Lire 1oy
[Q:C ]:EC [’E;C ]:_EYU c CJ; (2110)
. 1 . . 1 . .
[Q, b]=Flc', b]+ ECI[}—I‘, bil+ E[Cl, b 1F;
1 ; 1. -
:]:l+57/likclbk+5]:l =F+F=F" (211D
Moreover Q is nilpotent:
1 17 1 . 1 -
Q*=3lQQl=7 [clfi ¢ Fn, ¢ Fj + gcmfm]

Loir 1o, S
= [ Fu B+ Qe F Pl + L[ F, O F T+
1 . . 1 N . .
= ¢l FL Syl 4 S P 1 F+ o,

®|
-
—_

1 - ~ 1 -
+ gc"[]—"n, M Fm+ gcm[c”,}'m]]—"n
1. . 1 . 1 .
= ECICJYijk]:k - ECnYnle]]:i + gcncm}’nmk]:k

1 . : 1 . .
= g}/nmk}/kijcncmclbj = _§Y[nmk}/i]kjcncmclbj =0, (2.112)
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where in the last step we have used the Grassmanality of the ghost fields to reconstruct the
Jacobi identity.

In the following we will use this construction to directly obtain the BRST charge of string
theory.

As a final remark, you may be curious to know whether there is some relation between the
(infinite dimensional) structure constants of the gauge group we introduced in (2.34) and the
structure constants of the constraints (2.101). In fact, it turns out that in general the gauge
fixing procedure which gives rise to the BRST charge leaves some unfixed gauge symmetry. In
the case of the particle, for example, these unfixed transformations were constant translations
in T (as can be readily seen from the gauge fixed matter action (2.17)) which are generated by
the Hamiltonian H = p?+m?. This unfixed generator is then treated as a constraint. This turns
out to be general: the constraints that enter in the BRST charge correspond to the generators
of the gauge transformations which are not fixed by the gauge fixing condition. We will find
this understanding very useful for the string.
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3 Free relativistic string

3.1 C(lassical string

Let us start by considering a one-dimensional object, namely a string. It can be either open
(parametrized by o € [0, t]) or closed (parametrized by o € [0,271]).

As it moves through the target space (i.e. the spacetime), a string spans a two-dimensional
surface, called worldsheet (WS), that is an open sheet or a closed tube depending on the string
being open or closed (see fig. 3.2).

The worldsheet is described by the embedding coordinates X*(t, o), where 7 is parametrized
time and o is a parametrization of the string itself

xX*: (r,0) — X%(1,0)eRVPL. (3.1)

Here u is a Lorentz spacetime index u = 0,1,...,D — 1 (where D is the dimension of the
Minkowskian target space). Therefore there are D X* embedding maps, which will be inter-
preted as D scalar fields in the two dimensions spanned by (7, o).

Notice that, in the case of a closed string, the embedding maps have the periodicity condi-
tion X*(7,0 +2n) =X*(7,0).

3.1.1 Nambu-Goto and Polyakov actions

The dynamics of a string can be described by the Nambu-Goto action:

SnalX1= —Tf dA, (3.2)

WS

where T is the string tension and dA is the volume form on the worldsheet. The string’s tension
T is canonically written as

1
r= 2ra’’ 3:3)

where [a’] = L? gives the string scale.
Let us now write {t,0} = 0 (with @ = 0,1) and let us denote with G,z the induced
metric on the worldsheet (where a, 8 are worldsheet indices):

G = oxX* ox” |G Gip
af — Tl,uvao_a ao_ﬁ - Go"r Go—a )

G =det(Gup) = Gr:Goo —(Gro)* . (3.5)

7

3.4

o oO=T7
0=0 o€[0,27n]
(a) Open string. (b) Closed string.

Figure 3.1: Parametrized open and closed strings.
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(a) Open string worldsheet. (b) Closed string worldsheet.

Figure 3.2: Worldsheet of open and closed strings.

This allows to explicitly write the volume form as
dA=+v-Gd?*c. (3.6)

The Nambu-Goto action can then be rewritten as

SnclX 1= —Tf

d*c V-G = —Tf d*c \/—Xz X+ (x ~X’)2, (3.7)
WS WS

where we used the convention

G, ,_ 0O
ot’ do’
As prescribed by the principle of least action, a classical solution of the EOM is a minimal area
surface, the higher dimensional generalization of a geodesic. Moreover, Sy is invariant under
reparametrization of o. Just as with the particle, this action is not the best starting point for
quantization.

To ease the process of quantization, we can write a classically equivalent action which ex-
plicitly contains a d ynamical metric tensor in 2 dimensions h,g(7, o). This gives the Polyakov
action*”

3.8)

1
Sp[X,h]= “ina d*c V—hh* 3, X" 38X "0, , (3.9)
WS

where h = det (haﬁ).

3.1.2 Equations of motion

Let us first variate Sp with respect to h:

54Sp = —4;(1, f 20 [ &), (V—h)n® 3, x X "1, + V—h 8, (h%P) 3, X X "1, |
WS
=2 : - f d*c v/—h 5,h*P [—lhaﬁ 8,X 37X, + aaxﬂaﬁxu]
na’ Jws 2
L B VR 8,h P T, (3.10)
47 Jws

10This action was originally written down independently by Deser-Zumino and by Brink-Di Vecchia, but it was
used as a path integral by Polyakov.
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where we used

haﬁhaﬁ =2, (3.11)
5h (haﬁhaﬁ) == 0 == 5h (haﬁ)haﬁ + haﬁ5h (haﬁ)
= 5, (h*P)hop =—n"P5; (hyp) (3.12)
Sk = Sy(det(hep)) = 55 (M1)}) = det (o) Tr {54(10g ()}
5h(ha[5)
=det(h,s ) Tr{ ——— } =hh*"5,(h
et(hyp) r{det(haﬁ)} n(hap)

= —hh,6,(h*F), (3.13)
and where we defined the stress-energy tensor T,p as
1
&' Typ = Shap@ XX, — 0uX"0pX,,
1
= EhaﬁhYEGYﬁ - Gaﬁ . (314)

Therefore, if we ask for 6,Sp = 0, we find the h-EOM

Top =0. (3.15)

This equation implies that
1
Gop = (Ehyﬁc;ﬁ)ha,j, (3.16)

meaning that the induced metric G,p is proportional to the free metric h,g through the scale
parameter %hY‘s G,5. Using the h-EOM (3.15) we then get

1 —1
haﬂ - (Ehngyg) Gaﬂ
1 —2 1 —2
— h= (EhY5GY5) det(Gyp) = (EhYﬁGﬁ) G

— M:(%h“ﬁcaﬁ) vV=G. (3.17)

Therefore, thanks to h-EOM (3.15), we can see that Polyakov and Nambu-Goto actions are the
same:

1 -1
d’c V=G| =h"°G,5 | h*G,
2 Y B
WS

=—r d’c V-G
2na’ Js
— Sy (3.18)
Moreover, recalling the definition (3.14), we can see that

a'T*, =—(0X -8X)+ %hg(ax - 0X)

— (X -3X)+ %2(ax-ax) —o. (3.19)
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WS o
np

' i 3(WS)

Figure 3.3: The normal and the tangent vector with respect to the boundary 9 (WS)
of the open string worldsheet.

Therefore, thanks to the fact that we are in two dimensions, we find that the stress-energy
tensor is traceless:

T%,=0. (3.20)

Let us now vary Sp with respect to X:

1

/

5xSp =~ J d*c V—hhf 8,54 X"3pX,
WS

2ra’

¥ f dZG[5XX“3a(‘/__hhaﬁaﬁxu)_3a(‘/__hhaﬂ5xxuaﬁxu):|’ 3.21)
ws

where in the last step we performed an integration by parts (IBP).
If we then ask for 65 Sp = 0, the resulting X-EOMs are

{8a(\/—_hh“ﬁ8ﬁX“)=0,

V—hh*? 5yX, 00X (5:22)
uEpu

A(WS) — 0,

where J(WS) is the worldsheet boundary, which is only present in the case of open strings.
We shall now briefly focus on open strings. Since

s +00
f dZG:f dO‘J dt, (3.23)
ws 0 —00

we can write the boundary term (3.22) as
+0o0 VA
f dTJ do 3, [ 6x"v/—hh?P3;x, |
—00 0
+oo

= f dvV—hhoP[sx+ax,] =0, (3.24)

o
o=0

where hP is a vector, being o a fixed index.
Let us call n the vector normal to d(WS) and t the vector tangent to d(WS) (see fig. 3.3)

nP =hoP (3.25)
tﬁ:hfﬂ’ (326)
tgnf =57 =0. (3.27)
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Then we end up with the following X-EOMs

{aa (V—hhf3px,) =0  (WShbulkeq),
(3.28)

oXH (n“@aX“) ‘a(ws) =0 (WS boundary eq.),

where the worldsheet boundary equation is for open strings only.

3.1.3 Internal symmetries

The Polyakov action Sp[h, X ] is invariant under the following local transformations:

* diffeomorphisms, namely reparametrizations of the type o’ = ¢’(o) acting as follows:

{X’(o’) =X(0), (3.29)
/ 7 .
S 5o 5(0") =hap().
* Weyl symmetries, namely metric rescalings that do not affect the X field:
hp(0) = 2R 4(0). (3.30)

The diff-symmetry is obvious from general covariance. Let us instead check the Weyl symmetry.
We have that

(h*PY = e 20(@pb(q), (3.31)
B =det(h, ) =e*@h = v-h' =@V p, (3.32)
and hence

V—h'R*P = v/ —hnP . (3.33)

Therefore we found that, being v—hh*? Weyl invariant, such a transformation is a symmetry
for Sp, as claimed before.
Moreover, if we write

hp = e*“hyp = (142w + O(w?)hyg, (3.34)
we can express the infinitesimal Weyl transformation as
5whaﬁ = thaﬂ N (335)

and then we can write

§,Spo< | d*o v/ —hE,h*F T =0
WS
= h*PT,=T*=0. (3.36)

The energy-momentum tensor is traceless as a consequence of Weyl invariance.
Besides the above gauge symmetries there is also a global Poincaré symmetry in D dimen-
sions

XP=A X" +a”,
{ X (3.37)

hixﬁ = haﬂ .
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3.2 Old covariant quantization

We now want to quantize the free relativistic string. To do this we have to gauge fix the
Weyl+Diff gauge redundancy we have just described. This can be done by introducing the

convenient conformal gauge fixing, corresponding to the choice of a fiducial metric

ila[} = €_¢7)a/5 )
hob — b pab

where ¢ = ¢ (o) is a worldsheet dependent scale factor. In this gauge we have that

\/__il:e_(b\/__n:e_d})
fzaﬁ\/——flzn“ﬁ.

and therefore

(3.38)
(3.39)

(3.40)

(3.41)

Notice that ¢ decouples!! from the object 1%% v/ —h. Therefore the gauge fixed action is

1

Sth,X1= 4na

It is now convenient to change to the lightcone coordinates

ocft=r+0.

They allow us to write the integration measure as

1
d’c = 5d0'+do_,

and
oct+o0” ot—o~
T=—", o=
2 2
We can thus write
Nitr =M——=0, TI++—"7__:0,
1 _ _
U N =n""=-2,

namely

(0 — a_(0 -2
=G ) (B 9)

Using these coordinates, the action reads

1
S=— do*do™ 0,X"9_X,,.
2na’ Jis

J d%on®P 0, X"0pX,, .
WS

(3.42)

(3.43)

(3.44)

(3.45)

(3.46a)

(3.46b)

(3.47)

(3.48)

We may now pause for a moment and observe that, even after the gauge fixing, this action

exibits a residual gauge freedom under conformal diffeomorphisms, defined as

ot=floN)=f",
o =glc)=g".

H At the quantum level it can be shown that this holds only for D = 26.
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Under such a transformation, the metric tensor is changed by a scale factor:

—do~do*=—(0,f,0.g )df*dg". (3.50)

Therefore the metric can be recast to its original form using a Weyl transformation. This
residual gauge symmetry os called conformal invariance and it will be central in the following
developments.

The X-EOMs in the conformal gauge read

(3.51)

0,0 X*(oc*,07) =0 (WS bulk eq.),
0X, I, X" =0 (WS boundary eq.).

o=0,7

At the same time it is important to consider the energy momentum tensor (which is set to zero
by the missing equation of motion for the metric, which is no more obtainable by varying the
gauge-fixed action).

Using the convention

up = j—f_h 5‘;‘; = %haﬂ 3,X"37X, — &aaxﬂaﬂxu, (3.52)
we have
T,, = —i (,x"8,X,), (3.53a)
T__= —% (6x"3.x,), (3.53b)
dT,_=d'T_, =—0,X"0_X"+ %2(8+X“8_X“) =0. (3.53¢)

Notice that that (upon use of the X-eoms) the energy momentum tensor is conserved:

o,T__=0,
0T =0 < { * (3.54)
0_T,,=0.
This implies that
Ty =Ty (07), (3.55)
T__=T_ _(o7). ’

We are now ready to quantize the string in the “old” manner, namely through old covariant
quantization (0OCQ).

3.2.1 OCQ for the closed string
3.2.1.1 Classical solution

Let us focus first on the closed string case. The EOM will be the bulk equation
0,0 X"(c",07)=0. (3.56)
This is a wave equation in two dimensions, whose generic solution is

XHM(o*,07) =X} (0T +X}(07), (3.57)
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where X' is the left-moving wave, while X is the right-moving one.
Recalling that the solution has to be periodic in ¢ — o + 2n (namely
X*(t,0+2n)=X"(7,0)) we can write it as

Xj(oM) == (X“+c“)+ P“G +i\| = Za" —ino™ (3.58a)

n;éO

Xk(o™ )——(X“—c“)—lr P“o +z\lsz @ e o (3.58b)

n#0

where c" is a zero-mode freedom which disappears in the sum X; + Xy to which we are ulti-
mately interested.
Hence the generic solution reads as follows:

XHot,07) = X“+aP“T+l\ oa”e_”“7 +a“e"”‘7 ) (3.59)
n;éO

This is the classical closed string solution. It resembles what we already found for the free
particle!? (2.21a), being a’P*7 the term containing the information on the center of mass
(as we will see shortly, P* is indeed the momentum of the center of mass). Moreover, the
string solution has the additional term i4/ %’ Zn#o - (ak e 1 g He~no") which describes

the internal oscillatory dynamics of the string. The i is needed in order to implement the X"
reality condition:
Xt =xh) = @ = (&) (3.60)
Let us now evaluate the momentum density

oL 1

PH(r,0)=—=-= o
(7,0) X, 2ma’
_ pH Z a“e—ln(r+o)+au —in(7— ‘7)) (3.61)
27‘C 2nv2 n;éO

where we used the X-EOM. If we integrate this density over the string extension

27
J do P* = p*, (3.62)
0
we see that indeed P* is the momentum of the center of mass.

3.2.1.2 Quantization

In canonical quantization we now have to impose the equal time commutation relation

[X“(T, o), P’(r, o’)] =in""6(c—0o’'), (3.63)

2Here, for the string, we take the worldsheet time 7 to be a-dimensional, while for the particle we were implicitly
assuming that 7 had dimensions of (space-time) time?.

33


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

on the solutions (3.59), (3.61). At the level of oscillators this means

Lo, an ]=[a},a) ] =n1""6 im0, (3.64a)
[a“,a”]=0, (3.64b)
[x,P"]=in"". (3.64¢)

Exercise 3.2.1

ino
Prove this statement, using the formula 6(0) = ZneZ S

If we define
1
atl = ﬁa‘rf, forn>0, (3.65)
1,
ab' = ﬁa_"’ forn>0, (3.66)
we then have
[at,an ]=n""80,0. (3.67)

These are therefore infinitely many harmonic oscillators. The vacuum is defined as
a,|0)=0, (0la_, =0, Yn>0, (3.68)

with the reality condition
(afl‘)' =a’ . (3.69)

—n
Taking into account also the center-of-mass Heisenberg algebra [Xg ,P"] = in*”, the Hilbert
space will thus be generated by the vacuum at definite momentum |0, P), on which oscillators
act. The generic basis element will thus be

at ol gh a’ 10,P). (3.70)

—n; Y Y—my - By

Thanks to the oscillators, such a state can be in any (possibly reducible) Lorentz representation
Hp1, - - uHve, - -+, v }) of integer spin. The momentum is also not constrained in any way.
This is the most general off-shell state we can write down. Next, to find the physical states,
we have to impose the constraints which are the missing equation for the metric, resulting in
the vanishing of the energy-momentum tensor.

3.2.1.3 Physical constraints and Virasoro algebra

Now we have to implement the missing equation of motion for h as constraints:

1

o

T,,= 2, X180, X, =T, (c"), (3.71)
1

T__=——0X"0.X,=T__(07). (3.72)
a

Expanding them in harmonics

(3.73)

Tir(0P) ==z Lye ",
T_(o7)= _Znez Lne_ina_ >
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we obtain the classical expressions of the so-called Virasoro operators

1 ~ 1 T
L,= 5 Zaﬁ_ka;{’nw, L,= EZ ab @ n,,, (3.74)
kezZ keZ

where the zero-mode is defined as

/
ag = dg = \ %P“ (closed string). (3.75)

Exercise 3.2.2

Obtain explicitly the Virasoro operators.

We have now to interepret the above classical expressions as operators. In doing so we have
to pay attention that the oscillators al, are not always commuting and therefore the previous
classical expressions may be ambiguous. In fact closer inspection reveals that only L suffers

from a possible ambiguity:

1
Lpto = > Z Qn_i ' Qx (non ambiguos), (3.76)
keZ
1
Lo~ = Z a_i-a; (ambiguous!), 3.77)
2
keZ
because
[o2 ,al]=0, (3.78a)
[a"  ay]#0. (3.78b)
A natural possibility to consider is the oscillator normal ordering : - - - :, where creation opera-

tors are placed to the left and annihilation operators to the right:

1 1, .
:Ly:= EZ A U= an +Za_k “ar =Lg. (3.79)
kEZ k=0

Since any different ordering convention will result in a constant shift in L, for the time being
we leave this constant free and fix it a later stage from consistency. This brings to the physical
state constraint

Lo— hys) =0,
{( o —a) |phys) (3.80)

(fo — &) |phys) =0.

From now on, if not needed, we will not explicitly write the * on quantum operators, as well
as the normal ordering. Moreover, in the following we will always focus on L, since the story
for the L, is the same.

Before discussing how to impose the constraints related to the L,.y’s, it is important to
study their operator algebra. We may start by observing that

[L,,a"]=—mad (3.81)

n+m*
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Exercise 3.2.3

Prove eq. (3.81).

We can then evaluate

m]_ Z[Ln:: Ak ak]

keZ

= % (Z [Ln, Uk ak] + Z [Ln: ay - am—k])

k>0 k<0

(Z{(k M)A * A — K@y * Qi)

k>0

Nlr—\

+Z {=kopyr - Ay + (k—m)ay - an+m_k}) . (3.82)
k<0

Let us now choose n > 0 for convenience and set n + k = q in the second and third terms. We
then have

[Ln: Lm] — (Z(k m)an+m kOt Z(n q)an+m—q Aq

k>0 qz=n
+ Z (Tl _q)aq *Qnim—q + Z(k - m)ak ’ an+m—k)
q<n—1 k<0
1
=3 (Z(Tl_m)an+m k- Ok +Z(k M)k * Ak
k>0
+ Z (n—m)ay - tpymei +Z(n—k)ak . an+m_k> . (3.83)
k<—1 k=0

Moreover we can write

Z(”_k)ak Anym— k—Z(n—k)(an+m kO — [ n+m—k’“k]”w)

—_

n—
Z n k) (an+m k- Ok _( k)n 5n+m On,uv)
k=0
n—1

(n—k) (opimr -t +kdSpimo) > (3.84)
=0

?T‘

where d is the target space dimension. Therefore we have

[LnaLm] (Z(n m)an+m k* ak+Z(n k)kD5n+m 0)

keZ
1
=(m—m)L,+= DZ(n —K)kS a0 (3.85)
2 k=0 ,
If we now evaluate the finite sum
n—1 1
> (n—kk=n(n*-1), (3.86)
=0 6
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we find the quantum algebra staisfied by the constraints

D
[Ly,Lp]=(n—m)Lm+ En(n2 —1)0ntmo0> (3.87)

which is the famous Virasoro algebra with central charge ¢ = D. The term
c
En(nz —1)8n4+m,0

is called a central extension and, as we have seen, is a (two-dimensional) quantum effect.

We immediately notice that the central extension vanishes when n # —m.

Moreover, it vanishes also when n = —1, 0,41, which means that L_;, Ly, L; do not have
the central extension. They obey the nice SL(2,C) algebra

[Lo, L]_] = —L]_ 5 [Lo, L_]_] = +L_1 5 [Ll’ L_]_] = 2L0 5 (3.88)

also known as the Gliozzi algebra (who ‘re-discovered’ it in the early days of string theory)
or the small conformal algebra. We recall that SL(2,C) can be put in (almost) one-to-one
correspondence with the group of global conformal transformations of the Riemann sphere

az+f3
yz2+06’

flz)= (3.89)

whose coefficients matrix has unit determinant:

a f\ _
det(y 5)—1. (3.90)

As we will see, this is no coincidence and it will be better understood when we will study the
underlying conformal field theory (CFT) on the worldsheet.
Let us now consider the zero-momentum vacuum:

0,P)| =0). (3.91)
P=0
We have that
p*l0o) =0, (3.92a)
ay |0y =0, (3.92b)
ay [0y =0. (3.92¢)
Notice that the normal ordering : - - - : we introduced earlier is well-adapted to |0), even for the

a oscillator which obviously commutes with everything. We then have

L.,]0)=0, (3.93a)
Ly|0) =0, (3.93b)
L,l0)=0, (3.93¢)
since
1 0, for k> 0, since a; annihilates |0),
L,110)= 5 Z aj_i-ar|0) =140, fork<0,since a;_; annihilates |0), (3.94)
kezZ 0, fork=0,since ay|,_,=0,
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1 1 1
Lol0) =5 Z Ag - = (E(ao)z t3 Z Ak ak) |0)

kez k#0
a’'P?
= + ) a-ar]l0
( 2 o ;) k k) |0)
=0, (3.95)
. 0, for k> 0, since a_;_; annihilates |0),
L_1]0)= 5 Z a_i_x-a;|0) =10, fork<O0,since a; annihilates |0), (3.96)
keZ

0, fork =0, since a0|p=0 =0.

This means that |0) is invariant under the action of SL(2, C) and therefore it is called SL(2, C)-
invariant vacuum. From the point of view of the zero-momentum vacuum |0), the states |0, P)
are not vacua, but rather excited states obtained by injecting momentum P into |0) by means
of a plane wave operator: A

e'PXo]0) =0, P) . (3.97)

We have indeed
preiPXo o) = 0+ [ B4, eP%0 ] |0)
=ip,[B* %] |0)
= iP,(—in"")e'"*0 |0)
= pheiPXo|0) | (3.98)

Therefore |0) is the true unique vacuum of our matter Hilbert space.
Now we are ready to impose the remaining Virasoro constraints in addition to (3.80).
When n # 0, we would be tempted to define the physical states |phys) as

L,|phys) =0, V¥n#0. (3.99)

However, because of the Virasoro algebra, this way of imposing the constraints would result
in

(phys|[L,,L,,]|phys’) =0

D
= (phys| ((n —m)Lym + En(n2 - 1)5n+m’0) |phys’) , (3.100)

which would imply
{phys|phys’) = 0. (3.101)

Since this is clearly not acceptable, we take the weaker constraint
(phys| L, [phys’) =0, Vn#0, (3.102)

which implies (recalling that L,‘; =L_,)

L, |phys) =0, (phys|L_, =0, Vn>0. (3.103)

The same holds for L.
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On the other hand, if we consider n = 0, the physical constraint we have to consider is the
one that we already wrote in (3.80), namely

(Lo —a)|phys) =0, (3.104)

where we recalled that Lg = Ly. We will see that, for a proper critical value of a (and of D,
the space-time dimensions), these constraints will give rise to a consistent physical spectrum
of excitations with well-defined interactions. However to fully understand the mathematical
reason behind these critical values we will need the BRST quantization.

3.2.1.4 Two anticipations from BRST quantization

At this point it is worth noticing that the quantum system we are studying has two unfixed
quantities: the spacetime dimension D and the normal ordering constant a. Although it is
possible to examine how the string spectrum changes as we vary these two parameters, the
BRST quantization method we will analyze later fixes these two numbers uniquely. Without
entering yet in the details of the BRST quantization of the string it is worth anticipating the
two main outcomes of this process.

1. As for the particle and the more general example discussed in 2.3.1 we will have a BRST
operator Qz which acts on an Hilbert space which is the tensor product of the Hilbert
space we are considering now (the matter Hilbert space) and the ghost Hilbert space.
Because of normal ordering subtleties the nilpotency of Qg will not be guaranteed, but
we will have

Q2=0 < D=26. (3.105)

2. In this matter-ghost Hilbert space we can search for physical states by analyzing the
kernel of Qg in a subspace of the form |¥) = [))™ater @ ||)8M5t  where ||)8hot s a
stringy analog of the corresponding ghost vacuum for the particle (2.83). We will then
find

Qpl¥)=0

L matter — 0, > O,
{ n 1) vn (3.106)

(Lo—1)[y))™"" =0.

Which are the OCQ constraints we have been discussing above, but with the precise
choice a = 1.

3.2.1.5 Physical, spurious and null states
Continuing with our OCQ framework, it is useful to introduce some definitions.
* A physical state |phys) is a state that satisfies the physical conditions
L,|phys) =0, Vn>o0, (3.107a)
(Ly—a)|phys) =0. (3.107b)

* A spurious state |y) is a state generated by negatively-moded Virasoros L_, acting an a
generic state | y,)):

)= Lolzn) - (3.108)

n>0
Such a state has zero inner product with any physical state:

(xIphys) =0. (3.109)
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* A null state |null) is a state that is both physical and spurious:

Inull) = > L, %) » (3.110a)

n>0
L,|null) =0, VYn>o0, (3.110b)
(Lp—a)|null) =0. (3.110¢)

A null state has zero inner product with other null states and with physical states:

<nu11|null’> =0, (null|phys) = 0. (3.111)

This suggests to define an equivalence relation inside the space of physical states, stating the
fact that the inner product between physical states does not change if we add null states to
the physical states:

|phys) ~ |phys) + |null) . (3.112)

As we will see, the freedom of adding null states to physical states will be perceived in the
target space as an (on-shell) space-time gauge invariance.
3.2.1.6 Physical spectrum of the closed string
Let us now define the level operator
(~) ~ ~
N = ((X)_k . ((X)k . (3113)

k>0

This operator counts the level of oscillator excitation, by assigning to each oscillator a_,, a
level n. For example we have

N ("))’ (a,)’10,P) =8(a",)*(a”,)’ [0,P) (3.114a)
N (a”;)(a”,)10,P) =5(a";)(a’,)10,P) . (3.114b)

We can then write (see eq. (3.95))

+N. (3.115)

We will study the Hilbert space by decomposing it in eigenspaces of (N, N) with fixed level.
This is useful because these eigenspaces are finite dimensional (compared to the infinite di-
mensionality of the full Hilbert space).

Before we move forward with the analysis of the spectrum, it is useful to rewrite the (Lo, Lo)
constraints as

~ 'p? ~
(L0+L0)|0,P)=(a +N+N)|O,P)
a'm? ~
:(— o +N +N) 0, P) =2a]0,P), (3.116a)
(Ly—ILo)l0,P)=(N—N)l0,P) =0, (3.116b)
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where we assumed a = @ (remember that a = @ = 1). If we have a generic state |[N ,ﬁ ) of
level (N,N), the constraint (3.116b) reads as the level matching condition:

N=N. (3.117)

It simply establishes that a physical state has to contain the same oscillator level on both sides.
Therefore, instead of (N, N), we will simply use N to denote the level of the state of interest.
On the other hand, using the mass-shell condition p?> = —m? the constraint (3.116a) reads

a’'m?

+2N =2a, (3.118)

and hence, using (3.117), it gives the mass-shell of the state |[N,N):

a'm?=4(N —a). (3.119)

We can now move on and analyze the first levels.

W Level N=0
We start from N = 0, i.e. by |0, P). We have that
(~)
L,l0,P)=0, VYn>0, (3.120a)
(~) /P2
L0|0,P)=(a +0) 0,P) = a0, P) . (3.120b)
The mass-shell condition (p2 =—m?) together with the second constraint (i.e. (3.120b)) gives
/2
4
oM = 2= (3.121)
4 a’

If a > 0, the (0, 0) state has m? < 0, namely it is a tachyon. Since, at the end of the day a =1,
we definitely have a tachyon in the spectrum. This is not a good news because it is saying that
we are quantizing the theory around an unstable vacuum. The question whether is there a new
stable vacuum in the tachyon potential (just like the stable symmetry-breaking vacuum of the
Higgs field of the Standard Model) is as of today an open question and a great mystery. Our
(pedagogical) strategy in the sequel will be to ignore this tachyon problem and use this model
to learn as much as we can in this simple bosonic setting. Later on we will perform a similar
analysis for the (more complicated) super-string model where the tachyon will not be there
and where genuine space-time fermions will arise in the spectrum. But for the time being we
continue with the bosonic string.

B Level N=1
At the level N =1 the only possible state is

a",a” |0,P), (3.122)

whose mass is a’'m? = 4(1 —a). This state has two Lorentz indices of undefined symmetry,
therefore it is a reducible representation of the Lorentz group. If we saturate them with a
spacetime polarization (depending on the momentum), we get

G,y (P)a" a”,10,P) . (3.123)

41


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

The tensor G, can be split into three Lorentz irreducible representations

Gy =hy, + B, + 21, (3.124)

defined as follows:

( 1 :
Ry = Gy —Bn’“’Gpp , Symmetric traceless,

—_—
remove the trace

\ Buv = Guv]» anti-symmetric, (3.125)

= ! GP 1
=75 scalar.
L trace

The most generic state can be written integrating over the momentum:

l) = J d?PG,,(P)a" a”,10,P) . (3.126)
If we now consider the n # 0 Virasoro constraints (see eq. (3.103)), we have that only L, gives
a non-trivial contribution, while L,s,a” 1@”,10,P) = 0. We find indeed

L,G, ya @’ 10,P)=0
o< Gy (agaf)n,sal,a’, |0, P)

=G,,PPa’, 10, P) (3.127)
Therefore L; and fl impose (respectively)
G" =0,
K (3.128)
G"p, =0.

On the other hand, the mass-shell constraint (3.119) says that
am?=4(1-a), (3.129)

which means that for a < 1 we have massive states, for a = 1 we have massless states and
for a > 1 we have tachyons (that are now tensors, and not scalars, as in the (0, 0) case). Let’s
analyze the situation in detail.

¢ We may start considering the a > 1 case, where the states are tachyons. Since P2 > 0,
P" is a space-like vector and therefore there is a certain reference frame where it can be
written as P* = (0, P). Moreover, the condition P,G"” = 0 implies that we can take an
acceptable GH” = §*9E”. We can then consider the state

|state) = &,a°,a”,10,P) , (3.130)
which is physical if
a’p?
7 =a—1>0. (3.131)

In addition, G#”P, = 0 also implies that £ = (£°, 8 ), with P - E = 0. We have thus a
physical state. Now we can compute its norm, finding

|| Istate) || = n°°(& - £)6(P + P') < 0. (3.132)

Therefore for a > 1 there exist negative-norm states, which are inconsistent with the
basic axioms of quantum mechanics. Therefore we must have a < 1.
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* Let us now consider the a = 1 case, where m? = 0 and therefore

P2 =0. (3.133)
In this sector we have physical zero-norm states. If we indeed consider the polarization
GM” =pHEY +vH P, (3.134)
with P-& =0 and v - P =0, the state is physical and we also have
||G#vat,a”, 10,P) || ~ P2 =0. (3.135)
This is a physical state having vanishing norm, but it is spurious too because

PtEYa" @’ |0,P) o< L_4(&-a_)[0,P), (3.136a)
vipYa" &” |0,P) o< (v-a_1)L 1]0,P) . (3.136b)

We hence found a null state, giving an equivalence relation on the physical states’ space:

|phys) ~ |phys) + [null) , (3.137)
Gy~ G,y + PHEY + VP (3.138)
(withP-£=0,v-P=0, P>=0).

We have that (3.138) is a gauge transformation of the polarization tensor G,,. If we
then split it into its three components (see (3.125)), we can write

h,uv Nhuv+P(p,9v)> (3139)
Buv ~BW+P[MAv], (3.140)
b~ (3.141)
where we defined . .
+v -V
9,;%, A, = “2 £, (3.142)

We then find the following states.

- The graviton h,,, with its gauge transformation (see eq. 3.139) and with its physical

conditions
P?h,, =0,
pP,p*" =0, (3.143)
h,}t=0,

which imply (and in fact are equivalent to) the linearized Einstein equations in
momentum space: >

2
P2h,,—PPPyh

o —PuPyht = 0. (3.144)

13Similarly, the photon’s EOMs are
_ 2 _
0A, —3,(8 -A)=0 « P?A, —P,(P-A)=0.

Since A, and P, are in general two vectors pointing in different directions (an A, proportional to P, would be
gauge trivial), the above equation is equivalent to

P2=0,
P-A=0.
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— The Kalb-Ramond field B

which is a 2-form

pvs
B= dex“ Adx”. (3.145)
It comes with its own gauge transformation (see eq. 3.140) and its physical condi-
tions are
P?B,,=0,
" (3.146)
P,B* =0,

which are equivalent to the EOMs of a 2-form which are briefly described as follows.
We first define the field-strength

H=dB = g,B,,dx" Adx" AdxP
=Hy,pdx" Adx” AdxP. (3.147)

In complete analogy with the 1-form Maxwell field A, and its field-strenght

F,, = J;,A,), the action functional for the 2-form field B is given by'#

S~ f dPx Hy,, H""P ~ f HA*H, (3.148)

(3.149)

xd*H =0 — OBy, +3°g,B,), =0,
dH=0 (Bianchi identities, no condition on B).

— The dilaton ®, which is a gauge invariant (see eq. 3.141) scalar field which should
obey the physical state condition

P?®(P)=0. (3.150)

* Let us finally consider the a < 1 case. Here we have massive representations of the
Lorentz group and therefore we do not find negative-norm physical states. In principle
this would be acceptable. However, as already anticipated, the BRST quantization fixes
a = 1 unambiguosly. Since, as we will see, we eventually need the BRST model to
describe strings interactions, we will not consider this possibility further.

We hence found that the closed string spectrum at the (1, 1) level is physically acceptable for
a < 1. At the critical value a = 1 there are zero-norm states, corresponding to the gauge
symmetries. From a purely OCQ perspective a = d@ = 1 is required to have a properly defined
graviton (plus dilaton and Kalb-Ramond) with their own gauge transformations, associated
to null states. While, at this stage, this is still not sufficient to fix a = 1 by consistency it is
however an indication that the correct choice a = 1 is associated with the appearance of null
states in the spectrum.

B The Kalb-Ramond field and the fundamental string charge

The fact that we have found a massless two-form in the closed string spectrum is deeply related
to the one-dimensional nature of the string. We all know that when we have a charged particle
of charge g, there is a minimal coupling between the particle world-line and the gauge field
A, which feels the charge q:

qf A=quTX“(T)AM(X). (3.151)
WL

'¥Recall that in flat D-dimensional Minkowski space, the Hodge dual of a p-form A, = Ay, dXP A AdxP, s
the (D—p)-form A, = A“1"¥re,, ., dx"»+1 A--- Adx"P. This operation needs a spacetime metric, since the indices
of A are raised.
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At the same time the charge g is detectable by computing the flux of the electric field E ~ *F
over a sphere surrounding the particle:

q~ J «F2), (3.152)
gD-2

where * is the Hodge dual (which, in 4 dimensions, exchanges E) with ?). This is Gauss
theorem, appropriately generalized for a particle in D space-time dimensions.

In the same way we can consider the Kalb-Ramond 2-form to minimally couple to the string
itself via

1 1
— ,J B=-— ,J d?0e*P 9,X"3pX" B, (X), (3.153)
4na’ Jus ana’ Jus

and the fundamental string charge is then given by the flux of H = dB through a spatial
S9=3_sphere encircling the string

String charge ~ f *H®) (3.154)

§d—3

H Higher levels

Having fixed a = 1, at higher levels we find massive representations of the Lorentz group
with, in general, spin higher than 2. The structure of these massive modes is quite complicated,
especially for the closed string and it would not be so illuminating to discuss them in detail. We
will analyze some of this massive states when we will study the easier open string spectrum.
Here we would like to take the opportunity to learn that, just as the search for null states
at level 1 selected a = 1, the search for null states at level 2 will instead select the critical
dimension D = 26.

In order to see this, let us consider

l22) = (25 +3L%)) (6_5) [0,P), (3.155)
————— ——

left right
excitation excitation

where 6_, is a generic operator made up of right oscillators @ (adding up to N = 2).
Setting a = d@ = 1, we will assume that 6_, has been chosen so that the L, Virasoro
constraints are already satisfied:

(Ly—1)6_,10,P) =0, (3.156a)
1,6_,]0,P)=0, (3.156b)
L,6_,]0,P)=0. (3.156¢)

Notice that, thanks to the Virasoro algebra, it is enough to impose L; = L, = 0 to guarantee
that L., = 0.

Exercise 3.2.4

Prove this.

Now we would like to check whether this spurious state is also physical, i.e. it is null.
Explicit calculation shows that

a’'p? 4
(L0—1)|X2) :( +1)|X2) =0—>m2=;, (3.157a)
Lilx2) =0, (3.157b)
Ly |ys) o< (D —26)6_,0,P) . (3.157¢)
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Exercise 3.2.5

Show this.

Moreover, one can show that
1) 1I* o< (26 — D). (3.158)

Therefore the norm is zero for D = 26, precisely when the state is null, as expected.

It can be shown that when a = 1 and D = 26 there is a proliferation of similar null states
which, as previously argued, define equivalence relations between physical states. This is the
so-called critical string theory and these null states are the hallmark of the BRST cohomology
of the string which will be indeed consistently realized only for a =1 and D = 26.

To better appreciate the structure of level-two null states you can amuse yourself with the
following exercise.

Exercise 3.2.6

In the left moving sector, consider the level two state
|\I—’> = (a_1 a1+ CoQp - A_o arF 2C3(a0 . a_l)z) |O, P) o (3159)

Determine c, and c5 in such a way that the state is physical (for arbitrary value of the
normal ordering constant a). For the physical values of ¢, and c; show that the norm
of the state is given by

_ 2(D—1)[2(a —2)(8a —21) + (2a — 3)D]

(U @) = —aa)2 (0,P|0,P) . (3.160)

Therefore (assuming D > 1) we have that

2(2—a)(21 —8a)

(¢V|w)>0 — D< (3.161)
3—2a

3.2.2 0CQ for the open string
3.2.2.1 Classical solution and quantization
Let us now focus on the open string case. As we have seen, the EOMs are (3.51)

0,0 X*(oc*,07) =0 (WS bulk eq.),

3.162
60X, 0, X" =0 (WS boundary eq.). ( )
o=0,1

The open string’s endpoints (corresponding to 0 = 0 and o = 7) are characterized by their
boundary conditions (BC) which, in this case, can be Neumann or Dirichlet.'®

* The Neumann (N) boundary condition is

8, X" -0, (3.163)

endpoint

which preserves Poincaré symmetry. It correspond to the statement that there is no
momentum transfer along a certain direction y in spacetime.

15In a more generic string background there can be many different, equally consistent, boundary conditions.
Neumann and Dirichlet are the only possible boundary conditions for a single scalar field X' in a non-compact
space.
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* The Dirichlet (D) boundary condition is

5X, =0, (3.164)

endpoint

which breaks translational symmetry, since it corresponds to the statement that the end-
point is fixed at a certain point along the direction y in spacetime.

N-N string
Let us first consider an open string having Neumann boundary conditions on both its endpoints
along a certain direction y. We may then write the solution (in the Neumann direction u) as
we did for the closed string, namely by splitting it into its left and right-moving parts, using
lightcone coordinates:

XM(ot,07) =X (0T +Xz(07). (3.165)

We then define the auxiliary quantity

. XH if
24(7, 0) = (t,0), ifo €(0,m), (3.166)
X¥(t,2n—0), ifoe(mn,2n),

and naturally extend it by 27-periodicity:
XH(t,2n+0) =XH(1,0). (3.167)
In addition, by construction, X also satisfies
X(t,0)=X(7,—0). (3.168)

Notice that X* is analogous to the closed string solution. However the additional invariance
o — —o implies that this time we have only a set of oscillators

ab = ak,
and the full solution then reads
/ 1 . o
u + =\ M /Dl . 1 + uf —inct —ino
Xyy(oT,07)=X,+a'P T+l\ Z;na”(e +e ) (3.169)

Exercise 3.2.7

Show that for such a solution the Neumann boundary condition 3,X"| _, =0 holds.
This time the Hilbert space will be acted by a single set of oscillators
Lot an ] =n0""6 im0, (3.170)
in addition with the center of mass Heisenberg algebra
[X{,P"]=in"". (3.171)
The generic state will hence be
a’ a0, P) . (3.172)

—ny Yy
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In analogy with the closed string, the physical open string states can be defined by imple-
menting the Virasoro constraints, using the quantum operators

1
Lo = §Z“n—k Cay, (3.173a)
keZ
1 1
Lo= EZ g = E(ao)2 +N=a'P>+N, (3.173b)
keZ

where in this case, for the NN open string, we define the zero-mode oscillator as

ay = v2a'P! (open NN string). (3.174)

D-D string
Let us now consider an open string having Dirichlet boundary conditions on both its endpoints
along a certain direction i. Since 6X; |U:0 . =0, we can fix

X'(c=0)=x!, X(c=mn)=x". (3.175)
Therefore the solution (in the Dirichlet direction i) can be written as
Xi(t,0)=x"+Y(1,0), (3.176)

where Y{(7,0) is the oscillatory part and obeys

Yi(1,0) =0, (3.177)
o=0,7
so that 6Y;|,_, . = 0. We then define
N Yi(t,0), if oc€(0,m),
Yi(t,0)= (. ) ] 0,7) (3.178)
—Y'(7r,2n—0), ifoe(n2n),
and extend it by 27-periodicity. This time ¥ is odd under o — —o:
Yi(r,—o)=Y!(r,2n—0)=-Y(1,0). (3.179)
Therefore the solution for the oscillatory part can be written as a closed string with a,, = —@,:
it =) — 3 o 1 i —ino ___—ino~
Yi(ot, o) =i\ E;;an(e e, (3.180)

and the complete solution reads as

‘ . / 1 . - .
Xpp(r,0)=x"+1i %Z;a;(e_mo —e 9 ) (3.181)

n#0

The term a’P*7 (containing the momentum of the center of mass) is absent, since T would
violate the anti-symmetric property of the solution X'(7,c) under ¢ — —o. Therefore, when
the open string’s endpoints are fixed, the center of mass does not move.
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N-D string
Let us finally consider an open string having Neumann boundary condition on one endpoint
and Dirichlet boundary condition on the other one, along a certain direction u:

=xM. (3.182)

O=T

a,X"

=0, XHM(r,0)

o=0

The solution can be written using half-integer moded oscillators as

/ 1 . o
X! (7,0)=x"+i\ % 25 et (e e ). (3.183)
reZ+%

It has no momentum P* since one endpoint is fixed by the Dirichlet condition and hence the
center of mass cannot have definite momentum.
Analogously, if we exchange the N and D conditions for 0 = 0 and o = 7 we find

/ 1 . o
Xpn(T,0) =Xy +1i % Z ;a’r‘(e_”" —e o ) (3.184)

r€Z+%

Therefore the exchange N «— D translates into a change of sign of the anti-holomorphic
sector (i.e. the right-moving part).

Exercise 3.2.8

Prove this last statement.

We can then define (for n € Z)

L, =% D it (3.185)
rez+s
together with the commutators
[a‘r‘, as”] =8, 450, (3.186a)
[Lp,Lpl=Mm—m)L, 4+ %n(n2 —1)8,4m.0- (3.186b)

These operators will act on a vacuum |0)y, as

(3.187)

1 1
a,|0)yp =0, Vr€Z+§, rZE.

Before we go on it is useful to analyze the stress-energy tensor and its relation with the
boundary conditions of the open string:

T, (0%) = _Z Le o (3.188)
nez
If we notice that
8 Xn(0") = Xuw(o7)| (3.189)
o=0,7

8+XDD(O-+)=_8—XDD(O-_)‘ (3.189]3)

J
=0,7
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we realize that for N-N and for D-D the stress energy tensor satisfies

T++(U+) =T__(o7)

(3.190)

o=0,1

This is an example of a gluing condition. Notice that, independently on the boundary conditions
for X, T has always the same boundary conditions. Similarly, for N-D open strings it easy to
see that

8. Xp(0™) =8 Xyp(07)| _, (3.191a)
a+XND(O'+) = _a—XND(O-_)‘ . (3.191b)
=T
Nevertheless, T has always the same boundary condition (3.190).

Exercise 3.2.9

Prove eqgs. (3.191).

3.2.2.2 Mixed boundary conditions and D(p)-branes
Let us now consider an open string whose endpoints have:
* Neumann BC along y=0,1,...,p.
* Dirichlet BCalongi=p+1,...,D—1 (where D is the spacetime dimension).

These endpoints can therefore move only in the p+1 Neumann directions, since they are fixed
in the (D — p — 1) Dirichlet directions. This means that we have a sub-manifold R'? of the
spacetime R4~ where the endpoints can move around (see fig. 3.4). Such a sub-manifold is
called a Dirichlet brane, more precisely a D(p)-brane. Notice in particular that if the open string
has N-N endpoints in every direction, the D(p)-brane is identified with the whole spacetime.

The existence of a D(p)-brane breaks the invariance of the closed string theory under
translations. As in a spontaneously symmetry breaking vacuum we then expect that Gold-
stone bosons arise, describing the displacement of the brane along the directions where the
translational invariance is broken.

As the D(p)-brane moves in spacetime, it spans a p + 1-dimensional surface, called world-
volume (see fig. 3.5).

3.2.2.3 Single D(p)-brane spectrum

Let us consider a generic state made up of Neumann oscillators al, and Dirichlet oscillators
a:'l acting on the vacuum |0, P), where the spacetime momentum P* lies on the D(p)-brane,
since along Dirichlet directions we have no momentum (see fig. 3.5). The zero mode Virasoro
operator is in this case

Lo = a/P2 + NWN) 4 N(PD) — o/p2 4 N(tot), (3.192)

This turns into the mass formula
a'm?=NY_gq. (3.193)

We can now analyze the first energy levels of the spectrum.
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Spacetime: R1-P~1

(/\

D(p)-brane: RP

Figure 3.4: A D(p)-brane embedded in the target space R,

_
fo

(p + 1) worldvolume

D(p)-brane

Figure 3.5: The trajectory of the D(p)-brane in the spacetime spans the worldvolume.
The p-dimensional momentum P* lies on the D(p)-brane, since along Dirichlet di-
rections we have no momentum.

B Level N=0
At the level N = 0 we have
t(P)|0,P), (3.194)

where t(P) is the spacetime polarization of the state. Its mass is given by
a'm?=—a. (3.195)

If we then take
a=1, (3.196)

this N = 0 state corresponds to a tachyon (whose spacetime polarization is t(P)) which is four
times lighter than the closed tachyon (see eq. 3.121):

1
m? = - (3.197)
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B Level N=1

At the level N = 1 we have to take one oscillator a_;, that can excite the vacuum along a
Neumann or a Dirichlet direction. If we saturate the free indices with a spacetime polarization,
we have

(A, (P)a", + ¢i(P)al ;) [0, P) (3.198)
where
* A,(P)is a p + 1-dimensional vector of SO(1, p).

* ¢;(P) are D — p — 1 scalars, assembled in the vector representation of SO(D —p — 1),
which appears to be a global internal symmetry if we are sitting on the D(p)-brane.

Therefore the existence of the D(p)-brane breaks the spacetime Lorentz symmetry as follows:

SO(1,d—1)— SO(1,p) x SO(d—p—1). (3.199)
S~—— N——
Lorentz on rotations in the

the D(p)-brane Dirichlet directions

If we then consider the mass, we have that Lo—a = 0 = o’ m? = 1—a, which fora =1
translates into m=0. (3.200)
Therefore we found a massless gauge vector A, and D—p—1 massless scalars ¢;. These scalars
are the Goldstone bosons in the directions where the translational symmetry has been broken
by the D(p)-brane. By Goldstone theorem they should be massless and therefore the choice
a = 1 we first pushed in (3.196) is in this case necessary.

These ¢; can be seen as the coordinates describing the motion of the D(p)-brane in the
transverse directions, where it is embedded. Collectively, they can be seen as a map
{¢'} : RYP — RP=P~! taking a point x in the worldvolume of the D(p)-brane and saying
where it lays in the transverse space, namely in the Dirichlet directions. When ¢! = 0 (i.e. the
scalar fields have zero vev), the D(p)-brane is not deformed.

If we now consider the Virasoro constraints L; = 0 and Ly = 1, we find the EOMs for the
massless gauge field (Maxwell’s equations) and for the massless scalars (massless Klein-Gordon
equation):

PMA“(P) =0, (3.201)
P2AY(P) =0, '
P2pi(P)=0. (3.202)

The equivalence relation (3.112) for the gauge field A, reads as the gauge invariance
A, (P)~A,(P)+A(P)P, — Aulx)~A,(x)+id,A(x), (3.203)
where A(P)P, |0,P) ~ L_; 0, P) is a null state, since P?2=0.
Again, at higher level, we find massive states, as described in the following exercise.
Exercise 3.2.10

Consider a D(25)-brane (Neumann conditions on all spacetime directions). Consider
the most generic open string state at level N = 2

(&0, +6,,0" a”,)[0,P) (3.204)

and determine its physical conditions. Show that it is consistent to set £, = 0 without
loosing physical degrees of freedom and that in total we have a spin 2 massive particle
(traceless symmetric rank two tensor).
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12 /
11 / 22

L/

_/.
/ -\
41 21 Y2 J"

D(ph D(p),
Figure 3.6: The D(p) — D(p) system.

3.2.2.4 Multiple D(p)-branes spectrum

Let us now consider a D-brane system made up of two D(p)-branes (D(p); and D(p),) paral-
lel along a common Dirichlet direction y (see fig. 3.6). They are both characterized by their
Dirichlet moduli y;, which are the precise values of the Dirichlet BC for the open strings at-
tached to the D(p);-brane.

As already discussed in subsection 3.2.2.3, the spectrum (at the N = 0, 1 energy levels) on
the two branes separately contains one tachyon (having m? = —%), one massless gauge field
and d — p — 1 massless scalars. These are the states produced by strings that start and end
on the same D(p)-brane. On the other hand, the strings that are stretched between the two
D(p)-branes generate different states. They have the same BC along all the Dirichlet directions
except for y, where the Dirichlet modulus changes at the two endpoints.

Let us first focus on the string that starts on the D(p);-brane and ends on the D(p),-brane.
Recalling eq. (3.176), we can write its solution as Y1?(7, o). It is defined by

8+8_Y(12)(T, cg)=0 (wave equation), (3.205a)
Y(r,0=0)=y, (BO), (3.205b)
Y (r,0=n)=y, (BCO). (3.205¢)

The solution can be written as

/ 1 . . _
09000~ (1= L)+ Lon s | T3 L2 (e ), 00
T A morRl

and it is useful to write (with Ay = y, — y; being the distance between the two branes)

o o A _
(1__)y1+_}’2=}’1+_y(0+—0' ). (3.207)
T I 21

If we define the zero-mode oscillator as

=—\—, (3.208)
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we can evaluate

A / X / .
2,¥0%,07) =22 4 \J P = \J EX P (3.209)
n n#0

nezZ
B Ay a’ L o’ 4
Y1 (ot 07)=—22 =\ = D oD =\ =D q(DeminT - (3.200D
(o%,07) Py 5 n#oan e 5 nezan e ( )

We can then build the stress-energy tensor in the y direction (in the other directions the Dirich-
let conditions are the same for both the endpoints of the stretched string) as follows:

1
) = —— Y2,V . (3.210)

We are now ready to study the spectrum of these stretched strings. The mass formula
(setting a =1) is

Ay)? Ay \?
a'm? :—1+N(t°t)+%(2—y) 3/ =-1 +N“°0+(—2 j_/) : (3.211)
Y a mva

As Ay increases, m? grows. Therefore the energy of the stretched string increases with the
separation of the two D-branes.

B Level N=0
At the level N = 0 we have a scalar particle
t12(p)|o,P) , (3.212)
whose mass is given by
Ay 2
a'm?=—1+ ( ) : (3.213)
2nva’
Therefore, if the two D(p)-branes are at a distance Ay such that
Ay 2
-1+ ( ) >0, (3.214)
2nva’
the tachyon is not a tachyon anymore.
N Level N=1
At the level N = 1 we have
(Wa2(P)a, +¢Pal ) 10,P), (3.215)
whose mass is given by
/2 Ay 2
a'm® = . (3.216)
(275 Ja' )

Therefore we have a massive vector nglz) and D — p — 1 massive scalars ¢i(12). If we now
consider the Virasoro constraints L; = 0 and Ly = 1, we find the EOMs for the massive vector
field (Proca’s equations) and for the massive scalars (massive Klein-Gordon equations):

{P“Wﬁlz)(P) =0,
/p2 Ay 2 (12) — (3.217)
(aP +(2m/?) )Wu =0,

Ay 2 12)
a'P2+(—)) 2)py=o0. (3.218)
( 2nva’ d)l (
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The L, constraint is subtle for i = y (the direction along which we have displaced the D(p)-
branes). It is not difficult to see that

L¢P (P)a’,10,P) = $P(agay)a’, [0,P) ~ (Ay) ¢P(P)[0,P) £0.  (3.219)

Therefore if Ay # 0 the field quvlz)(P) is not physical and thus disappears from the spectrum.

Everything we said so far for the (12) string (stretched between the D(p), and the D(p),-
brane) holds in the same way for the (21) string (stretched between the D(p), and the D(p);-
brane).

The generic field in such a D(p)—D(p) system can be represented as a 2 x 2 matrix: on the
diagonal we insert the strings having their endpoints both on the same D(p)-brane (namely
the (11) and the (22) strings), while off the diagonal we locate the strings stretched between
the two branes (namely the (12) and the (21) strings). The scalar fields’ matrix is (for Ay # 0)

(11) (12) (11)
Piry Pity ¢y 0
, , (Ay #0). (3.220)
(21) (22) (22)
¢i#y ¢i7ﬁy 0 ¢y

Notice that there are not the ¢>§,12) and ¢>§,21) fluctuations as they cannot be physical when
Ay # 0. The vector fields’ matrix is
A0 y(2)
W I

These matrices are called Chan-Paton matrices. Focusing on the latter, we can recall eq. (3.216)
and notice that, when the two D(p)-branes are coincident (namely Ay = 0), all the vector
fields are massless. This means that

Ay=0
U()xU(1) ——  UR) . (3.222)
~—_—— ~—~—
A, massless A, massless
W, massive W, massless

Notice that in the Ay — 0 limit the number of degrees of freedom is conserved: at finite
separation we have two massive vector fields (d — 1 degrees of freedom) which at vanishing
separation become two massless vector fields (d — 2 degrees of freedom). However in the
same limit the two scalars ¢ )1,2 and ¢ }2,1 become physical as the L, constraint is now identically
satisfied. Therefore a Higgs-like mechanism takes place by separating the two D-branes: the
gauge symmetry U(2) is broken to U(1) x U(1) and two Goldstone modes (¢)1/2 and (]5}2,1) are
‘eaten’ by the broken gauge fields that acquire mass. This is all very nice and consistent!

If we have M coincident D(p)-branes, then we get M? massless gauge bosons giving rise
to a non-Abelian U(M) gauge theory. This is not fully justified from the spectrum, but we
will verify later that these massless vectors will indeed interact precisely as in a non-Abelian
Yang-Mills theory.

3.3 BRST quantization of the string

It is now time to introduce the BRST formalism. We will follow the steps as in section 2.2 and
we start by defining the Polyakov path integral as

1 .
Z=5g DX¥Dhgpe S, (3.223)
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where S[h,X] is the already introduced Polyakov action

1
S[h,Xx]=——— | d*0vV—hh*’ 3,x"3pX,, . (3.224)
ana’ s

To simplify out the volume of the gauge group we must fix the gauge symmetries, which are
generated by the following two infinitesimal transformations:

1. Diffeomorphisms: 6p,X" = &EP3,X", Sphyg =VoEp+VpE,.
2. Weyl transformations: Swh,g = whgg,

where we have defined the infinitesimal group parameters £° (o, 7), w(o, T), and the covari-
ant derivative
Valp =0 =T &y, (3.225)

with the Christoffel symbols
1
Fg[j = Eh}’a (3aha/5 + aﬁh(m — ao-haﬁ) . (3.226)

The idea to fix these gauge redundancies is to fix the metric to a fiducial value. To do this
we will assume that any metric h can be obtained by making a gauge transformation to the
fiducial metric h. I.e. we will assume that

"

h=hé,

for some gauge transformation g. In particular the fiducial value h = h corresponds to g = 1.
This essentially means that we consider all degrees of freedom of the metric to be pure gauge.
To be precise, this is true if the worldsheet has the topology of a sphere (or a disk). But
on a generic surface this is true only locally and indeed we will see that there are in general
metric moduli which cannot be changed by diffeomorphisms. When this happens the functional
integration over the metric will not completely cancel against the volume of the gauge group
but it will leave out a finite dimensional integral on the metric moduli. While this is a major
ingredient for the construction of strings’ amplitudes, it is not going to affect the construction
of the BRST charge and the spectrum so we will postpone this (however important) subtlety for
later on. That said, our gauge fixing condition will be represented by the functional condition

F(h)=h—h=0 — h=h. (3.227)
We can now write the identity

R R R . R . g
1:th5(h—h):JDhg 5(hg—h)=fz>g 5(hg—h)det55i , (3.228)
g=1

where g represents the gauge group element chosen to parametrize the gauge orbit of h& so
that h! = h. Using this resolution of the identity in 3.223 we can factorize the gauge volume
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and obtain the gauge fixed Polyakov path integral

( b oo ShE|
= 1| pxDrpg (s —hydec2E|  eistom
VolG J 5 om1
([ A A . he o
S DXDhéDg 6(h® — h)det& o iS[X,h¥]
VolG J 5 =1
1 ; .7 1 B
= DXEDhsDg 5(hé —h)det——|  e!SIX*h*]
VOIQJ 5g =1
[ A A R he o
= L DX8Dh8Dg 6(h® — h)det& iS[X.h]
VOIQJ 68 o1
([ he e
= 1 DXDg detﬂ elS[X,h]
VolG | 5g =1
- o
B J DX dec| SO, (3.229)
og g=1

where in the second line we have written h as %, in the third line we have changed the dummy
integration variable X to X$, in the fourth line we have used the gauge invariance of the action,
in the fifth line we have used the gauge invariance of the measure DX and we have eliminated
the delta function. Finally in the last line we have simplified the volume of the gauge group
with f Dg thanks to the gauge invariance of the determinant.

By formally rewriting the determinant as a Berezin integral (Fadeev-Popov trick) we obtain
the FP action

g 1 A heB
det—| = | Dby DADCP exp| — dza\/—hbaﬁa—
8 lg=1 4n o0g*

c* :| , (3.230)
g=1

where we have defined ¢* = (A, cP) with A and c” respectively defined as the ghost fields
related to the Weyl and the diffeos generators. It is usual to explicitly write the variation of
the metric as

5totha[5 = 5Dhaﬁ + 5Wha[5 = wh(xﬁ + Vagﬁ + Vﬁga = Qha/g) + Z(Plg)aﬁ 5 (3231)
where we have defined
Q= w+V-E, (3.232)
and 1
(Plg)aﬁ = 5 (vagﬁ + vﬁ €a _hafa’v ’ g) > (3.233)

which is a map from vector fields (one index up) to traceless quadratic differentials (two lower
symmetric indices with vanishing trace). With these definitions we can easily write down the
ghost lagrangian by substituting the gauge parameters (w, £%) with the corresponding Weyl
and Diff ghosts (A, ¢®) in §h*? and then contracting with the antighost bap:

= af
J d*cV—hb oh

aﬂ 5gx

X = J d2cvV—h bap [fl“ﬂ (A + %V . c) + (2P1c)a/5] . (3.234)
g=1

Using this result we can integrate out the ghost A in the path integral which imposes that
baﬁila/j =0:

7 = f DX‘quaﬁDCP ei(S[le]—‘%nfdzaw/—_hbaﬁ(zpﬂ)aﬁ)) , (3.235)
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where b, is now traceless. With this last condition we obtain the complete gauge fixed path
integral:

i(s[x,iz]—}ﬂfdza\/—flbaﬁ(v“chvﬁc“))

Zpol[X‘u, ba[j,Cp] = f DX'u,DbaﬁDCp e (3236)

We have found the explicit form of the ghost action to be
Sy = —4L f d20V —hb,p(VecP +VPc?) = —ZL f D20V —hb,VecP, (3.237)
T i

where in the second step we have considered that b, is a symmetric tensor, since it only
appears contracted with §h*? = §hPe,

It is interesting to notice that the ghost sector of the metric is still Weyl invariant. If we
consider the transformation h — e~“h we obtain

1
iSen = 5~ J d?0 vV —he “e“h*P b5V c® (3.238)

1 S S /
=5 J d20 v/ —hh® by (8,7 +12 )
——sGH—%nJdza\/—hh“ﬂbm(hgaow+h§aaw—hwa%)c0

1 1
=iSey— T J d?c+/—hb* 8, wc’ — = J d?c+/—h (bgcaa% — bgcéaaw) ,

=0 because b?=0 =0 after index redefinition

so that S;;; = Sgp.
Thanks to this property we can choose the fiducial metric to be h,g = e~ “n,p with an
arbitrary w and reduce the complete action to

S =—$ d%c aaxﬂaaxu—ﬁfdza bopdcP . (3.239)
This action is already written as the reduced BRST action, associated to the reduced BRST
transformation needed to evaluate the BRST charge. To find the action of &5 over all the
fields we must, as seen in section 2.2, evaluate the equations of motion of the metric to find
the equations of motion of the Lagrange multiplier B,z appearing in the anti-ghost BRST
transformation 65b,p = iB,pg. To do so we must consider the extended BRST action

1 .
SprsT = — fdzav—hh“ﬁaxX“aﬁXu—ﬁf dzU\/—hbaﬂvacﬁ

4’
1 A
— 4—nf d?0 vV —hB5(h*F —hF), (3.240)
and evaluate 4SS
VR s = e VT T 240

where TM is the matter stress-energy tensor defined in (3.14), while TCH is the ghost stress

energy tensor that we will now explicitly evaluate. To do so we consider action (3.237) and
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we evaluate the variation:

i 1
SnSar =75~ J d*c [ -3 V—hh,, 6hPRHD 6V P + v/ —hGhHOb, 5V P (3.242)
+/ —h6h““buﬁ6l“£¥c7’].

The variation of the Christoffel symbol as a function of the variation of the metric tensor can
be written in the well known form

1 A
6Tl = ZhP* (V,8haa + Vabhiy = ViShay ) (3.243)

which can be expressed with respect to the variation of the inverse metric tensor using the
property

haphP? =87 — 8hophPT +ho6hPT =0 => 6h,p = —hyshp, 6RT, (3.244)
so that
1
6Tf = —EhﬂY (haphayV, 88" +hyh,, V  SHHY + by b, V5 6RMY) (3.245)
Using this equation, the third term in (3.242) becomes
ShEb s STE ¢ = — LhPaRPM, B b ocT wy
up aYC =— E Aullay pﬁc V),é'h (3246)
1
— Ehpahmhwhwbp 5TV GRMY
1
+ Ehp“hmhwhwbpﬂcyvléh“v,

that can be further simplified using the Leibniz rule and ignoring all the boundary terms to
obtain

1
oh*b,,p 6F£ch = §5h’” [Vy(bwc” + Va(bzcv) - Vl(bﬁcv)] + boundary terms
1
= Eéh“vvy(bmcy) + boundary terms.

Using this result, we then rewrite the ghost action variation as

ShSan =5~ Jr d2ov/~h &h [%vy(b,wd) +bpV P — %hwbgvacﬁ]
= —4% Jr d20 v/ =R 8h*Y [V, (byyc") + bup ¥+ by VP — Ry, b3V P |
= —4171_ f A0/ —h [6h*7b,, V.. + 5hH'V b, ]
- 4% f d20 V= 51" [b,p VP + b5V P —h, b3V P | (3.247)

The term 6h*”b,, V. c" is identically zero because 6h*”b,, = 6(h""b,,) = 6b7 = 0 and in
the end we find

SrSan :—4L7J d20V/—h ShHY [V, b,,cT +bupVocP + b,V ,cP —h, b3V, cP |, (3.248)

ur9p
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so that the symmetric ghost stress energy tensor becomes

GH __ 47'[ 58
b /" 5hob

If we impose the metric to be 2-dimensional flat Minkowski, we finally get the following value
of the Lagrange multiplier:

= —i(V,bagC” + by, Vg +bg, Voc —hagb0Vsc? ). (3.249)

— M ; o
Bop = T2 — (8, bupc” + bay Bpc” + by, 8uc” —napbld, )] . (3.250)

To make contact with the old covariant quantization we choose the worldsheet light-cone
coordinates. This means that the trace-less condition of the anti-ghost field becomes

b =0"bus=n""b,_+nTb_ =—4b_, =—4b, =0, (3.251)

so that the only non zero anti-ghost terms are b, , and b__, associated with the ghost ¢* and
¢~. In this set of coordinates the reduced BRST transformations can be written as

§pXH = cTa, XM +c~a_XM, (3.252a)

Spct =c*a,cF, (3.252b)
1

5B b:l::l: =i (—;@:XuaiX'u - i(Zbiiaﬂ:Ci + 3ibiici)) . (3252C)

3.3.1 Canonical quantization

The action in the conformal gauge becomes

1
S =
2o’

J do*do8,X"d X, — ﬁ J do*do~(b,, 8 ct+b__d,c7),  (3.253)

with associated equations of motion:

2,0 X" =0, (3.254)
d,c"=0d.ct=08,b_=0_b,=0. (3.255)
In the reduced BRST formalism the BRST transformation is a nilpotent symmetry of the action
only when all the equations of motion are solved simultaneously. This is not a restriction
because the canonical quantization is done on the space of solutions. Solving the equations

of motion we find again the same matter fields of the old covariant quantization while for the
ghost fields we find

ct=c(oh), ¢ =é(0), (3.256)
b*=b(c*), b =b(c7). (3.257)

Using the 27-periodicity of the string we can expand these fields using a Fourier series:

c(oct)= Z c,e o E(o)= Z g e ino (3.258)
nez nez

(o) = bye™,  blo)=) be ™, (3.259)
nez nez

with the reality conditions b = b_,,, b7 =b_,, ¢t =c_, and & =¢_,,. Because of the graded

commutator relations (with b being the canonically conjugated momentum of c)

[b(t,0),c(t,0")]=[b(r,0),é(t,0")]=2n86(c —0c’), (3.260)
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the expansion coefficients must also satisfy

[bn,cm] = 5n+m: [Bn, Em] = 6n+m 5 (3.261)
[cnscm] =0, [bn,by]=0. (3.262)

It is easy to check that these relations actually reconstruct eq. (3.260):

[b(t,0),c(t,0))]= Z[bn, cm]e_i(n‘ﬂm‘j/) = Z e inlo—o") — 2n86(o—o’). (3.263)

nez

We can now analyze the structure of the Hilbert space as already did for the free particle,
namely we divide the total Hilbert space in matter and ghost sector:

Htot = Hmatter ® /thost = Hm ® th . (3.264)

The natural way we can build the ghost sector is to consider ghost creation and annihilation
operators on a ground state ||) annihilated by b,,,c,, n > 0:

b,ll)=c,ll)=0, (Ulb_,=lc_,=0, forn>0. (3.265)
If n=0then ¢y |l) =1), by |l) = 0 with the following normalization:

(M =lcll)=1, (3.266a)
(T =) =o0. (3.266b)

The general ghost state will then be

b b_p, Comy -+ Comy, 1), 1 >0, m;=0. (3.267)

—ny *+ Y—ny

3.3.2 SL(2,C) invariant vacuum and the ghost Virasoro algebra

The construction we have just carried out can be reformulated with a more suitable definition
of the vacuum state. In particular we can then define a new vacuum state |0) so that

¢, |0)=0, Vn=>2, (3.268a)
b, [0)=0, Vm=>-1. (3.268b)

Why is this a better choice of vacuum state? We can understand this by evaluating the form of
the stress-energy tensor of the ghost sector using the definitions (3.258), (3.259) of ¢ and b:

TE = i(20,¢* b,y +¢*0,b,.)
:l Z 2(_in)cnbme—i(n+m)o'+ +l Z (_im)cnbme_i(n+m)o.+

n,mez n,mez
n,mez n,k€Z
=D [ D k= mbppey Je o =D LBV ik (3.269)
kezZ neZ kez
We have defined the ghost sector Virasoro’s L]Egh):
Ll(fh) = Z(n —k)bjpnCn (classical). (3.270)

nez
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In the quantum theory we normal order them on the new vacuum state |0):

L]((gh) — Z(n — k)t DynCon : (quantum). (3.271)

nez

We will now prove that these operators satisfy the Virasoro algebra with central charge
¢ = —26. At first we evaluate two fundamental commutation relations:

(L&, b, ]= Z (n— K[ bpskCeios b ] — Z (n—k)lc—xbpsk> b

k<—2 k>—1
= Z (Tl - k)bn+k[c—k> bm] + Z (n - k)[c—lo bm]bn+k = (n - m)bn+m 5 (3-2723)
k<—2 k>—1
(L&Y, )= > (M=K bpsrCoirtml = Y (M= K)c_kbpigs o]
k<—2 k>-1
=— Z (n—k)c_ibpimiko = —(2n+m)c iy, . (3.272b)
k<-—2

Thanks to these we then obtain

[LEW, LEV] = > (m—K)LEY, bpyrei] = D (m—K[LE, c_ybyp]

k<—2 k>—1
= 2, (=) =m=K)bymec— X (m=k)2n =KDyt
k<—2 k<-2
+ 2, m=I)@n =Ky ibpir = D (m=K)n—m—=K)e_xbrsms
k>—1 k>—1
= > (m—k)(n—m=K)bpmci— D, (m—n—q)(n—Q)bminrqly
k<—2 q<—n—2
+ 25 (=M =n=a)_gbpamik— D, (m—K)n—m—k)e_ibyimsx
q=—n—1 k>-1
= > [m—q)n—m—q)—(n—q)(m—n—q)]bgsmnc_q
q<—n—2

(n—m)(n+m—q)

— > [m—q)(n—m—q)—(n—q)(m—n—q)]c_gbgrmsn

q=—1
2 —2
+ Z (m_q)(n_m_q)bq+m+nc—q + Z (m_q)(n_m_q)c—qbq+m+n
qg=—n—1 g=—n—1

In this range this is not normal ordered
—2
= > (-mn+m—q): byrminc_g i+ Y, (M—Q)(m—n—q)5
—1<q<—n—2 g<—n—1
—2
+ > lm=—g)n—m—q)—(n—q)(m—n—q)] bysmsnc—q
qg=—n—1

—2

=(n=m) D (n+m=q): byrminc—g i ~Omin D, (n=q)20+9)

qEZ g=—n—1
m 13
= (n=m)LE8 — (0 =15 i,
which gives rise to
h  —26
[LE,LE] = (n—=m)LE) + =22 (0 =) (3.273)
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Here we find the same type of central extension 5(n* —n)S,,,, that we got in the matter
sector, but this time the central charge has a specific universal value

c8host — _og (3.274)

It is easy now to verify that ngﬂ |0) = 0, namely the vacuum state is annhiliated by the three

Virasoros satisfying the SL(2, C) algebra. This means that from the point of view of the ghost
sector the new vacuum state is SL(2,C) invariant. In reality because the same property is
shared with the matter Virasoros this new vacuum state is globally SL(2, C) invariant. For this
reason |0) is known as the SL(2,C) invariant vacuum state.

We can now try to understand the link between the new and old vacuum state. It is easy
to understand that we can easily identify

1) =¢110), (3.275)

because c; |0) shares all the requested properties with ||). Namely we can verify that

cnll) =cpe110)=0, Vn>o0, (3.276a)
cold) =cocq [0) #0 = |1) = coc1 |0) , (3.276b)
b,ll) =b,c110)=0, Vn>0, (3.276¢)
(tm =il =o, (3.276d)
(L) = (Ubg,colll) =0, (3.276¢)
{({17) = (Ol c_1cpc1 10) = 1. (3.276f)

In general we will find it convenient to use the following four vacuum states
0}, 1) =c110), IT) = coc1 10) , |6> =c_1c0c1 [0) . (3.277)

All these states can be characterized using the ghost number operator, defined as:

Jgh = —Z b_ka + Z C—kbk 5 (3278)

k>2 k>-1

which counts a —1 for every anti-ghost operator b,, and a +1 for every ghost operator c, in the
state. With this definition we have that

Jnl0) =0,  Jall)=11),  JaIh=2I1),  Jg|0)=3]0). (3.279)
Any other states will be written as a linear combination of

[{ni}, {m}) = c_p, - con b - b 10}, (3.280)
Jan [{nh Am}) = (k—@) [{n}, {m;}), fornm; > -1, m; >2. (3.281)

3.3.3 BRST charge and critical dimension

We are now ready to construct the BRST charge of the string. Considering the general con-
struction for a set of constraints, in this case we have

L,~0, L ~o0. (3.282)

The constraints satisfy, upon quantization, the (matter) Virasoro algebra:

D
Ly L] =(Mm—m)Lpm,+ En(n2 —1)8 4 - (3.283)
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Following the standard construction in section 2.3.1 we identify F; = L, and the structure
constants of the algebra with

fen = Bknem(n—m). (3.284)
Using (2.103) we obtain
Fi = _filj'cj by = —Z(i —j)5k,i+jcjbk s (3.285)
ik

where [by,c/]=6 j‘ To change these to our natural ghost operators we must redefine ¢! — c_;
and b; — b; so that [by,c;] = &y, and the ghost generator becomes

Fi== (= Doyijemibr == D (i= e jbiy = D (i—Dbije; = L. (3.286)
ik j.k j

Considering the normal ordering on the invariant vacuum, F; = L‘igh. Using (2.109) the BRST
charge then becomes

Q=cF+ %ci]:"i = Z [c_nLgm) + % : c_nngh) :} , (3.287)
nez
where we have already considered the normal ordering in the quantum case.
Alternatively, this BRST charge can be constructed as the Noether charge associated to the
BRST transformations (3.252a), such that 6z = i[-,Qg].
Defining now the total Virasoro operators as Lr(lmt) = Lflm) + ngh) obeying the total Virasoro
algebra as

D—26
[LgOt), L&Ot)] = (Tl - m)Li(lt-I?:r)l + Tl(n2 — 1)5n+m P (3.288)
it is possible to prove that this BRST charge satisfies
1 1
Q2= 5[Q,Q] =3 Z [[Lfltot)’ L{9]— (n— m)LfltJ‘:;)l] c_cn=0, (3.289)

n,m

which means that the BRST charge is nilpotent if and only if D = 26. This calculation is rather
tedious but in principle straightforward once normal ordering subtleties are correctly taken
into account. It is also possible to simply and elegantly prove that Q> = 0 = D = 26.

Proof
Using the property
[Q,b,]=Flot =L, (3.290)

we can prove that [Q, L,(th)] =0:

[Q,L19]1=[Q,[Q, b,]1=[[Q,Q], b,]—[Q,[Q, b, 1] = 2[Q,LI*Y]=[Q% b,] = 0. (3.291)

If we consider this identity in the commutation relation of two total Virasoros we get

[L0o0, L0 =100 [Q, b,,11=T[[L0Y,Q], b, ]+ [Q, LY, b, 1] (3.292)
=[Q,[L&W, b, 11 = (n—M)[Q, byym] = (n—m)LL (3.293)

which means that ¢, = 0 that is D = 26.
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3.3.4 String spectrum from the BRST charge

In this section we will describe the physical cohomology in (say) the left moving sector. An
analogous mirror story can be repeated for the right-moving sector. The left-moving results
will directly apply to the open string spectrum, modulo possible boundary details which will
not be important in this section. As we saw the total BRST Hilbert space can be decomposed
into the direct product of matter and ghost sector £ = H™ ® H&":

e H" > [ak,a) 1=1""n6,in, XK P =in"",
o HE > [bns ] = Onsm-

Inside this total space we can define four ‘vacua’ with definite momentum:

l0,P) = ¢ o), (3.294a)
1, P) =P |]) = e Pc o), (3.294b)
IT P) =X P |7) = X Pcycy [0) (3.294c)

0,P)= IXP|0>= Pe_1coc; [0) - (3.294d)

The normalization is chosen so that
(0,P'|c_yco,10,P) = 5(P—P'). (3.295)

This setting is similar to the configuration we have found in the case of the free particle where
the global space was spanned by ||,P) & |T,P). However here in the string case we have
also all possible positive and negative ghost numbers and in particular two additional ghost
vacua (|0) and |6>) that are useful. All the other states in the string Hilbert space H are then
obtained applying different oscillators to these vacuums. Of course it is up to us to choose
which vacuum to use, because all vacua are obtainable from one another by using the ghost
zero modes (c_y, ¢y, ¢;) and (b_q, by, by).

On 7 there is a nilpotent BRST charge which acts as an operator:'®
Q=>. (c L, + P Al :) , (3.296)
nez
with : - : the normal ordering with respect to |0) and L, and ngh) the matter and ghost Vira-
SOros:

== Z A O Lglgh) = Z(n—k) S bhpkCk s (3.297)

keZ keZ

D

[LyyLy]=(Mn—m)L,+ E(n3 —1)84m > (3.298)

—26
(L&, LEM] = (n—m)LE + = ——(n®—n)6,,,,. (3.299)

We are now ready to obtain the physical states |phys) € H analyzing the cohomology of Q. We
start with # 4, < 0 and we only state the following result.

Theorem
Every closed state at negative ghost number is also exact, namely there is no cohomology for
#4n < 0. The same is true for #,4p, > 3.

Therefore the cohomology is concentrated at ghost number 0,1,2,3.

15We omit the matter symbol on matter Virasoro operators from now on.
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m#,,=0

g
The fundamental state at this ghost number is the zero-momentum vacuum state. It is easy
to prove that Q|0) = 0 given the normal ordering of Q, but we now must see if |0) is exact,
namely if 3|A) | Q|A) = |0). If we define the total level N = L(()mt) — %a% we have

QN1 = [Q, L™ 2[Q, 03] =0, (3:300)

which means that the BRST charge does not modify the level of a state. Using this result we
can conclude that |A) must be at zero level and with ghost number —1. The only state with
this property would be |A) = b |0) which is, however, identically zero from the definition of
the vacuum state. This means that #|A) and |0) is in the cohomology.

It can be shown that |0) is the only element of the cohomology at ghost number zero.

m#,,=1

g
At the ghost number 1 we will search the cohomology in the subclass of states
[Y) =1 lpm) = |Pm) ®|l) where |¢,,) represents a generic matter state. These states obey
the so-called Siegel gauge condition by [1)) = 0.17 If we apply Q to this state we obtain

Q) =Qcyl¢m) =[Q,c11ldm) —c1Qlds) - (3.301)
This can be further manipulated using the property
[Q,¢u] == D (m+20)c_Crim, (3.302)
meZ

so that

[Q.c1]1§m) == ) ® D (M+2)c_nCiim [0)gr

meZ
= — |¢m> ® (. oo C3C_2 + C1CO + 2COC1 + 3C_1C2 +.. .) |O>gh
=—|¢m) ® (—c1¢0) [0) gh = c1¢0 |Pmy) - (3.303)

Thanks to this result we obtain

Q |¢) = €16 |¢m) Y| Z CnL—n |¢m)

nez

=c| o+ ...—CLp _CIL—I_COLO_ZC—nLn | m)
—_——

All zero over |¢,,) nzl
= (LO_l)Cocl |¢’m> +Zc—nLn €1 |¢m> =0, (3.304)
n>1
which is zero if and only if
(Lo—1)|¢pn) =0, (3.305)
and
Lyl¢m)=0, Vn=1, (3.306)

which are the same physicality conditions we have obtained in the old covariant quantization.
Therefore the BRST quantization implies the OCQ constraints with a = 1. The (Lgm)—l) should

17 A consequence of this gauge condition is that the cohomology can be systematically searched for in the kernel
of LY since by |4) = Q[tp) = 0 implies [Q, bo] ) = L [16) = 0.
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be thought of L(()tot) = Lém) + L(()gh) where Légh) = —1 when it acts on ¢; |0) = |]). Therefore the

cohomology of Qp is properly contained in the kernel of L(()mt).
In the old covariant quantization we have also defined the null states as those vectors

satisfying

(Lo—Dlnull) =0,  Lysyfnull) =0,  |null) = > L_,[x,). (3.307)

n>1
OCQ null states correspond to BRST exact states. To see this consider the example of the open
string gauge field in the BRST approach:
ly) =A,(P)a” ¢, 10,P) . (3.308)

We can add to it an exact state of the form

QA(P)'O,P) ZZC_nLn|0,P) :A(P)(...+C2L_2 +C1L_1 + COL0+... )|O,P>
—_— —_——

€ -
nez Identically zero zero when P2=0

= A(P)c;L_1|0,P) ~ P A(P)a” ¢, |0,P) . (3.309)

We have already observed in (3.203) that when P2 =0 then L_1]0,P) is a null state. Notice
that this exact state still obeys the gauge condition b, = 0 which therefore does not fix the
gauge completely, inside the cohomology.'®

In general we have the property

¢p |null) =QJA) . (3.310)

In the end we can write the identifications

) — c1ldm) =), (3.311a)
Iphys) — Q|vy) =0, (3.311b)
[null) — ¢; [null) = Q|A) , (3.311¢)

and map the entire old covariant quantization in the ghost number one sector obeying the
Siegel gauge condition by |y) = 0. It is also true, although we don’t give a proof, that there is
nothing else in the cohomology at ghost number one, only the (non null) OCQ physical states.

As an additional remark we can also notice that the parameter a we have previously fixed
1.(8h)
o -

to 1 is nothing but (minus) the eigenvalue of the state c; |0) under the action of
| #gh =2

Since at ghost number one we have restricted to states whose ghost content was entirely given
by |l) = ¢; |0), we can consider states at ghost number two of the form

) = coc1 [dm) = 1dm) ®11) ,
and apply the BRST charge to obtain

Ql) = [Q,co¢1]1dm) + coc1Q|Prm)
=0
= Cocl(. ot ClL—l + COLO + Zc_nLn) |¢m> =0
n>1

= L,|l¢) =0, Vn>1. (3.312)

18This is analogous to Lorentz gauge 0,A" = 0 which is preserved by 6A, = J,A with OA = 0.
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Notice that this time we do not find the mass-shell condition (Ly— 1) |¢,,) = 0. This situation
is similar to what we have already encountered in the free particle model, where all the states
|P,T) where in the kernel of Q, without any restriction on P. In that case the mass-shell con-
dition was the only constraint on the particle state and it was recovered for |P,T) by studying
the non-exactness condition. We must do the same for the string states in

ker(Q)‘ghzz = {|*) = cocy |¢;>}anll¢;>=o ) (3.313)

We proceed by considering the states at ghost number one [Y*) = ¢ |qu;> with
L, |¢;> =0, Vn =1 but not on-shell.
By definition we have the following identity:

bolh™) = ¢1 | o) = Ivp") . (3.314)
We can use it to obtain
QIY*) = Qbolh*) = [Q, boll4h*) — beQlyp*) = LIV|ap*). (3.315)
=0

We now have two different possibilities.

1. If Lgmt)h/;*) # 0 then, if we suppose to work on eigenstates of Lgoo we can write

A 1 1 b A
|¢*>=lew*>=Q[ ) |¢*)]=Q[ 5 |w*>}, (3.316)
Ly Ly Ly

and |)*) is exact, with %hﬁ*) as trivializing state.
0

2. If Lgmt)h/;*) = 0 then we have that the states are closed and not exact. Explicitly this
means that

A h
0= L(()mt)llp*> — L(()tot)coc1 |¢:;1> — (LO +ng ))C0C1 |¢;kn>

=cocr1(Lo—1)[$7) » (3.317)
and we again obtain that for the states to be physical they must also satisfy the mass-shell
condition.

| #gh =3

In the ghost number 3 sector we focus on the state \6) conjugate to the vacuum state |0) to
prove that it is actually in the cohomology. At first we must prove Q |6> =0:

Q0) = > (k—2)c_ycro16o61 0) —c_1Qcoc [0) = c_1Q%¢; [0) = 0. (3.318)
keZ

—0 for the properties of ¢,|0)
At the same time it must also not be exact but this is immediate since we known that
(0]0) = (0l c_1coc1 10) =1, (3.319)
which would not hold if |f)> = Q|A) because <0|6> = (0|]Q|A) =0.

All these states we have encountered in the cohomology have the property of having a
positive definite scalar product as enunciated by the no ghost theorem.
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No ghost theorem
If we define

167N @ |1) =) at #, =1, (3.320)
|07 Y) @ 11) =) at #,4 =2, (3.321)

satisfying (L, —0,0) |¢iOCQ> =0 for n > 0, then

(Wild;) =Gy, (3.322)
is positive semi-definite and become positive definite if we quotient-out the null states, or
equivalently if we stay in the cohomology.

Therefore, in the cohomology, we only find positive norm states, which are consistent with
Quantum Mechanics.

3.3.5 The (open) string field theory action

In the case of the free particle (2.98), once we had a well defined BRST charge and a non-
degenerate inner product, it was possible to define a space-time action for the dynamical fields
of the theory. Let us now focus on the open string on a D25 brane for concreteness. As we
have seen, the physical states can be searched in the ghost number one sector of the Hilbert
space. We thus select the dynamical string field to be [¥) with #,, [¥) = 1, with a general
expression

0) = f d?°P (t(P)c;e 7 10) +4,(P)cra” €% |0) + iB(P)coe* P |0) +...) . (3.323)

This state is physical if it satisfies
Ql¥)=0. (3.324)

This is the equation of motion that extremizes the free Open String Field Theory action:
S[w] = % Q) . (3.325)
This action has also a local (off-shell) gauge symmetry
) ~ [¥) +QIA), (3.326)

which generalizes the cohomological structure of the physical open string spectrum.

Exercise 3.3.1

Verify that given
W) = f d*®Pt(P)c,|0,P), teER, (3.327)
the free string field action is equal to a scalar field action:
a 26 2 2 . 2 1
S[t]=§ dPt(P*+m)t, with m*=——. (3.328)
a
Also verify that if we consider:
|¥) = f d?®P (A,(P)c;a" | +iB(P)cy)|0,P), A, BER, (3.329)
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we get the action of a U(1) vector field coupled to an auxiliary field B. Integrate
out B and recover the covariant action of electromagnetism ~ f F,,F"”, where

Fuy=03,A,—0,A,.

The free action can be modified to include interactions, thanks to the addition of a ‘simple’

cubic vertex (the so-called Witten vertex)

1 1

With interactions turned one, the possibility of considering off-shell states allows us to move
away from the perturbative vacuum of the theory, which is unstable due to the tachyon, to
search for a stable vacuum if it exists. The presence of this true vacuum state has been conjec-
tured by Ashoke Sen in 1999 and later analytically discovered by Martin Schnabl in 2005. It
describes a configuration in which an initial unstable D-brane has decayed to nothing, leaving
behind only pure spacetime and closed string radiation.

What about closed strings? One can try to proceed analogously to the open string case,
taking the closed string field |¥,) to be at total ghost number 2. However the natural expression
(¥.](Qp +Qp) |¥,) is identically vanishing because it does not soak up the total ghost number
six of the bracket. The way to resolve this problem is to constrain the off-shell space of closed
string fields by asking for the (generalized) level matching conditions

(bo—bo) [¥,) =0, (3.331a)
(Lo—Ly)|¥.) =0. (3.331b)

In this restricted space there is a non-degenerate inner product given by
_1 n
(U, 0y) = 5 (W] (co—Co) W) - (3.332)

With this inner product, calling Q.. = (Qg +Qp), one can write down a consistent free action
for closed string fields as

1
S[We] = 2 (¥e, Quore) - (3.333)

As for the open string field theory this free theory too can be deformed by adding interactions.
However this time a cubic vertex is not sufficient to reproduce closed string amplitudes. It turns
out that infinite interaction vertices are needed and these vertices are organized in a structure
which is called L,-algebra. As of today, this non-polynomial action is so complicated that it
is not possible to ascertain whether there is a stable closed string tachyon vacuum, similar to
the open string one.'”

3.4 Lightcone quantization

At the classical level, choosing the conformal gauge and using worldsheet lightcone coordi-
nates (3.43), we wrote (see eq. (3.48))

S[X]=

T fws d*c 0,X"3_X,, . (3.334)

The interested student can find a detailed pedagogical introduction to String Field Theory in the recent
book by H. Erbin, “String Field Theory: A Modern Introduction,” Lect. Notes Phys. 980 (2021), 1-421 2021,
[arXiv:2301.01686 [hep-th]].
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As already noticed, this action is still invariant under the conformal diffeomorphisms (see eq.
(3.49))

ot — f.(o™), (3.335a)
o- — f(o7), (3.335b)
which reflect on
x{ (™) — X['(f.(c™)), (3.336a)
Xp(07) — Xp(f-(c7)). (3.336b)

This is a residual gauge redundancy and the Virasoro operators L,, are precisely the generators
of this residual gauge symmetry, as we will see in detail in the next chapter.

3.4.1 Quantization

In the previous chapter we have imposed the Virasoro constraints by using the BRST charge.
Now we would like to do something easier: impose the constraints directly on the space of
solutions for X and then quantize the constrained set of solutions. In order to do so we go to
lightcone coordinates in space-time

1
X*=—(x+xP1). (3.337)
V2 )
Correspondingly we divide the spacetime directions into
p=(+, —, i ), (3.338)
0,p—1 1,...D—2
(lightcone)
where i = 1,...,D — 2 are the transverse euclidean directions, while +,— are the lightcone

directions.
The idea of the lightcone quantization is then to fix the functional dependence of X* on
o™ to be of the form

+ 4ot / +_of ’

X X
07504 %p+g+, XHo)="200 4 Lpro, (3.3392)

2 2

XZF(UJF) =

so that

X" =x5+a'PT. (3.340)

This fixing is equivalent to stating that all the non-zero vibrational modes of the string along
the + direction are set to zero:

ay o =0. (3.341)

After this choice for X* we are no more free to perform the conformal transformations (3.336a)
because X would not remain in the form (3.340).2° If we perform a conformal transforma-
tion, we would reintroduce an oscillator dependence, by simply Fourier expanding f.(c¥).
Therefore we learn that a™ oscillators are not physical but are just a redundancy.

201 fact we are still free to perform constant translations in (c*, o) as we will discuss shortly.
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The classical (i.e. before canonical quantization) Virasoro constraints are now given by
(recalling eq. (3.341))

1 _ . . B 1 ) _
Ln=3 2, (e ol +d @) = —aag +5 D ) a0 (3.342)
keZ =

The idea now is to impose the L., = O constraints already at the classical level. This allows
then to express the a; oscillators in terms of the transverse oscillators

a, =— a, o - (3.343)
! 2OLO kez "

In this game L, is treated differently: L, (and L,) generate constant translations in the o+, o~
surface and these transformations don’t change the generic form of X* because they don’t
introduce a: oscillators and they don’t change the momentum P*. Therefore this will remain
as a gauge redundancy which should be imposed on states after canonical quantization. This
is in fact completely analogous to the particle and the associated (gauge) invariance of the
gauge fixed world-line under constant translations in 7.

There are only D — 2 oscillators left, since a: 40~ 0 and o has been written in terms of

a;. Therefore when we quantize we write
[a,al |=n6Y6,1mo, i,j=1,....,D—2. (3.344)
Inside this transverse Hilbert space we find states of the type

al ...a* |0,P). (3.345)

—ny * Y—ny

On these states the only constraint to be imposed is L, (and L), whose classical expression is
given by

_ 1 2, 1 i i
Lo= E(aO) + 5 kzﬂ:)a_kak. (3.346)

As usual we define the quantum mechanical operator to be normal ordered

1 2 i 7
Lo= 5(ao) + kzl: alay (quantum), (3.347)

and then define the lightcone (Ic) level operator as

N1 =>"al al. (3.348)
k>1

The quantum mass-shell constraint (to be imposed on the states) will thus be
1 2 (le)
Lo—azi(ao) +N" —a=0, (3.349)
where, following our usual arguments, a is a to-be-determined normal ordering constant.

3.4.2 Spectrum

We will now analyze the spectrum of open strings on a D25-brane. The story for closed strings
is analogous after the usual doubling of degrees of freedom. Going level by level we obtain
what follows.
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W Level N9 =0
At the level NU9 = 0 we have the tachyon

t(P) |0, P) . (3.350)

Since we are considering an open string on a D(25)-brane we have a; = v 2a’P and therefore
the constraint Ly —a = O turns into
a'm*=—a. (3.351)

W Level N9 =1
At the level NU9 = 1 the generic state is

A;(P)a' | 10,P), (3.352)

where A;(P) is a vector field in the vector irrep of SO(D —2), (since i = 1,...,D — 2 are the
only directions where we have oscillators). The constraint Ly —a = 0 turns into

am?=1—a. (3.353)

This state is evidently a space-time vector which however has only D — 2 degrees of freedom.
It is well known from quantum field theory that if a spacetime vector has only D — 2 physical
degrees of freedom (per space-time point) then it should be massless. In this case there are
indeed D — 2 physical polarizations which rotate according to SO(D — 2), the little Lorentz
group of a light-like (i.e. massless) momentum P. Thus this state at N09 = 1 should be
massless

a’'m?=0, (3.354)

and this fixes
a=1, (3.355)

exactly as in BRST (although for quite different conceptual reasons!).

W Level N0O =2
At the level NU9 = 2 the generic state is

(Eiai_2+£ijai_1aj_1)|0,P) 5 (3356)
with (setting a = 1 as we have just learned)
a'm*=1. (3.357)

We have that
» £, is in the vector representation of SO(D — 2), having D — 2 independent components.
Using the Young tableaux notation, it can be written as ()so(p—2)-

* &;j is in the symmetric representation of SO(D —2), having %(D —1)(D—2) independent
components. Using the Young tableaux notation, it can be written as ([11)gop—2) (this
is still not an irrep of SO(D — 2) because the trace is not vanishing).

In total these two representations add up to provide the symmetric traceless representation of
SO(D —1) (the little group of a time-like (i.e. massive) momentum P) that we have found in
0CQ:

(D + Djtraceful)SO(D_Z) — (D:‘traceleSS)SO(D_l) , (3.358)

as we can easily check by matching the degrees of freedom
1 1
(D—2)+§(D—2)(D—1)= ED(D—l)—l. (3.359)

Therefore massive particles (irrepses of SO(D —1)) are reconstructed by irrepses of SO(D —2),
which is the only space-time symmetry which is manifest in the lightcone.
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3.4.3 Zero point energy and renormalization

When you studied the harmonic oscillator in quantum mechanics you started with a Hamilto-
nian

A= (b +0??)

B . N 1
=(a(a+aa7)=a7a+§, (3.360)

which naturally produced the famous 1/2 as a vacuum energy. You did not introduce a normal-
ordering constant to be later fixed by consistency. You may wonder why we didn’t do a similar
reasoning for the oscillators of the string. A posteriori, the reason is that not all strings oscilla-
tors are physical and the correct vacuum energy should be the one generated by only physical
oscillators. In the lightcone we are precisely handling only physical oscillators and therefore it
should be possible to obtain the vacuum energy by normal ordering the classical Hamiltonian
(which is Ly). Doing this literally we find

1 1 S
k0
1 Z i, 1 Z[ i al]
= E(aO) + ) al o+ 5 al,, o
k>1 k>1
1 |
= E(OLO)2 + Z al oy + E(D - 2)2 k= Lguamum —a. (3.361)
k>1 k>1

In doing this we find a divergent normal ordering constant

1
az—E(D—Z)Zkz 0o (3.362)

k>1

This is expected because (for each transverse direction i = 1,---,D — 2) we have infinite
oscillators, each one contributing —% to a. Luckily this divergence can be easily regularized
and renormalized by standard QFT methods in two dimensions. First of all we regulate the
divergence in the Hamiltonian by introducing a regulator € — 0 in the following way:

Dk D ke = = S s 5 T Ol
=1 =1 21—coshe €2 12 240
-0 1 1
= 2 12 (3.363)

We can then implement the renormalization inserting inside the lightcone action a constant
local counterterm 6%, a cosmological constant

§= 2 f d2o (a+xiaji+iz), (3.364)
ws €

2ra’

where the constant r can be chosen in such a way that the new Hamiltonian is now finite for
€ — 0. Effectively this means that we drop the divergent 61—2 contribution from the sum (3.363)

and we write

> 1

(Z k) =——, (3.365)

12
k=1 renorm
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We can obtain the same result observing that, recalling {(s) = Z;z 1 % the Riemann ¢ function,
the divergent sum can be interpreted as a non convergent representation of the ¢ function
evaluated at —1:

— 1
k—{(-1)=——. (3.366)
k; 12

Therefore, either as two-dimensional quantum-field theorists or as believers in the truth of
analytic continuation (the two attitudes luckily give the same result!), we have got rid of the
infinite zero point energy and we have found

q(renorm) _ _% (_%) — D2—_42 . (3.367)

But since we previously fixed a = 1, the dimension of the target space is fixed to D = 26, which

is exactly what we found in BRST quantization. All seems consistent and it’s not a coincidence,
as we will see shortly.

3.4.4 Physical states and the partition function

We have seen that the string gives rise to an enormous proliferation of higher-spin massive
states. How many physical states we find at every given mass level? Either in OCQ and in
BRST this would require to solve the Virasoro constraints and then to carefully find out the
null states (or the exact states) to subtract them. In the lightcone, on the other hand, we only
have physical oscillators and we can easily count the degeneracy of each mass level. Let us
therefore count the states we get by acting with oscillators on the zero momentum vacuum:

o ...a 10). (3.368)

This can be done by considering the partition function

24
Tr{gd '} = (Z s1g4™ |s>) : (3.369)

N

where s = {nq,n,,...,n;,...} (being n; the occupation number of the k-th oscillator) and
(s]s) =655 (3.370)

Moreover we have used the trivial fact that each transverse direction contributes equally to
the partition function. By explicit computation we have

oo

Tr{g" f= DL (e lind)

Np,eeesMNoo=0
()

— § : qn1+2n2+...+knk+...

N5, o0 =0

oo oo oo
— Z g™ Z(qz)nz... Z(qk)nk...
n,=0 n,=0 n,=0

1 1 1
1-ql—q2 1—¢gk
1

—

, 3.371
[ (3:371)

~
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where Z:Z 0 q*™ is the partition function of an harmonic oscillators having q = eP.
This all works in one spatial dimension. If we have D — 2 spatial euclidean directions, we
get

0o D—2
Tr{qho} = (l_[ - _1qk) ="P(q), (3.372)

k=1

which counts the number of states we have at each level. If we expand it for small g and
choose D = 26, we find

P(q) 201+ 249 +324¢% + ... (3.373)
This means:

* at N =0 we have 1 state (d.o.f. of the tachyon),
* at N =1 we have 24 states (d.o.f. of the photon),

* at N = 2 we have 324 states (d.o.f. of a massive traceless tensor: the massive little group
is SO(D — 1 = 25) and thus we have %25(25 +1)—1 =324 d.o.f., where the —1 comes
from the trace removal),

* and so on.
An asymptotic analysis on the growth of the number of states with the level N gives

1
#states(N) ~ EN_ZTT €xp (477: ‘/N) P (3.374)

and keeping only the leading contribution
10g #4ates ~ 4TVN ~ 4nd’E, (3.375)

where we have used that (ignoring the momentum) the energy is given by the mass and there-

fore by the level
E~m=‘\N_/1~\£/. (3.376)
a a

To this huge degeneracy (which as we see only depends on the energy of the states) we can
associate a microcanonical entropy

Smicro(E) = K108 #4ates(E) = K41’ E, (3.377)

where K is Boltzmann constant. The fact that the entropy is linear with the energy (for high
energy) means that the temperature

== =4na’, (3.378)

is constant, it does not change as we change the energy of the system! This constant temper-
ature is called Hagedorn temperature:

1
4na’”
A constant temperature is a feature of a system whose (log of the) number of degrees of
freedom is proportional to the energy itself so that an increase in energy brings to an increase
of states rather than an increase in temperature.

This behaviour is typical of a phase transition and suggests that at high energies string
theory will enter a new phase.?!

KTy =

(3.379)

21n hadronic physics, where Hagedorn temperature was originally defined, this is the de-confinement phase
transitions, where QCD flux tubes (the effective strings) disintegrate and quarks and gluons can finally exist as
individual particles.
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3.4.5 Lightcone vs BRST

Both lightcone and BRST quantization methods fixed

a=1,
(3.380)
D =26.

To have a glimpse that this is not a coincidence let us write

1
Lt = p{matien . [ Bhos0) — 5 (@0)? + Neten) 4 y(ghost, (3.381)
with
1
N(matter) — 5 Z Oy oy = N(:i:) + NJ_ , (3.382a)
k£0

N(ghost) — Z kb_ka . (3.382]3)

keZ

In BRST quantization, physical states are at gh = 1 and are built on the vacuum [|) = ¢; |0).
Let us then play the previous game and normal order the total Hamiltonian L, on the |])
vacuum to obtain the corresponding zero-point energy. Let’s then consider the classical level
operators for the ghosts and for the lightcone directions:

N(ghost) = Z kb_ka = Z(b_ka - bkc—k) = Z(b_kck +Cc_x bk) - Z k N (3383)

kez k>1 k>1 k=1
1 i iy 1 a
N& = 5 Z a’ alngs = Z alapngs + ET’Z Z k
k£0 k>1 k>1
= Zafkaan +Zk' (5559
k>1 k=1

We then realize that ghosts’ zero point energy cancels out the lightcone zero-point energy:
BRST = matter + ghosts = (LC + transverse) + ghosts. (3.385)

Then we are only left with the normal-ordering constant for the transverse direction which we
discussed in the previous subsection.

Therefore the idea is that the lightcone represents the gauge invariant content of the BRST
system of the string. It can be shown (but we will not do it) that in the Polyakov path integral
the integration over the ghosts precisely cancels with the integration over the non-zero mode
part of the two lightcone directions, leaving us with a path integral over the transverse direc-
tions, where there is no more local gauge redundancy (remember that constant worldsheet
translations are not fixed in the approach we are considering)

fﬁb@fQX}DX/‘ DX (- - )eSemsrXTXbe] = J DXidx}dxg (---)eSicloX' ] (3.386)

The price for this is the loss of Lorentz covariance and, to a more technical level, a major diffi-
culty in developing string perturbation theory. We will now restore the full Lorentz invariance
and conformal symmetry but will keep in mind the lightcone for future use.
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4 Conformal field theory on the worldsheet

4.1 CFT and string theory

We have seen in the previous chapter that our gauge fixing of the Polyakov path integral relies
on the choice of a fiducial metric

haﬂ = flaﬁ . 4.1)
As we have already anticipated, however, this gauge condition does not fix the gauge group
completely. The reason is that we can consider the so-called conformal diffeomorphisms whose
effect is to change the metric by a scale factor. Infinitesimally this means

Scontditthap = Valp + VpEq =—20(0)hyp . (4.2)

A vector field satisfying (locally) this equation is called a (local) conformal Killing vector and
the equation it satisfies is called conformal Killing equation. This variation of the metric can
now be compensated by a Weyl transformation (recall the definition eq. (3.30)) such that

5Wey1fla[3’ = Zw(a)ilaﬁ > (4.3)

so that in total we have
(6conf diff T 6Weyl) haﬁ =0. (4.4)

This means that there is a residual gauge symmetry that does not change the fiducial metric.
Therefore the gauge fixing is not complete. The Virasoro constraints, implemented by the BRST
charge, have precisely the role of taking care of these extra gauge symmetries. Understanding
in detail the nature and the consequences of these unfixed gauge symmetries is the main
subject of this chapter.

To start with, let us give a useful analogy for the particle. In the free particle we fixed e = 1
and we ended up with

Szde%(Xz—mz). (4.5)

This action is clearly no more invariant under reparametrizations, but still has a residual in-
variance under a subgroup of reparametrizations given by the constant translations

T — T+4+67, with &7 = const, (4.6)

which is a complicated way of saying that the Lagrangian is 7-independent. If the lagrangian
is independent of time, the Hamiltonian H is conserved and it generates time translations
in the state space. But if time translations are a residual redundancy then physical configu-
rations should not change under such a transformation. Then, for a physical configuration,
the Hamiltonian is not just conserved but it is vanishing. This is why we have to impose the
condition

H |state) = (}32 + mz) |state) = 0. “4.7)

For the string the analogue of the time translations are the conformal diffeomorphisms and the
analogue of the Hamiltonian constraint are the Virasoro constraints which are the generators
of the conformal transformations.

If we choose the usual flat fiducial metric in worldsheet lightcone coordinates

. 0 _%
hop={ 1 2] (4.8)
2
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meaning that h,_ = h_, = —% and h,, = h__ = 0 the conformal Killing equations read as
follows:
2,&, =0, =0, (4.9a)
0.&E_=0&"=0, (4.9b)

with w ~ 3,&" + 8_&~. This means that the residual diffeomorphisms are generated by holo-
morphic vector fields (§*(c™),E (o).

Let us now consider the corresponding “matter+ghost” string action in worldsheet light-
cone coordinates (3.43):

S[X,b,c]:ﬁ d20i3+X“8_XH—i d*oy (by 0 ct+b__3.c), (4.10)
WS WS

and Wick-rotate the Minkowskian time coordinate T to an Euclidean coordinate t:

T — —it. (4.11)

Accordingly we define
T4+0 > —it+o=—i(t+ioc)=—iw, (4.12a)
T—0 > —it—o=—i(t—ioc)=—iw, (4.12b)

where w = t + i is the Euclidean version of o™, while w = t —io is the euclidean version of
o~. The action (4.10) now reads as

- 1 - -
S[X,b,c]= d*wox"oX,+— | d*w(bdc+bac), (4.13)
2ma’ WS 27 WS

where d?w = dwdw and we have denoted
d=2a,, 0 =20, (4.14a)
b = bWW 5 B == bWV_V’ (414b)
c=c", c=c". (4.140¢)

This action is invariant under

w — f(w), such that éf =0, (4.15a)
w — f(v'v), such that af =0. (4.15b)

These conditions on f and f are precisely the Cauchy-Riemann equations. Therefore the Wick-
rotated action S[X, b, c] is invariant under holomorphic change of coordinates, also known as
conformal transformations. The fields transform as follows.

* The X field has no w-indices and hence does not transform under conformal maps:

X(w) 5 X(F(w)). 4.16)

This means that X is a scalar under conformal transformations.
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* The b field has two lower w-indices and hence, under a conformal map, f (w) = z trans-
forms as a quadratic differential:

2
by (dw)? = b, (dz)? => b(w)z(j—fv) b(z). (4.17)

Therefore, if we write f'(w) = % = g—fv, we have that

bw) - [FWPb(Fw)) . 4.18)

This means that b is a primary field of weight 2.

* The c field has one upper w-index and hence under conformal map f (w) = z transforms
as a vector field:

-1
c"9,=c%0, = c(w)= ((Cil_:v) c(2). (4.19)

This means

cw) 5 [Fm] 7 c(Fw)), (4.20)

so that c is a primary field of weight —1.

4.1.1 From the cylinder to the complex plane

The coordinates w = t + io describe an infinite cylinder of circumference 27, because o ~
o +2m. As shown in fig. 4.1 , it can be represented as a portion of the w complex plane. This
portion can be mapped to the whole C through the exponential map

z=ce". 4.21)
We notice that
z2=0 — t=-—00, (4.22a)
Z2=00 — t=+400, (4.22b)
z|=1 — t=0. (4.22¢)

Moreover equal time surfaces (t = const) are mapped to circles of constant radius in the
complex z-plane. Therefore, time-translations t — t + a are mapped to dilatations z — ze®.
For this reason the dilatations generator on the z-plane can be seen as the Hamiltonian of the
system (which generates time shifts).

There are some special fields which have a simple transformation rule in going from the
cylinder to the complex plane:

dw) \dw

ey (W, W) = ( dz )h ( dz )B bc(z,2). (4.23)

Such fields are called primary fields of conformal weight (h, h). We have that
* X is a primary field of weight (0, 0).%?

22To be precise, X is a primary of weight zero from the point of view of its conformal transformation. However,
as we will see, its 2-point function differs from the standard 2-point functions of primary fields (which is always
power-law in the distance) and it is in fact logarithmic.
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Past o Future

Wick rotation: t = —i7T

io
w
Past Future
2mi
t
z=2e"
AIm(z)
4
Future
Re(2)
Present Past
2| =1

Figure 4.1: The cylinder-like worldsheet of a closed string can be mapped to an infi-
nite strip of height 27ti on the Euclidean plane of coordinate w after a Wick rotation
of the time coordinate. With the exponential function it can then be mapped to the
whole complex plane of coordinate z, where the (t = 0) slice of the WS corresponds
to the unitary circle |z] = 1 (marked in red): the past (t < 0, marked in blue) lies
inside such a circle, while the future (¢t > 0) fills the external region.
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* 09X is a primary field of weight (1,0), while 8X is a primary field of weight (0, 1).

* b is a primary field of weight (2,0), while b is a primary field of weight (0, 2).
* ¢ is a primary field of weight (—1,0), while ¢ is a primary field of weight (0,—1).

Notice that inside the string action (4.13) we only have terms of weight (1, 1).
Assuming for the being that (h, h) are integer, let us now consider the holomorphic part
¢ (w) of a primary field ¢ "™ (w, w) of weight (h, h) and write (using z = e")

PLIW) = pae™ =D pusW) =D ", (4.24)
nezZ nez nez
30 =(22) 50 = (1082) gy = Do @29)

Therefore the expansion of an holomorphic primary field of weight h in the complex plane is
given by

9 @)= duz " (4.26)

nez

A way to memorize this is to assign to z """ the natural weight n+h and to ¢,, the weight —n

so that we obtain that qﬁgl) has weight h. The modes ¢,, can be written as

P —f Zdi "), (4.27)

and they are therefore non-local operators, since they are circular integrals around zero (see
fig. 4.2).

Exercise 4.1.1

Use the residue theorem to show that (4.26) is the inverse of (4.27), and viceversa.

The primary fields we will be interested in can be expanded as follows:

M) =i \ aX“ = Z akz ", (4.28a)

nez
b(z)= D bz "2, (4.28b)
nez
c(z)= Z c,z ML (4.28¢)
nez

So we see that, in a sense, these primary fields can be considered as a way to package all the
oscillators we have encountered so far, inside holomorphic operators.

Let’s have a look at the conformal group nearby the identity and let us thus consider an
infinitesimal conformal transformation

Z(2)=z+e(z), (4.29)

where €e(z) is an analytic function of z in a region around the origin.
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¢(2)

Figure 4.2: The modes ¢, are integrals of ¢(z) on a closed path around zero.

Under such a map, a primary field ¢ "(z) is transformed as
(#) - (22 g
¢ — ¢ E)=| 7 ) 97 (). (4.30)
In particular, since % =(1+de(z))"}, we have
¢ W)= P (e +e@)=(1+0e@) " ¢M()
=(1—hoe(2) pM(z). (4.31)

This means that, if we translate z up to O(e2), we get?®

¢ M(z) =(1—hde()) d(z —€())
= (1—hde(2)) ((z) — €(2)3 ¢ (2))
= $(z) —hde(2)¢(2) — e(2)d $(2) + O(€?)
= $(z) — (€0 p(z) + h(€)P(2)) + O(€?)

= ¢(2)+5.4(2) + O(e), (4.32)
where we defined
6.¢(z)=—(ed¢(z) +h(€)¢p(2)) - (4.33)
Since e(z) is naturally the component of the vector field e(z)J,, we can expand it asa h =—1
object
e(z) = Z e,z L, (4.34)
nez

In the same way we can expand the vector field e(z)d,, namely

5.(2)=€(2)9, = Z e,z ", = —Z €nl_n, (4.35)

nez nez

where {[,,} is a basis of linearly independent vector fields defined as

L, =—2""13,, (4.36)

and satisfying the algebra

bl =(—m)l g - (4.37)

2 Alternatively we can use the universal formula ¢'(z') = ¢(2) + 5¢(2) + 0 ¢ (2)52, when 2’ = z + 6z.
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Exercise 4.1.2

Prove eq. (4.37).

Moreover, using the definition (4.35), one can show that

[6.,,6c,]= 5 5. - (4.38)

J €y

Exercise 4.1.3

Prove eq. (4.38).

Given these definitions for an infinitesimal conformal transformation, we can write the finite
transformation as
f(z)=e@% 4, (4.39)

4.1.2 Radial ordering and equal radius commutator

In quantum field theory we use to evaluate correlation functions of time-ordered fields, namely
(0] T[qbl(wl)qbz(wz)] |0). Using the cylinder coordinates w = t + io, the usual definition of
the time ordering T[...]is

_Jd1(w)a(ws), if Re(w1) > Re(w,),
ﬂ¢m“wﬂ“ﬂ_{%wm¢mmx if Re(wy) < Re(ws). (440)

On the other hand, if we change coordinates with the exponential map (4.21), time ordering
turns into radial ordering. Indeed, as already said above, equal time surfaces (t = const) are
mapped to circles of constant radius (see in fig. 4.1 how slices of the worldsheet are mapped
to concentric rings in the z plane). The radial ordering definition is

) (1) da(z2), if |21] > |25,
R[¢1(21)¢2(22)] a {¢2(zz)¢1(z1), if |21] < |25 . (441

If we are dealing with fermions, the radial ordering gains a minus sign, which produces the
correct grassmanality.

Given these definitions, the commutator at equal times turns into the commutator at equal
radii:

(610, 02(e2)]|, = lim {6100z

— ¢a2(22)P1(21)

|21 =22 +&

\z1|:|z2|fs} ’ (4.42)

4.1.3 Energy-momentum tensor

In any CFT there must be an operator which generates the conformal transformations. This
is the energy momentum tensor. We have already encountered it for the CFT of free boson
X" and the b, c ghosts. As we have seen in all of those examples, it is a traceless (recall eq.
(3.20)) rank two symmetric tensor whose components are

V&=H@,

T; = 7(5)- #43)
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eT(Z)

eT (%)

e O

o)

Figure 4.3: The integration paths involved in the evaluation of &.¢(2).

Given its geometrical analogy to a symmetric quadratic differential, it makes sense to Taylor-
expand it as a h = 2 field:

T(z)= Z L,z "2, (4.44)

nez

We then define the infinite conserved charges

T, = J; B T, (4.45)
0 27l

Now we insist that the infinitesimal conformal transformation generated by a vector field e(z)
acting on a given field ¢ (z) should be obtained through an adjoint action of the generator T,:

6c¢(2) =—I[Te, ¢(2)]. (4.46)

Recalling now eq. (4.45) and eq. (4.42), we can finally calculate the infinitesimal transforma-
tion of a field ¢(z):

5.4 (2) =—[ jﬁ Ee(ﬁ)T(ﬁ)xp(z)}
0

2mi
dz ds o
=— [(ﬁiblﬂ omi £5|<|z| 2_m> e(z)T(z)qb(z)]
:_jg gdi)T(,%)qb(z)’ (4.47)
5 2T

where, as shown in fig. 4.3, in the second line we have that e(2) T (Z) encircles zero on two paths
with two opposite orientation, with the field ¢ (z) trapped inside. By contour deformation this
is then equivalent to €(Z)T(£) circling around ¢ (2).

We therefore found that the infinitesimal transformation &, of a field ¢ (z) can be found by
integrating T around it, weighed with e. Thus, in order to understand how ¢(z) transforms,
we need to know the behaviour of T nearby it, since this is the only contribution to the contour
integral. Such an information is contained in the Operator Product Expansion (OPE), which
is the topic we will discuss next.

4.1.4 Operator product expansion

Let us take two fields ¢;(z;) and ¢;(z;). Then it is possible to write their product as a series
expansion of an infinite number of local fields:

$i(z)i(5) = D, Cii* (31— 7)) ulz)), (4.48)
k
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where C; jk(zl—zz) are the so-called structure functions. This series is commonly called operator
product expansion (OPE).
If we consider fields having a definite weight, their OPE can be further specified as

1

) Gy (4.49)
i~ %j

¢(h )( )d)(h )(Z )_ ch]kd)(hk)( )

where Cijk are now called structure constants. The OPE can be performed in any QFT, but in
a CFT this power series expansion has infinite radius of convergence, because a finite radius
would result in a scale, which would break conformal invariance.

We now want to determine the OPE of a primary field ¢ "V (z) with the stress-energy tensor
T. We can parametrize our ignorance by writing

T(#)epM(z) = Z w + regular terms (k < 1), (4.50)
k>1 (2 —2)

where [T ¢ ]x(z) are unknown operators. Recalling eq. (4.33), we have that

must

6c¢(z) = —§ —E(Z)T(2)¢(Z) —(ed¢(2) +h(0e)p(2)) . (4.51)

Using (4.50) and evaluating the residues we can easily see that
* ¢(d¢) fixes the single pole:
k=1 = [T¢li(z)=0¢(z), (4.52)
* h(de€)¢ fixes the double pole:
k=2 = [T¢]lo(z) =ho(z), (4.53)
* then we have no higher poles:

k>2 = [T¢lisa(2)=0. (4.54)

Therefore the final result is

ho(@) |, 36(2)
-2 G-2)

T(i)qb(h)(z) = + (regular terms). (4.55)

This OPE can be seen as an alternative definition of a primary field of weight h.
We now want to evaluate the OPE T(z,)T(z,). We shall recall egs. (4.38) and (4.46) and
then determine the TT OPE in such a way as to enforce

[6¢,,0¢,10(0) =6, 6¢,6(0) = 5.,6¢,¢(0)
=[Te,,[Te,, $(0)]]1 =[T,, [Te,, $(0)]]

d d
:f 2221 § ﬁ61(Zl)62(22)7'(21)T(Zz)<i>(0) (4.56)
6,3,
d
=_§%(61862(22) €20€1(23)) T(23)9(0)
0
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2

b¢,6.,9(0) 8¢,0¢,0(0)

Figure 4.4: Representation of the operation (5515 _— 562561) ¢(0) inside equation
(4.56).

(the third step is graphically represented in fig. 4.4).
We can then parametrize our ignorance by writing the generic OPE

T(2)T(z9) = Z LTT] kz( )Zk) +regular terms (k < 1), (4.57)
k>1 2

that has to reproduce eq. (4.56). Evaluating the contour integral around z, in the third line
of eq. (4.56) we get

>4 22 e T T T 00 ™~ § 92 (06t - 200 D TEIH0). (459
k=1 0 o <7t

We then proceed as follows.

* At k = 1 we must have a weight three operator, which is naturally é T
[TT],=adT. (4.59)
Now we integrate by part in the contour integral

jQ —ezelaaT(ZZ)qs(O) z - f %a(ezel)ﬂzz)qa(ox (4.60)

0

where there are obviously no boundary terms, since we are integrating on a cycle.

* At k = 2 we must have a weight two operator and the obvious choice is T itself

[TT],=pT. (4.61)
This gives
d
ﬂf 22 ,8(e1)T(25)0(0). (4.62)
0 2mi

* At k = 3 we would have a weight 1 operator, but there is no such operator in the game.
Therefore we set

[TT]3=0. (4.63)

* At k = 4 the possible operator should have vanishing weight. It can be the identity
operator which, just like T, is present in any CFT. It can appear with a generic coefficient
that we cannot fix unless we focus on a concrete CFT:

[TT],4 = constant = (4.64)

<
2"
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The contribution of this term is vanishing

%§ @—ezagel(zz)d)(o)_ (4.65)
o 2mi

because €(z) is holomorphic at the origin. Therefore this quartic pole in the TT OPE is

compatible with [ ,6.,] =6 3 for any value of the central charge c.
€10¢€2

After a proper fixing of a and 3, we get the final result, which is

c 1 2T (25) 0T (z,)
2(z1—22)*  (31—22)% (31—22)

T(21)T(2y) = + (regular terms). (4.66)

Exercise 4.1.4

Show that the correct fixing produces a = 1 and 8 = 2, as written in (4.66).

4.1.5 Virasoro algebra

As said above (see eq. (4.44)), the stress-energy tensor decomposes in terms of Virasoro oper-
ators L, which can be written as

L, =§; d—ZianT(z). (4.67)
0

Their algebra is easily obtained by using the TT OPE in the contour integral

(L Ly]= § i f S TAT(@)
=(n—m)Lm+ En(n2—1)5n+m,o, (4.68)

which is the Virasoro algebra.

Exercise 4.1.5

Prove eq. (4.68).

If we now consider a primary field (with integer weigth h) ¢ ™(z) = > e ¢z we

can evaluate

[Ln,¢M(2)]=2"(20 + (n+ 1)) $™M(2), (4.69)

[Ln’ ¢m] = (n(h—l)—m) ¢n+m' (4.70)

Exercise 4.1.6

Prove eq. (4.69) and eq. (4.70).
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Moreover we have that

55T(z) = [Tea T(Z)]
- —1‘:—2336(2)—2(36)7"(2)— €dT(2). (4.71)

Due to the anomalous term f—2836(z), the stress-energy tensor T is not a primary field.

Exercise 4.1.7

Prove eq. (4.71).

4.1.6 SL(2,C) subgroup

There are infinitesimal transformations €, (z) such that 33¢,(z) = 0, namely
e.(2)=a+ Pz +yz2. (4.72)

These infinitesimal transformation are generated by L_;, L, L;, i.e. by SL(2,C):

d .
L, — e (generates translations), (4.73a)
Z
d
Ly — —zd— (generates dilatations), (4.73b)
Z
d
L, — _sz_ (generates special conformal transformations). (4.73¢)
Z

These transformations can be made finite by exponentiating the genereators

el g — Z4A, (4.74a)
e Blo. g — eBy, (4.74b)
eClig — % (4.74¢)

1+Cz’
Their composition generates the generic transformation f of SL(2,C):

Az +B
Cz+D’

flz)= (4.75)

Moreover it is useful to notice that a special conformal transformation can be obtained by
composing an inversion (Z) with a translation (7°) and then with an inversion again (namely

ZoTol):
z 1 7 1 T 1 b4

z — - — —+C —

2 Z %+C=1+Cz'

(4.76)

When a field ¢ (z) is primary under such a SL(2, C) transformation, it is called quasi-primary.
Hence T is a quasi-primary field.

4.1.7 Hilbert space

The vacuum of our CFT |0) is universally defined in such a way that

lirr(l) T(2)|0) = well defined. 4.77)
Z—>
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Decomposing the stress-energy tensor in terms of L, operators we have

lim 7(2)|0) = lim > Lz "72|0) = well defined. (4.78)

nez

In order to be well-defined in 2 — 0, singular terms should be absent. This statement fixes the
annihilating operators as follows:

L,|0)=0, Vn>-1. (4.79)

Since L_,, = L:’l, we have that

(0|L,=0, VYn<1. (4.80a)

This vacuum |0) is therefore annihilated from the left and from the right by (L_;, Lo, L1):

L—l)LO: Ll |0) = 0) (4813)
<O| L_]_, Lo, L]_ =0. (481b)

This means that |0) is the SL(2, C)-invariant vacuum.

Given the vacuum, the rest of the Hilbert space can be built by acting on |0) with fields
placed in z = 0, namely ¢ (0)|0). If ¢ is a primary field ¢ of integer weigth h € Z we have
that the limit

. (h) — 1 —n—h
lim ¢ (2)|0) ;grg)gzjqbnz 0), (4.82)

must be well defined. This implies

$,10)=0, VYn=>-h+1, (4.83a)
(0]¢, =0, VYn<h-—1. (4.83b)

4.1.7.1 State-operator correspondence

Given a local operator ¢(z) (i.e. a field on the worldsheet), it can be evaluated in z = 0 and
then applied to the SL(2, C)-invariant vacuum |0), thus identifying the state |¢) = ¢(0)|0).
This is commonly called state-operator correspondence:

P(z) < [¢p)=¢(0)]0). (4.84)

If we then consider a primary field ¢ ™(z), we can write its state-operator correspondence as
¢W(z) — |p™)=¢"(0)10) = ¢_410) . (4.85)

We can also notice that the n-th derivative of a primary field ¢ ")(z) increases its weight of n:
¢(0)10) = ¢, 10}, (4.86a)

991(0)[0) = ¢_4110) , (4.86D)

£826(0)10) = $_y510) (4.860

—0"$1(0)[0) = ¢y, 10) (4.864)
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Moreover it is useful to remember that

Lo$, |0) =—n¢,[0) . (4.87)

Finally, we can take a field ¢ inserted at z = 0 and translate it to a generic z through the
adjoint action of the linear operator that generates translations (see eq. (4.74a)):

¢ (z) =1 (0)e 1. (4.88)

We therefore get
&1 [¢) = &1 §(0)]0) = 71 $(0)e ¢ [0)
= ¢(2)e"110) = ¢(2)0) , (4.89)

where we have used that the vacuum is annihilated by L_;. This gives a concrete way to
extract the operator ¢(z) from the state |¢) and complete the proof of the operator-state
correspondence.

4.1.7.2 BPZ conjugation

The BPZ conjugation is a map such that BPZ : |-) — (:|. We are used to the hermitian
conjugation, but the BPZ conjugation is slightly different, since it works as follows:

BPZ : qb(h)(z) — To (;b(h)(z), (4.90)

recalling that f o ¢ M(z) = ¢>/(h)(z) = [ f’ (z)]h ¢™ (f(2)) and where we have introduced the
inversion map

1
which maps 0 to 0o and viceversa. Therefore we have that
1\ 1
BPZ(16)) = (01209 ()= (016 () | . 4.92)
z2) 2 z=0
This allows us to take a primary field ¢ ™ and write
|¢®)=¢_110) = BPZ((p™|) = (0] pn(-1)*", (4.93)
and also
BPZ(¢) =(~1)""¢_,. (4.94)

Exercise 4.1.8

Prove eq. (4.93) and eq. (4.94).

Given these definitions, we can also introduce the BPZ scalar product:

(D1, P2) = (P11¢2) = (¢1(00)$2(0)) = (T 0 ¢,(0)$,(0)) . (4.95)

As a final remark, the simultaneous presence of BPZ and hermitian conjugation defines a reality
condition:

(19))"=(¢|=BPZ(|$)) <> |¢) is real, (4.96a)
(1¢)) =—(¢|=—BPZ(|¢p)) < |¢) is imaginary. (4.96b)
Some examples are
s a_;|0)= i\/gaX(O) |0) is real.
* ¢1]0) is real.

* ¢o|0) is imaginary.
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T T

pX f(®)

Figure 4.5: Conformal transformation, under the action of the map f, of a piece of
worldsheet =, where a field ¢ "(z) is defined.

4.1.7.3 Active conformal transformation

Let us recall the action of a conformal transformation f (z) over operators (graphically repre-
sented in fig. 4.5)

Fodp®W@) =[] ¢®(f(2)). 4.97)

We can write it (thanks to the state-operator correspondence) as a linear transformation acting
on the states of the Hilbert space. Thus, let us express the adjoint action of the transformation
on the field ¢ (z) as

fop(z)=U;p(2)U;", (4.98)
where we used the definition
Us = eXneznlon (4.99)
where
v(z)= Y vz, (4.100)
nez

is the vector field (that we previously called e(z)) generating the finite transformation

'@y = f(2). (4.101)

4.1.8 Primary states and descendants

A primary state ¢ )(z) has the properties

Lo|¢p®)=h|p™), (4.102a)
Loso |¢®) =0. (4.102b)

For h = 1 these are the OCQ Virasoro constraints. We thus see that physical states are primaries
of h=1.

Exercise 4.1.9
Prove eq. (4.102a) and eq. (4.102b).
This is like the Cartan decomposition of an algebra: given the Cartan generators (maximal

set of mutually commuting generators), we can define primary states that are annihilated by
half of the remaining operators (in this case lowering operators). Moreover, the action of
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the remaining raising operators generates the descendant states from the primary states, thus
creating a complete irreducible representation.

In our case we only have one Cartan generator, namely L, and primary fields are the states
with minimal weight in the representation. The lowering (or annihilation) operators are L, q,
while the raising (or creation) operators are L, . In this case the descendants are obtained
by acting with Virasoro raising operators on a primary state:

Lo Log Loy, [6®), Kki>0Vi. (4.103)

We then have that

Lo(Lg, - Ly [¢®))= (h +>. ki) (Lg, Ly [0™)). (4.104)

We thus see that for every primary state we can build an infinite tower of descendants with
increasing conformal weights. This infinite tower is called Verma module.

We can rephrase the terminology we have used to classify states in the OCQ, which is now
reinterpreted as the CFT of the X*(z, ) fields.

* A physical state is a primary state of conformal weight 1.
* A spurious state is a descendant of some primary.

* A null state is a descendant that is also a primary. In generic CFT’s we are particularly
interested in null states of any given possible conformal weight and not just weight=1.

The study of null states is a very important subject in CFT and it opens the door to the so-called
minimal models. These are CFT’s characterized by having only a finite number of primary fields
in their spectrum (once the spectrum is quotiented-out by the mull states). They are strongly
interacting two-dimensional QFT’s that can be fully solved by simply exploiting the power of
conformal symmetry. Although this is a very important subject in CFT, it is not needed in this
first exposition of string theory and so we direct the interested student to the classical yellow
book Conformal Field Theory by Di Francesco, Mathieu and Sénéchal.

4.1.9 Correlation functions

Let us now consider the n-point correlation function

(P1(21) - Pnl2y)) = (OIR[P1(21) - Pu(2,)]10) , (4.105)

which is the same as a Green function of n fields in quantum field theory (from now on the
radial ordering R[... ] will not be explicitly written anymore).

Recalling the fact that, given a SL(2,C) transformation f, |0) is SL(2, C)-invariant (i.e.
(0] Uf_1 = (0| and Uy |0) = |0)), we can easily see that every possible correlation function is
invariant under the action of such a conformal transformation f € SL(2,C):

(1(z1) -~ Pn(2,)) = (01 p1(21) - -~ P (2,) |0)
= (01U ' Up ¢1(21)U; Uy -+ U Uy i (2,)U5 ' Uy [0)
= (01 Up ¢1(21)U; g -+~ U Up p(2,)U5  0)
=(0[f o p1(z1) - f o Pn(2,)10) . (4.106)

We may now focus on the simple cases of 1, 2 and 3-point functions.
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4.1.9.1 1-point functions

Let us consider a primary state ¢ ™(z) and evaluate

(0P (2)) = (™ (0)) = (0]p™), (4.107)

where the first step has been performed thanks to translational invariance of correlation func-
tions (see eq. (4.106)), while the second step is the application of the state-operator corre-
spondence. If we now insert an L, operator, obtaining (0| L, |¢(h)>, if we let it act on the left
it gives 0, while on the right it gives h <O|¢(h)>. Therefore we can write

(pM(2)) = A8}, (4.108)

where A is a number. In generic unitary CFT’s there won’t be dimension zero operators except
the identity, however, as we will see, in the ghost conformal field theory (which is not unitary),
we will have a weight zero operator with non vanishing one-point function.

4.1.9.2 2-point functions

Let us now consider the 2-point correlation function (¢;(z;)¢;(2;)). Let us write the conformal
transformation f such that z; > A — oo and z; — 0, namely

f&)=

(Z_fz_)(g—zj). (4.109)
i

Therefore we have that

A hi+h
(fodi(z)f o dj(z))) = ( ) (¢:(A)¢;(0))
(Zl _Z])
A hi+hj A_Zh
= ((zi _Zj)) (#1500 - T
for A — oo it is the
BPZ scalar product
1 hi+h;
e <¢ |¢J>((z-—z-)) AIEI.}OAhj_hi' (4.110)
i 4

Therefore, since this correlation function has to be finite, the only possibility is that h; = hj,
which implies that lim,_, ., A% = 1. We can then write the correct result as

G
(Pi(z)9i(2))) = ﬁah (4.111)

where

Gi; = (| ¢;) - (4.112)

4.1.9.3 3-point functions

Let us finally consider the 3-point correlation function (qbi(hi)(zi)cp (z )(b(h")(zk)). Let us
write the conformal transformation f such that z; — 00, z; > 1 and 2, — 0, namely
(2 —2) (E—2)

(Zj_zk) (E—2)°

f&)= (4.113)
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which is completely fixed. One can show that

M) 3oy B ) 3 o () _ Ciji
(@, (=), " (2 “(2x)) R T Yo T T Y T T (4.114)
where
Cijk = (Pl ¢;(1) i) = (T 0 $;(0)¢;(1)¢(0)) . (4.115)

Exercise 4.1.10
Prove eq. (4.114).

Higher point correlation functions are also constrained by SL(2,C) but not completely fixed.

4.2 Closed string CFT

As we saw in the previous chapter, the worldsheet of a closed string is a cylindrical surface
embedded in the targepoint. We can therefore study the physics of the closed string by a
proper two-dimensional CFT built on the WS (of coordinate w), which can be mapped on the
complex plane through the function z = " (see fig. 4.1). We can split the matter and the
ghost sectors and study the matter X-CFT and the ghost (b, ¢)-CFT separately.

4.2.1 Matter X-CFT

4.2.1.1 Fields and OPEs

The scalar field X* is made of D free bosons living on the worldsheet and its indices u =
0,1,...,D—1 are global Lorentz indices. Its action on the complex plane is given by (recall
eq. (4.10))

1 _
Smatier = 53— J d?*z0X(z,2)-0X(z,%), (4.116)
WS

where, as usual, we defined d = 8, and 3 = ;.
Its EOM (being in the closed string case, recall eq. (3.56)) are

20X =0. (4.117)

Therefore in these complex coordinates we can write

XM(z,2) = XH(2) + XH(2), (4.118)
with
X“ +ct a’ o’ 1
0 . . _
XH(2)= 5 —1;P“10gz+1\ Eﬂ;();a‘rfz " (4.119a)
— XE—ct o \| @ 1
_ 0 . _ . __
XH(Z) = 5 —lEP“ 10gZ+l En;();a#z n, (4119]3)

where, as usual, X“(z) is the holomorphic part of X*(z, %), while X*(%) is its anti-holomorphic
part. In the center of mass momentum term we now have a logarithmic dependence on z
because w =logz.
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Given these fields, we then define the current operator (recall eq. (4.28a))

2
i“(2)=1\| =ox" :E:u—n—l
M) =i a/é’X (2) anz s (4.120a)

nez

_ 2 - _

@) =i\ ~8X1(5) = >lakzl (4.120b)
nez

As we will see, it is a primary field of weight 1.
If we focus on its holomorphic part (namely on j*(z)) along a specific direction (i.e. omit-
ting the Lorentz index), we can evaluate the 2-point function:

(GDIE)) = ) 2" 2™ (0] ayay 0) = Y nz" 1zl
n,mez n>0
%

1 Z9 n 1 Z
T am e\ ) Tz, _n)\

2
122 559 \Z1 122 (1_2_1)

1

=— 4,121
(21 —22)? ( )

where we choosed |z;| > |2, for the radial ordering and recalled that for the closed string

ag=+/a’/2P.

If we then consider D free bosons (one for each direction of the target space), we get

: -y n"”
(1"(21)j"(20)) = @ (4.122)

—z,)2

Let us now evaluate the OPE j(z;)j(2,) using the oscillator algebra. We can consider

dz .
oy = § 2—11_1.2“1(2), (4.123)
0
and
le de . .
5 =no = —_— — = ghgm . 4.124
[an am] NOnym,0 ﬁznl . Zﬁizlzz ](21)1(22) ( )

We can parametrize the short-distance behaviour as

j(21)j(z0) = A + B + (regular terms). (4.125)
(z1—22)% (21— 22)

It can be shown that, in order to find the oscillator algebra (4.124), we have to fix A= 1 and
B = 0. Therefore the final result is

J(z1)j(z2) = 1 + (regular terms). (4.126)
(21 —29)?
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Exercise 4.2.1
Prove that we have to fix A= 1 and B = 0 inside (4.125) in order to find the oscillator
algebra (4.124).

We shall now introduce a useful notation. Given the OPE A(z;)B(2,), we can divide it into
its singular part (also called contraction), denoted as

A(Zl)B(Zz) y (4.127)
7
and its regular part, denoted as
:A(21)B(25): . (4.128)
This :---: is called normal-ordered product and, on the SL(2,C)-invariant vacuum, it is the

same as the oscillator normal ordering we have introduced in previous chapters.
From (4.126) we have that

j(21)j(z2) = ——, (4.129)
T (27—2)?
and therefore
o 1
0X(2,)0X(2,) = —— ———, (4.130a)
—_ 2 (Z]_ —22)2
/
OX(z)X(zg) = - — 1 (4.130b)
| I | 2 (Zl —2»'2)
/
X(2)X (25) = — = log(z; —2). (4.1300)
[ 2

We observe that the scalar field X* has a logarithmic OPE, which is not what we found for
primary fields. This means that X* is not a primary field but, on the other hand, a logarithmic
field of weight zero.

The matter stress-energy tensor is given by

TM(z) = —é :0X0X:(2)= % i (2), (4.131)

where we defined

:AB: (z;) = lim (A(zl )B(z,) —A(Zl)B(Zz))
%92 | I

~ jE d5y Az, )B(zp). (4.132)
2, 270 (21 —29)

We may then evaluate the singular term of the OPE T™(z,)T ™) (z,) using Wick theorem,

which tells us to take all possible contractions and then to normal-order the non-contracted

fields; the multiplicity in front of every contraction comes from the fact that some contractions

can be taken in multiple ways. The result is the following:

T EIT™ () = 1 (3): (1) 1 (22))

= 1(2 L L +4 ! 5 ij(21)j(22)5)

4\ (21 —22)% (31 —22)? (21 —22)
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1 1 1
- 5 (21 —22)% (21 —22)? :(j(ZZ) (21 -22)9)(z2) + .. )j(zz):
_ 1 1 + 2T(m)(22) i :(01)j: (22)

2(z1—22)* (21 —22)? (21 —22)

11 2T™(z,)  dT™(z,)

2 (21 —2)% (27 —29)2 (21 —22) ’

(4.133)

where, inside the normal ordering, we expanded j(z;) around z = 2, using a Taylor expansion
up to O ((21 — 22)2) (further terms would have given non singular contributions).

Moreover, recalling eq. (4.66), we see that this calculation has fixed the central charge to
be

c=1. (4.134)
The final OPE is hence
(m) (m) 11 2T™(z,) | 9T™(2,)
T (2)T"™(2y) = = Y > T + (regular terms). (4.135)
2 (21 —23) (21 —22) (21 —22)

We can also evaluate

T™()j() = 5 i (1))
1_. 1
= 521(2'1)—(21 )
_ j(z2) + (21 —2,)0j(2) + ...
(21 —2,)?
_ j(22) 9j(z2)
B (21 —2,)? " (21 —22) ' (4.136)

The final OPE between T™ and j is hence

j(z3) n 3j(22)

(m) i =
T (2)j(2,) = (21—2)% (21— 29)

+ (regular terms). (4.137)

This means that j is a primary field of weight 1 (recalling eq. (4.55) as a definition of a primary
field).

If we now want to create, starting from the SL(2,C)-invariant vacuum, a definite-
momentum vacuum |0, P), we have to introduce the operator

Vp(z,2) = X1 (2,2)
= :e!PXL; (z) 1P Er: (2)

=V (2)Vp(2). (4.138)

It is factorized into its holomorphic and anti-holomorphic component. The normal ordering
of a plane wave :e**: (z) has to be understood as the power series

LIPX, _Oo(ip)n.n.
'ePX'(Z)—nZ:(; X" (@), (4.139)
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where ,
—
X" (z)=X"—XX--X . (4.140)
[
We can now evaluate
. Al 2
Jj(z1)X(22) =1 - 9X(21)X(22)
| I | [0 A N |
B 2 ( a’) 1
B a’ 2 )21—29
71
—i\\& , (4.141)
2 Z1— 29
then
IJ'(Zl) X (Zz)l = nJ(zl)X(Zz)l X (22)
S |
=—in\| < X" (2,), (4.142)
2172
and finally
oo
. ip. @)yt{ . 4la 1 _
I](zl):elPX:(zz)I:Z . —in 521_22 XL (2,)
‘/ iP)™ 1
Z (iP) X" 1 (22)
—22 7 (Tl - 1)'
a
=V 2 .iPX, (29). (4.143)
21 =2
To summarize
a/
jZ3)X(z9) =—1\| — + (regular terms), (4.144a)
2212
: n . o 1 n—1
j(z1) XM (29) =—in\| — X" (29) + (regular terms), (4.144b)
2 Z1— 29
a
j(z1) X (25) = 2 .olPX, (2,) + (regular terms). (4.144¢)
21— 2
Via the operator/state correspondence we can write
|0,P) = :ePX: (3,2) |0) , (4.145)
z=2=0
which is the same as what we did previously
|0, P) = eiPXo|0) | (4.146)
since our free boson X (z,2) is
X(z,2) =X, +iPlog|z|? + oscillators. (4.147)
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Finally we have that

T (m) . iPX. _ a/fz :ePX:(z9) 9 P (25)
(z1) e H(zp) = 2
(21 —23) (21 —22)

+ (regular terms). (4.148)

HiPX. : ; - : 'p?
Therefore the plane wave :e'”*: (z) is a primary field of weight *;—.

Exercise 4.2.2

Prove eq. (4.148).

4.2.1.2 Vertex operators

Through the state-operator correspondence, we define a vertex operator (VO) as the wolrdsheet
field operator associated to a physical state. For closed strings, a vertex operator is a primary
field of weight (1,1). Let’s now proceed to analyze, in this new language of CFT, the first
physical states.

H Level N=0
At the level N = 0 in the matter sector we have the tachyon, whose vertex operator is given by
t(P) :e'P%: (2,2), (4.149)
which has to satisfy the weight one condition
/P2
h= a4 =1, (4.150)

in order to be a weight 1 field. On the other hand, speaking about the primariness, the plane
wave is always a primary field and hence no further condition on the momentum P is needed.

W Level N=1
At the level N =1 in the matter sector we have the massless state
G,y(P)a" a”,10,P) . (4.151)
The corresponding vertex operator is
G,y(P) :j#j7e P (2,2), (4.152)
its scaling dimension is (1, 1) if
a’P?=0, (4.153)

since j* and j" already give the correct (1,1) weight. However, due to the normal ordering,
it is not guaranteed that it is a primary. To ascertain this we compute the OPE with T(z).
Restricting to the holomorphic sector, we have that

T™(z,) :j*eP*: (2,2)G,,,(P)
LPHG,,

_ iPX.
B (21 —22)3 e =)

CO 2,
+ +
(21 —22)% (21 —22)

) et X (22)Gyy

+ (regular terms). (4.154)
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So we get a primary if the coefficient of the cubic pole vanishes. Altogether we recover the
physicality conditiions

9P 11=1 < P2=0,
(4.155)
PG, =0.
If we look at the anti-holomorphic part, we get the additional physical condition
G,P"=0. (4.156)

These are the same physical conditions we found in (3.128) and (3.133).

Exercise 4.2.3

Prove eq. (4.154).

If we think a little about it (comparing what we found now with (3.128)), we realize that
the first term inside (4.154) corresponds to the L, constraint, as it is expected from our general
discussion.
4.2.1.3 Correlation functions

Let us now consider correlation functions of currents. By Wick theorem we easily get that

(i*(z1)) =0, (4.157a)
uv
(#(21)i"(22)) = (21”_—22)2 (4.157b)
(1*(21)7"(22)j* (23)) = 0, (4.157¢)
" . o o _ ntrnPo
(7"(21)7"(22)5° (23)° (24)) 1 — 29225 —24)2
N nkP Yo
(21 —23)%(23 —24)?

nHo P

(21 —24)%(23 — 23)? . (4.157d)

The 1-point function vanishes because h(j) = 1 (recall eq. (4.108)). The 3-point function
vanishes because, whichever contraction we try to take, we are always left with a vanishing 1-
point function. In general the correlation function of an odd number of j’s is always vanishing.
Let us now consider correlation functions of plane waves. Since we are allowed to split
the VO into its holomorphic and anti-holomorphic parts, the correlation function factorizes

(Vp,(21,21) + Vp, (20, 21)) = (Vp, (1) -+ Vi, (2)) - 0_7101 (z1)--- ]_)Pn(z_n» ) (4.158)

we can focus on the holomorphic sector and write

n

(Vp (z1) -+ Vp, (2,)) = (l_[ setPieX(@.)

k=1
, n
= l_[(Zk —Zl)%Pk.Pl -0 (Z Pk) . (4159)
k<l k=1
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This holds because

. . lPk ‘X(Zk)ipl 'X(ZZ)
I:e’Pk'X: (z;) e X (z,)I =el 1

X (z)etP X (g)):

/ . .
— e%Pkpl log(zk—zl) :elka (Zk)elpl X (Zl):

= (zx —zl)%Pk'Pl e P X (z )X (z)): . (4.160)

The Dirac delta conserving the total momentum inside (4.159) comes from the fact that, given
the conserved charge j(‘; inside j#(z), namely

dz 2
= i) =a = \| ZPH, 4.161
it ﬁ e =ah =\ (4.161)

we can insert it inside the correlation function (4.159). Since it annihilates the vacuum, we
have that

(jo(vpl (21) -+ Vpn(zn)» = <0|J'0(VP1 (z1)- "Vpn(zn)) |0)=0
dz

B <£1Z 2_7'ciju(z)(VP1 (z1):+-Vp, (22)))

(Zpk)( i/) (Vp (z1) -+ Vp, (2,)) (4.162)
k=1 2

where we used

. dz . iP,-
Jé‘vpk(zk)=§ 7@ ()
T

2k

211

dz ,|a’ PH
%% 2=z

=\ %puvpk(zk). (4.163)

> P =0, (4.164)

k=1
namely the total momentum is conserved inside the n-point correlation function.

_ f 92 (2)eiPX (z,)
2 [ |

Therefore eq. (4.162) implies that

4.2.2 Ghost (b, c)-CFT
4.2.2.1 Fields and OPEs

The ghost action in the complex plane is given by (recall eq. (4.10))
1 - -
Sehost = Z—J d*z (bdc+boc). (4.165)
T Jws

As we said before (see eq. (4.28b)), the b ghost has weight 2 (holomorphic quadratic differ-
ential) and can be written as
{b(z) = ez b2,

(4.166)
by = §, 5=2""1b(z),
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while the ¢ ghost has weight —1 (holomorphic vector field) and can be written as (recall eq.

(4.28¢))
c(z) = c,z ML,
{ (=) ngezn_z (4.167)
¢ = Py 7mi% c(2).
The ghosts’ modes algebra reads as
[bn: Cm] = 5n+m,0 > (4.168)
and the corresponding OPE is
1
b(z;)c(zy) = ——— + (regular terms). (4.169)
(21— 23)
The ghost stress-energy tensor is defined as
TE(2) = —(2:b(30): + :(3b)c: )(2), (4.170)
and satisfies
2b ob
T (z,)b(z,) = (22) 5+ (z2) + (regular terms), (4.171a)
(21 —2) (21 —22)
0
TE(z))c(z,) = — c(z) 5+ c(z) + (regular terms). (4.171b)
(21 —22) (21 —22)
Exercise 4.2.4
Prove eq. (4.171a) and eq. (4.171Db).
Moreover we have that
b(Zl)b(ZZ) = 0, (4.1723)
I — |
C(Zl)C(ZZ) =0. (4.172]))
| I

All in all we have that

_26 (gh) (gh)
TEN (5 )TEW (z,) = 2 2T®V(zy)  OT'¥V(z,)

(71 —22)%  (21—22)? (21 —2,)

+ (regular terms). (4.173)

Exercise 4.2.5

Prove eq. (4.173). (Pay attention to the fact that b and ¢ are Grassmann odd!)

We then define the ghost current as

JE () = —:be: () = er(lgh)z_”_l s (4.174)

nez
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which obviously has weight h(j¢™) = 1. Although its scaling dimension is 1, it is not a primary

-3 j(gh) (22) 3j(gh) (z2)

T(gh)(21)j(gh)(22) N (21 —22)% (21 —22)? (21 —22)

+ (regular terms).

Finally, we define the ghost number operator as

dz
Nem = ¢ —j(2),
(gh) i ) ()

which is such that

[N(gh)’ C(z)] =c(2),
[Neghy» b(2)] = —b(2).

Hence b has ghost number gh = —1 and ¢ has ghost number gh = 1.

4.2.2.2 Ghosts primaries

If we evaluate the OPE with T®" of the states

c(z), b(z),
c(@c)(z),  b(@b)(2),

%C(ac)(azc)(z), %b(ab)(azb)(z)’

(4.175)

(4.176)

(4.177a)
(4.177b)

(4.178a)
(4.178b)

(4.178c)

we realize that they are all primary fields. In general in a CFT the d of a primary is not a
primary because the d converts the double pole into a triple pole in the OPE with T. But in
the ghost-CFT one can see that the terms producing the non-primary structure vanish since
they are multiplied by b2, (8b)?,... (or, analogously, for c2, (3¢)?,...), which are vanishing

because of their grassmanality.

If we now recall that we have four c-ghost vacua, we can associate them with primary

fields:
0) > 1 (h=0),
qlo) — o) (h=—1),
e l0) > (@0)c(z) (h=—1),
R G0 G170 (h=0).

We have

(0]0) = 0l csper 10) =1 — 2 (e(@e) (@)= =1.

(4.179a)
(4.179b)
(4.179¢)

(4.179d)

(4.180)

We hence found a non-vanishing 1-point function of a vanishing weight field which is not the

identity.
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4.2.2.3 Three-ghost correlation function

Given what we said above, we have for a three ghost correlation function the only contribution
of a c-ghost comes from the first terms on its modes expansion:

c(z)=c_12%+coz+c;. (4.181)
One can hence evaluate
1 1 1
(c(z1)c(zp)c(z3)) = —det| 21 22 23 | =—(27 —25)(22 —23)(21 —23). (4.182)
2z %

Exercise 4.2.6

Prove eq. (4.182).

4.2.3 BRST and CFT
Let us first recall from BRST quantization the definition of the BRST charge

1
Qp = Zc_nLgm) + > :c_nLr(lgh):

nez

=§ dz (CT(m)(z) +% cTE: (z)) =3€ EijB(z). (4.183)
0

2mi o 2Tl
We can think to the matter sector (m) as a generic CFT of c~entral charge ¢ = 26, which cancels
the ghost sector (gh) central charge. Moreover, we wrote jz(z) because the true current is
; (m) L e 352
jg(8)=cT (z)+§ :cT'® :(z)+§8 c(z), (4.184)
which is a weight 1 primary field, with respect to the total stress-energy tensor
T (z) = T™(2) + TEV(2). (4.185)

The additional term gazc(z) is needed for the primariness of jz(2), but in the definition of Qg
it is irrelevant, being a total derivative which gives no contribution to the integral.
Given these definitions, one can show that

[Qp, X" (2)] =§ %jg(i)X“(Z) =coXH(2), (4.186)

z

and also
[Qp,c(z)]=cdc(z), (4.187)

that, thanks to the state-operator correspondence, is equivalent to
Qg1 10) =c1¢010) . (4.188)

Moreover one can show that
Q% =0, (4.189)
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whenever ¢™ = —c#" = 26, namely when the matter central charge cancels the ghost central
charge.
We also have that

(@5, jgn(2)] = —is(2), (4.190)
which, thanks to the state-operator correspondence, is equivalent to
[Ngn. Q] =Qs- (4.191)

Therefore j; generates Qp as a zero mode, but jj is also Qg-exact. Its primitive is the ghost
current j,,. Notice that while jgp, is non primary, jg is primary.
Exercise 4.2.7

Prove eq. (4.186).

Exercise 4.2.8

Prove eq. (4.187).

Exercise 4.2.9
Prove eq. (4.189). Use the fact that

f } — ]B(Z)JB(Z) (4.192)
211

and that
—26 1

ip@)jg(E) =... + 2 G5 (23c-c)@&) +... (4.193)

Exercise 4.2.10
Prove eq. (4.190).

We are now ready to analyze the cohomology. Using the state-operator correspondence
we can write

0) «— 1 (gh=0), (4.194a)

Vi o) — V() (sh=1), (4.194b)
coclvigm) [0) — c(3c)V}Eg(z) (gh=2), (4.1940¢)
c_1c0c1 10)  — %c(ac)(azc)(z) (gh=3), (4.194d)

where V}Eg is a physical matter operator of weight h = 1.
One can also show that

[Qs, V()] =2 (cViD) (). (4.195)
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Exercise 4.2.11

Prove eq. (4.195).

This tells us that there are two ways for a state to be killed by Qj:
1. alocal operator cV(m) (2),
2. anon-local integrated operator f dz V}Ez)l(z) =ym,

Then the physical condition (i.e. the BRST charge annihilates the physical state) can be ex-
pressed in two possible ways:

1. [Qs, eV (2)] =0,
QB, v (m) f dz 0 (cv(m) ( ) Stokes 0 (within boundary terms).

We now want to write the complete closed string vertex operator, taking both the holomorphic
and the anti-holomorphic part and also making explicit the momentum operator

1. The non-integrated VO is

ccV(z,2) = J dP &;;(P) :cV,eV;eP¥: (2,2), (4.196)

where @;;(P) is the spacetime polarization and V; is a chiral field of weight h; (and
similarly for V;). The polarization &;;(P) has to satisfy appropriate conditions to make
:V;etPX : a primary. It has gh = (1, 1) and is an overall primary of weight h = (0, 0) if

2. The integrated VO is instead

f dzdzV(z,2) = f dzdéj d?P &;(P) VV;er ¥ (2,2). (4.198)

The worldsheet integration f dzdz effectively lowers the total weight to h = (0,0) and
therefore we again have a conformal invariant operator, but this time a non-local one.

4.3 Open string CFT

4.3.1 Boundary conformal field theory

So far we considered a theory defined on a cylinder with coordinate w that we mapped to the
complex plane through the conformal map z = e". Such a construction was suitable for closed
strings. When we have to deal with open strings we have some differences: the worldsheet is
a now strip and under the conformal transformation z = e" it is mapped to the upper part of
the complex plane (see fig. 4.6). We will refer to it as the upper half plane (UHP).

Therefore, after the transformation, the CFT is defined on a surface having as a boundary
the real axis, where z = . This is an example of a boundary conformal field theory, (BCFT).
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The presence of a boundary breaks the full conformal group to the subgroup that leaves
the boundary invariant. This means for a given f such that

2 — f(2), (4.199a)
2 — f(2), (4.199Db)

when we are on the boundary z = Z we have to require that
f@)=f@@), forz=z2, (4.200)
so that f is real

f@=>fz", with f,=f, < f,€R. (4.201)

Conformal transformations are generated by the stress-energy tensor and, on the Riemann
sphere, we had that T(z) generates the transformation f (z), while T(Z) generates f(z). On
the UHP we have f(z) = f(Z) for 2 = %, and therefore we have to require that

T(z)=T(z), forz=2%. (4.202)

If we then recall the usual expansion (4.44) of the stress-energy tensor in terms of Virasoro
operators, namely

T(z)=) Lz "2, (4.203a)
nez

T(E)= Y Lz "2, (4.203b)
nez

we realize that the condition (4.202) implies

ns (4.204)

which means that we have only one Virasoro algebra.
Just like the Riemann sphere is preserved by the SL(2, C) subgroup of projective transfor-
mations, analogously for the UHP we have the group SL(2,R):

flz)=

Az+B
, with AB,C,DeR, (AD—BC)#O0. (4.205)

Cz+D

It is the largest possible group of transformations which sends the UHP to itself in a one-to-one

way.

4.3.1.1 Bulk fields and doubling trick

Consider a generic field ¢ (z,%) living in the bulk. If we apply to it an infinitesimal conformal
transformation (recalling eq. (4.46)), we have that

6(€,€_)¢(Z!2) = _([TE? (]5(2,5)] + [Té, ¢(Z,5)])
- jg & @) —j( 9 OTG)62)
, 2701 B 211

= —jE d—g.e(i) T(i)qb(z,i)—jé d—é.e(é) T(2)$(z,2), (4.206)
o 2701 1 ; 271 —
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Past o Future

Wick rotation: t = —iT

AlC
w
Past Future
i
t
z=e"
A Im(z)
4
Future
\ Re(2)
Present
2| =1 Past

Figure 4.6: The worldsheet of an open string, after a Wick rotation of the time co-
ordinate, can be studied as an infinite strip of height 7i on the Euclidean plane of
coordinate w. With the exponential function it can then be mapped to the upper half
of the complex plane with coordinate z, where the (t = 0) slice of the WS corre-
sponds to the unit semi-circle |z| = 1 (marked in red): the past (t < 0, marked in
blue) lies inside such a semi-circle, while the future (t > 0) fills the external region.
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- (3,%) I
7 1
- ; Z*
(a) The UHP (b) The whole (purely holomorphic) com-
plex plane.

Figure 4.7: On the left we have the UHB whose points have a (z,z) dependence. On
the right we have the whole complex plane, having a holomorphic dependence on z

and g*.
Z*
/o
o
@ < doubhng 1\
trick
z2=37 (z,%) 2=z z

Figure 4.8: The doubling trick.

where the contours of anti-holomorphic coordinates are clockwise (while contours of holo-
morphic currents, as usual, counter-clockwise). This is the same formula we would get in
absence of a boundary, except that now e(z) = é(2) at z =z and analogously for T.

In order to proceed in the calculation, we can use the so-called doubling trick: instead
of considering the UHP whose points have a (z,%) dependence (see fig. 4.74.7(a)), we can
consider the whole complex plane C with a purely holomorphic dependence on z and z*,
being z* the complex conjugate of z (see fig. 4.74.7(b)).

As shown in fig. 4.8, this procedure “unfolds” the UHB which has a double dependence on (z
and %) to the whole complex plane, through the boundary z = 2.

With the doubling trick, everything becomes holomorphic (see fig. 4.9).

Therefore we can carry on our calculation as follows:

O(c,e)9(2,2) = —§

Z

ﬁe(zn’(awz,m § & HTE9)

Tl 9 : 271 g

__ § —zdﬁ. () T(2)p(2,2") — § 9 T2
5 2Tl — 1 J,.2m —_

__ § 9 OT@)d(z2), (4.207)
. 27l

where in the last step we deformed the integration path as shown in fig. 4.10.
We have also defined

To(E) = {TUHP(E) , forIm(Z)> 0 (above the boundary), (4.208)

Ty, for Im(£) <0 (below the boundary).

This construction agrees with the boundary conditions (4.202). Notice also that the bulk field
¢(z,%) is reinterpreted as a bilocal holomorphic field ¢ (z,z*). We will see in the following ex-
plicit examples that this interpretation depends on the boundary conditions and that the same
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O, ©

—
doubling

trick

)

7
g doubling
trick

Figure 4.9: The doubling trick makes everything holomorphic.

G (=N TN
® NG NG

Figure 4.10: Deformation of the integration path performed in the last step of equa-
tion (4.207). The vertical axis of the complex plane is not shown for convenience.

bulk field will in general map to different bilocal holomorphic fields depending on the bound-
ary conditions (i.e. the kind of D-brane).
4.3.2 Matter X-BCFT
We are now ready to study the matter X-CFT. The action of the X field on the complex plane
is given by (recall eq. (4.10))
1 -
Smater = —— | d%20X(2,2) - 0X(2,%), (4.209)
2na’ Jws

where, as usual, we defined d = 9, and 3 = J;.
Its EOM, being in the open string case, are (3.162). Moreover, in these complex coordinates
we can write

XH(z,2) = XV'(2) + XK (), (4.210)

where the two chiral fields X f (2) and X g () are

xt P
Xf(z) =94 ct/2—id'—logz +i Z abz™, (4.211a)
2 2
n;éO
Xq ph
xH(z) = 5 —ct/2—ia'—~logi +i Z Salg, (4.211b)
n;éO
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where the two fields have only half of the total momentum of the center of mass. The stress-
energy tensor of this theory is

1
T(z)=—— :0X-0X: . (4.212)
a
On the other hand, if we are interested in the current, we may recall that

0X"(z,%) primary of h = (1,0) = current j*(z), (4.213a)
0X"(z,z) primary of h = (0,1) = current j*(z). (4.213b)
Depending on the BC, the current will glue in different ways on the boundary:
e Neumann BC along the u direction: j*(z) = j*(£) on the boundary z = z,
* Dirichlet BC along the i direction: ji(z) = —j(£) on the boundary z = z.

Hence the boundary is labelled by its BC (N or D). More in general, we can write the gluing
condition on the boundary for the current as

)=z, forz=3%, (4.214)

with

+1, for A=Neumann,
Q= (4.215)

—1, for A = Dirichlet,

which is called gluing map.
This reasoning applies in the same way to the X field. Remembering the decomposition
(4.210) of X*(z, 2) into the chiral fields X f (2) and X g (£), we have that

XMz =xk(z), forz=%, (4.216)

where the gluing map is again (4.215). Thus, using the doubling trick the gluing condition
becomes

XV — X(2), xME) — x@@), (4.2172)
xPE) — X@), xP(z) — —X(z"). (4.217b)

As said, we know that on the boundary the Virasoro algebra is preserved (thanks to the BC
(4.202)). Moreover, in the matter X-BCFT there is also an additional symmetry, namely the
oscillator algebra, encapsulated by the current algebra, which comes in two copies (one for j*
and one for j*):

. . 1

J*(z1)ju(z2) = G —z,)2 = [a’;f,am=n5n+m,o, (4.218a)
— 1722

Uz \T (= 1 osc ol s

j (zl)Ju(22)=m — [a*,@"]=n8psmo, (4.218b)
S 1~ 22

This symmetry is preserved by the gluing condition (4.214) on the boundary, for which we
have (4.215)

. A\ 2
¥ =11 = (Qg)) =1. (4.219)
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This result is consistent with the gluing of the stress-energy tensor:

T=3:j-j: 12
{_ 200 = (o) =1 (4.220)
5]k
Using the doubling trick, we can define (analogously to (4.208))

i for I > 0 (above the bound
jg(2)= {]UHp(z), or Im(z) (above the boundary), (4.221)

Qg) ]_'#Hp(é) , forIm(z) <0 (below the boundary),

which is continuous at the boundary. )
In a similar way, starting from the chiral fields yw (z) and pw (2), we can define

1, UHP 1, UHP
Oy Vi(,}L)HP(Z.), for Im(z) > 0 (above the boundary),
Vic@) =1 oy i (4.222)
° (QA )l. Vj’UHp(é) , for Im(z) <0 (under the boundary),

where the gluing map is now a matrix Q which should preserve the V-V OPE, since we con-

sidered the general case where Vi(hU)HP(z) is a family of operators. If we now consider a bulk
field o
¢(2,2) = ¢;;V' @V (2), (4.223)

in the presence of a boundary it will become
i
$(z,5) = ¢y (20) VIEVHGEY). (4.224)
For example we can consider the local (non-holomorphic) operator
®(z,2) = j(z)-j(&) — a_1-d,[0), (4.225)

defining a closed string state. If we place it on the complex plane C using the doubling trick,
it will become a bi-local (completely holomorphic) operator that, depending on the BC, can
be written as

8™ (z,2%) = j(2)0j(z") = j(2)j(z"), (4.226a)
8™ (z,2%) = j(2)0Vj(z*) = —j(2)j(z"). (4.226b)

This is the mechanism that enables closed strings to distinguish different D(p)-branes (see
exercise 4.3.1).

4.3.2.1 Correlation functions of bulk fields

We may first focus on the 1-point functions of a generic field ¢(h’ﬁ)(z,2). It does not vanish a
priori because, due to the boundary, the theory has a scale, namely the distance y = %lz —Z
of the field from the boundary itself (see fig. 4.11). We then have

@

(D) (5, 7))@ = ﬁ B (4.227)

Moving on towards 2-point function, let us then analyze in detail the bulk correlator of
two X fields.
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o« $P(z,2)

y

7

Figure 4.11: A generic field ¢>(hﬁ)(z,£) at a distance y = %Iz —%| from the boundary.

Recalling eq. (4.210) and (4.130c), we can write

(X(21,%1) - X(22,%2)) = (X1(21) - X1.(22)) + (Xr(£1) - XRr(22))

/

a _ _
Y (log(z1 — 25) +log(z1 —23))
a/
=3 log (|21 —25%) . (4.228)

In the last step we had to merge the left and right contributions in order to get a single-valued
function (and not a multi-valued one, which would be non-local).

We can then consider the same correlation function but on the UHP having Neumann BC.
Using the doubling trick and recalling eq. (4.217), we can write

(X(21,51) - X (22, 22000 = (X (1) + X (2])) - (X (22) + X (23)))

= (X(21) - X(22)) + (X(21) - X(23))
+(X(2]) - X(22)) + (X (27) - X (23))

(X/ 2 a/ * *
= -5 log(|zl — 2] )— E(log(zl _Zz) + log(z1 —zz))

a’ i}
:—E(log(lzl—zz|2)+log(|zl—22|2)). (4.229)
On the other hand, in the Dirichlet case we can write
} _ o }

(X(21,21) - X (29, zz))ggl)) = —?( log (|21 — zzlz) —log (|21 — zzlz) ) . (4.230)

Finally, we can consider the 1-point function. We have that
(0X - 3X(2,2))™) = +3/# (4.231a)

gay: D) |Z _§|2 ’ :

Sx(zzn® - %1

(0X -0X(2,2)) = —— 7= (4.231b)

UHP 2 | o — 2| 27
which is consistent with (4.227).

Exercise 4.3.1

Prove eq. (4.231).

4.3.2.2 Plane wave operators

Let us now discuss plane waves operators. We already saw (eq. (4.138)) that the bulk plane
wave can be written as

ePX: (3,2) = 0P XL (2) P XR: (2). (4.232)
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X, b

Figure 4.12: A D(p)-brane is seen by closed strings as a localized gaussian in the
coordinates space, centered in X = X, and having width of order Ja'

On the boundary z = Z, recalling eq. (4.211) and the gluing condition (4.216) for the X field,
we realize that the plane wave becomes

e Neumann: :e'f%: (z,2) = ePX1(2)ePX1(2%),
* Dirichlet: :e’PX: (z,2) = eP X1 (2)e P X1 (2%).

We can then study the 1-point function of such a plane wave as we change the BC. This roughly
models the interaction of a closed string with a a D(p)-brane. In the Neumann case we have
that

(X1 (2,2)) M) = (ePXi(z)ePXL(z%)) =0, (4.233)

UHP

since the total momentum of the plane wave cannot be conserved (unless P = 0).
On the other hand, in the Dirichlet case (recalling eq. (4.159)) we have that

("% (2,2)) 10 = (e (2)e 7P H1(2))

= (2—2)"*""5(0)

oc |z —z|"¥P = @ AP (4.234)
where A = log|z —2|. In the momentum space, the result we found is a gaussian of width
—L_. If we then perform a Fourier transform we obtain eX*/(@2) \vhich is a gaussian in the
a’A >
coordinates space, centered in X = 0 and of width a’A, namely having the width of the string.
This suggests that the closed string ‘sees’ the D(p)-brane as a localized object at the string
scale.

If we now want to consider the more general case where a D(p)-brane is centered in a
generic X, we can recall the definition of X (eq. (3.181)). Then, in the momentum space

we have

(zetPX: (z,i))ggg’xo oc eiPXog—a/ AP , (4.235)
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¢M(z)

7

Figure 4.13: A boundary field is defined as a purely holomorphic field laid on the
real axis z = Z.

while in the coordinates space we have (see fig. 4.12)

_ x=x)?

JdpeiP'XOe_a/APZ occe @A, (4.236)

4.3.2.3 Boundary fields

So far we discussed fields living in the bulk of the UHE namely away from the boundary. But
as a bulk field ¢ "*"(z, %) approaches the boundary (i.e. z — £), it generates a singularity, as
we immediately notice from the 1-point function (4.227). Using the doubling trick we can
write

L))
¢M(z,2) =Y ¢ VIEVPE) =D ¢y . (4.237)
L,j i,j .
k(M) ¢ s
Therefore & Ve (=)
VW) o< D (=) [ViVid, (0), (4.238)
P

and hence, on the boundary, the two chiral operators Vl.(h)(z) and Vi(h)(z*) collide. This tells us
that a bulk field that lands on the boundary is the same as two chiral fields crashing on each
other.

We thus need a new object, called boundary field, which is a field living on the real axis
%z = Z. It can be thought of as a purely chiral field laid down on the boundary from the bulk
(see fig. 4.13):

$37(x) = lim ¢ (2), (4.239)

where A is the label that identifies the boundary condition and x is the coordinate on the real
axis. In this way there is no anti-holomorphic counterpart and therefore no collision at the
boundary.

Let us now define (see fig. 4.14)

5‘x = 3” , (4240&)
8y =0, . (4.240b)
Then we can write
0=0,— iﬁy , (4.241a)
0=0,+1i0,. (4.241b)
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0
yax X

2777

Figure 4.14: In the UHP we can call x the boundary coordinate and y the vertical

bulk coordinate. Then we can define the basis vectors to be dx and dy.

We can now consider the free boson along the u direction with Neumann BC and recall

the current gluing condition:
OXHM(z)=0X"Z), forz=%.
Using the notation (4.241), we write
(0-0)X"(z)| = —2i3,X"(2)
z2=2
=0.
Therefore we can express the Neumann boundary condition as

aLX“(z) =0.

(4.242)

(4.243)

(4.244)

This is exactly what we first wrote in (3.163). Moreover, if we want to build the associated

boundary field, we can write

ax*(x) = (8, + 7)) X"(2)

= 3||XM(X)
= 3, X"(x).

Z—X

On the other hand, the Dirichlet boundary condition for the current

dXH(z) = —0XH(2)

=z

can be written as
8||X“(z) =0 ’

and the associated boundary field is
2X*(x) = (3L +8) X" (3)|
Z2—X

= 3LX“(x)
= J,X"(x).

We hence obtained all the boundary fields related to the bosonic current 9X.

Let us then consider the bulk plane wave

ePX: (3,2) = 0P XL (2) P XR: (2).
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We can build a boundary plane wave only if we have Neumann BC, where the momentum is
a conserved quantity**

2P X1, (5) = 2P X1 (). (4.250)

Zz—X

We may now recall (see eq. (4.211)) that the chiral field X f has only half of the total momen-
tum of the center of mass (since X 1‘; holds the other half). Therefore, in order to have a state
with momentum P on the boundary, we have to define

xHlopen) (5) — ZXf(z)

s (4.251)

Zz—0X

which is yet another occurrence of what we have already discussed in the oscillator formalism
a(()open) — Zaéclosed) — C‘(()closed) + &(()closed) . ( 4.9 52)
Using eq. (4.211) we can then write

. Al 1 _
Xéf)pen)(X) = X’J —ia'P*log(x) +i\ > Z Ha’;x n, (4.253)
n#0

Given this definition we can finally write the boundary plane wave as

setPXeopem s (x) = :e2PX1: (2) , (4.254)
Z2—X
whose conformal weight is
a'P?
h=4 i a'P?. (4.255)
We are hence saying that
L(()open) — L(()closed, L sector) — a/P2 ) (4.256)

To sum up: we have learned that the chiral field X f on its own is non-local, since (recall
eq. (4.1300¢)) it gives rise to non single-valued correlation functions

/

(X,(21)- X1 (2)) = = log(s, —25). (4.257)

However, we have two possibilities to construct a local operator.

* We can merge together the L and R sectors, finding correlation functions whose be-
haviour is described by an absolute value, which is single-valued. This generates a closed
string state, namely an holomorphic+anti-holomorphic bulk field.

* We can put the chiral bulk field X f on the boundary, where the real numbers structure
generates a natural ordering which removes ambiguities. This generates an open string
state, namely a boundary field.

If we then want to give a picture of the Hilbert space of a BCFT, we can divide it into two
sectors:

2*We will see in a while that it is not meaningless at all to take a chiral plane wave and put it on a boundary
with Dirichlet boundary conditions: this will result in an insertion of a boundary operator that changes the value
of the modulus of the Dirichlet condition. In general if we take a generic chiral field and put it on the boundary
we get a boundary condition changing operator/field.
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X5 < X1
% 7 7

Figure 4.15: The boundary ordering in the 2-point function case.

* bulk Hilbert space, whose states are given by bulk fields (inserted at the origin of the
complex plane) acting on the SL(2, C)-invariant vacuum:

V(z@lzzﬁo

¢(z,2)|  10)si0) = , (4.258)
z=2=0

* boundary Hilbert space, whose states are given by boundary fields (applied at the origin
of the UHP) acting on the SL(2, R)-invariant vacuum:

¢ ()|,
¢(x) o 10)s1(2r) = 7 7 - (4.259)

4.3.2.4 Correlation functions of boundary fields

Let us first consider the generic 1-point function of a boundary field, which is given by
<¢(h)(x)>UHP :A5h,0 : (4.260)

On the other hand, the generic 2-point function is given by

C
( ghl)(x1)¢gh2)(xz)>um = (X —x )2h1 5h1’h2’ (4'261)
1 2

where x; > x,, otherwise the correlator has no meaning. The ordering on the boundary is
indeed uniquely determined by the real numbers ordering (see fig. 4.15), and boundary fields
cannot overstep one another.

This means that ( ghl)(x1)¢éh2)(x2)) is different than (¢§h2)(x1)¢§h1)(x2)), although in
some cases they can coincide.

Finally, the generic 3-point function is

(hy) (hy) (hs) _ Cio3
(4)1 (x1)¢2 (X2)¢3 (X3)>UHP - (xl —Xz)h1+h2_h3(X2 —X3)_h1+h2+h3 (xl —X3)h1_h2+h3 :

(4.262)
We can indeed map

Xy — A — 00,
x, — 1, (4.263)

x3 — 0,
using the SL(2,R) transformation f and then write

() ()0 (363
= (f 0 " (x1)f 0 9D (x,)f © T (3) )
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=[£G ] [/ e ]2 [/ ea) ™ (0" (0)p 82 (1) 9(0))

A2

A1 / 1T ¢/ 2T ¢/ 3 1 1 9 3
2 e e[ 6] o 6 (<1 ) 652108 0
Ao00 Ci23
= (x1 _ xz)h1+h2—h3 (Xz _ x3)—h1+h2+h3 (xl . x3)h1—h2+h3 > (4264)
where we defined 1
Cia3 = (To ¢§h1)(—x)¢§h2)(1)¢§h3)(0))m- (4.265)

We can also evaluate the n-point function of plane waves:

(P () P o, )

= (2P K1 (z)) o 2PN (5,)

Z; X

. -5 (Z Pk)

k=1

— l_[ e (2P X 1 ()21 P-X 1 (21))
k<l

n
_ l—[e—4Pk’P1 (X (X (21) -0 ( Pk)
k<l BT k=1
n

/
— l_[ PP log(z—2))

k<l BT k=1

_ l_[(xk —x)e2 PP 5 (Z Pk) ) (4.266)
k=1

k<l

Notice that thanks to the boundary ordering, given by [], ., the quantities (x; — x;)e>* PP

have no phase ambiguities.

4.3.2.5 Boundary fields and D(p)-branes

Given the D(p) — D(p) branes system shown in fig. 3.6, we can write its Chan-Paton as

(ﬁg ﬁg), (4.267)
where
AA) = $PV (x =0)[0) = 7 ¢(ij)(0) A/ , (4.268a)
|AB) = ¢ WP (x = 0)|0) = A ¢(/A=B)(O) 5 7 (4.268b)
IBA) = ¢ ¥ (x = 0)|0) = b ¢(ij)(0) - 7 (4.268¢)
IBB) = ¢ BB (x = 0)0) = B qb(/mj)(O) B/ . (4.268d)
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Figure 4.16: The boundary operator algebra.

0X(2)
°

X (x) $"°(0) AX(x) D

777777 7

Figure 4.17: The action of the boundary changing field ¢ " (0) on the operator
X (2).

These ¢ “®) and ¢ BY are called boundary condition changing operators, since they change the
BC. They obey the boundary operator algebra:

M ()P () ~ 65 Dl MV (), (4.269)
k

where the lower indices give the Virasoro representation of the considered field. Notice that
the product qbl.(AB)(x)qS](CD) (y) vanishes unless B = C (see fig. 4.16). This is thus analogous to
matrix multiplication.
Let us consider, for example, the field ¢ ™’(0), which changes the BC from Neumann to
Dirichlet. If we have dX(z) in the bulk and we place it on the boundary, we realize that, if
we place it before or after the boundary condition changing operator, it turns into a different
boundary field (see fig. 4.17).

Let us now consider two parallel D(p)-branes separated along a common Dirichlet direction
Y at a distance A, as shown in fig. 4.18. Since the stretched strings have a BC that on the
first D(p)-brane is given by X, = 0 while on the second D(p)-brane is given by X, = A, there
is a change of boundary condition. We can call A(x) the operator responsible for that.

— —

D D
XO - O A(O) XO = Ay

- > 7

7

Figure 4.18: Two parallel D(p)-branes separated along a common Dirichlet direction
y atadistance A, also shown in the BCFT language through the boundary changing
operator A(x) applied in the origin.
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We shall then study the N = 0 level. Recalling eq. (3.194) and (3.212), we have that the

Chan-Paton reads as
¢) 11 ¢ 12
( ¢21§ ¢22§) > (4.270)

where the tachyon starting and ending on the same D(p)-brane is

|¢'1) = e(P)e"*(0)]0) = t(P) |0, P) (4.271)
(the same holds for |¢22 >), while the stretched tachyon is
|912) = t(P)e ¥ A(0)[0) = e(P) [0, P) 2 (4.272)

(the same holds for |¢21>). The field A(x) inserted in the origin is the boundary condition
changing operator, which shifts the Dirichlet modulus from 0 (first D(p)-brane) to A, (second
D(p)-brane). It can be written as a plane wave in the Dirichlet direction y, along which the
two branes are separated:

2L x)

A(x) =e'= L (x). (4.273)

Moreover we have that

Ay VOA(x)  FA(x)
T(2)A(x) = ( y ) + + (regular terms). 4.274)
ova) G—xP @-x) o
2

The stretched tachyon conformal weight is now h = a/P? + (%) = 1, which means

A, \2 . . .
a'm? = ( P j?) — 1, exactly as we found previously using oscillators.

4.3.3 Ghost (b, c)-BCFT and BRST

We can finally briefly build the boundary CFT in the ghost sector. Recalling that
[Qp, b(2)] = T(z) and remembering the gluing condition (4.202) for the stress-energy ten-
sor, we can write the gluing condition for the b-ghost as

b(z)=b(z), forz=3%. (4.275)

Moreover, since we have (see eq. (4.169)) that

b(z)c(zy) = + (regular terms), (4.276a)

_1
(21 —22)

1
———  + (regular terms), (4.276b)
(21 —22)

we can write the gluing condition for the c-ghost as

5(51)5(52) =

c(z)=c(z), forz=3. (4.277)
The BRST charge is thus
1
Q= e, L™+ 3 :c, L& (4.278)
nez
and
Qp=Qp. (4.279)
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4.3.4 Open string physical states

Following the usual logic, open string physical states are elements of the gh=1 open string
cohomology, which can be written as
cV(x), (4.280)

where V is a matter boundary primary of weight one. This is the non integrated vertex operator.
Taking advantage of the fact that [Q, V(x)] = d(cV)(x), we can also construct the integrated
vertex operator as

J V(x), (4.281)
R

which, just like the closed string case, is BRST invariant up to possible boundary terms which
are vanishing in the case of generic amplitudes.

4.4 Open-closed correlation functions

We now want to give a general idea of which are the possible string interactions. The three
fundamental interactions are the following.

* CCC: it is the product of two 3-point functions (holomorphicxanti-holomorphic) and is
conformally equivalent (~) to the Riemann sphere with 3 punctures (i.e. insertions of
closed string vertex operators), which can also be seen as the the complex plane with 3
fields inserted.

Figure 4.19: CCC correlation function.

* 00QO: itis an holomorphic 3-point function and is conformally equivalent to the disk with
3 punctures on the boundary, which can also be seen as the UHP with 3 fields inserted
on the real axes.

>~ ©~W/W/

Figure 4.20: OOO correlation function.

* CO: it is an holomorphic 3-point function, where C is bilocal (holomorphic+anti-
holomorphic) and is conformally equivalent to the disk with a puncture in the bulk and
a puncture on the boundary, which can also be seen as the UHP with one field inserted
in the bulk and one on the real axes.
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Figure 4.21: CO correlation function.

Given these fundamental ingredients, we can build the following four categories of correlation
functions.

e Closed strings only
If we write the generic closed string operator as

$iz5) = D (8, Ve, GV (E), (4.282)

kil

the generic purely bulk (no boundary) correlation function is given by (see fig. 4.22)

($1(21,21) - (20, 2,)) = l_[ (Z (k1. ) (l_[ Vi, (27)) - (l_[ V(). (4.283)
i=1 i=1

¢ Closed strings with D(p)-brane
If we use the doubling trick to write the generic closed operator as

$i(z,5) = D (@), UV GV (), (4.284)
kiﬂli

where Q; is the gluing map, the generic purely bulk with boundary correlation function is
given by (see fig. 4.23)

(B1(21,21) -+ Bz 20)) o = ﬂ (Z (@i, ) ([ [VeGov @), (4.285)
i=1

where A is the boundary condition. The correlation function, thanks to the doubling trick, is
completely holomorphic, but it is now a 2n-point function.

e Open strings only
If we write the generic boundary field as

Yi(x;) =¥ Vi(x;), (4.286)

where ¥; is a matrix and V;(x;) is a boundary vertex operator, the generic purely boundary
(no bulk) correlation function is given by (see fig. 4.24)

(Wr0x1) Pl = Tr{]_[qf }(]_[v (x,)) - (4.287)

e Open strings and closed strings
If we consider a process involving open strings and closed strings, the generic mixed (bulk
with boundary) correlation function is given by (see fig. 4.25)

<¢1(X1) T lpn(xn)¢l(zlsgl) T ¢n(zn’2n)>

- Tr{l_[\lfi} 1 (Z (@), Ql-) ([ v ] o). (4.288)
i=1 i=1 \ k;,J; i=1 i=1
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Figure 4.25: A generic correlation function of n open strings and m closed strings.
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Figure 5.1: Closed strings scattering.

5 String perturbation theory

5.1 Closed strings amplitudes

We are now ready to compute simple string scattering amplitudes. At first it is necessary to
fix the string background that typically will force us to work in a BCFT due to the presence of
D-branes.

We can start with the simplest case, namely no D-branes in the background, just closed
strings. Scattering amplitudes are C-numbers giving the probability of transition from an |in)
state to an |out) state (see fig. 5.1).

Since string theory is constructed from a 2d field theory with Diff x Weyl gauge symmetry,
its scattering amplitudes will be naturally associated to correlation functions of gauge invari-
ant operators in the 2d theory. The correlation functions will be evaluated using the Polyakov
path integral, with insertions of gauge invariant operators. What gauge invariant insertions
can produce the string physical states? We already know the answer from the previous chap-
ter, where we saw that the vertex operators V' are gauge invariant by construction and they
represent the physical string states. Then the typical n-strings amplitude will have the form

A(,...,n)= Mnf/ oy g=SIhx] 5.1)
2t VO].(g) 1 n . .

Notice that we are now using an Euclidean path integral in two dimensions, because we have
Wick rotated the worldsheet theory to have a standard CFT description. The most natural
choice for these V; falls back to the integrated vertex operators which in covariant language
(before fixing conformal gauge) can be written as

¥, = J d%c vVhVi(o), (5.2)

which are diff-invariant a priori being integrated over the entire worldsheet. As we will see
shortly, we will have to sharpen this intuition.

A key aspect in all of this discussion is represented by the metric integral Dh. Previously,
when we were only interested in the BRST structure of the free string, we were implicilty work-
ing on a worldsheet with the topology of a sphere. On a more general ground we have now to
understand the integral over metrics to also include all possible two-dimensional topologies.
This is indeed the prescription of the path integral: to some over all possible paths (in this case
surfaces) connecting the initial and the final configurations, described by the vertex operators
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O

g= 1 g =2
(sphere) (torus) (2-torus)

g§=3
(3-torus)

Figure 5.2: The surfaces classification in term of the genus g.

Sl SZ

\ /

S #8S,

Figure 5.3: The connected sum of two surfaces S; and S, is a new surface S;#S, ob-
tained by deleting a disk from S; and S, and gluing together the remaining boundary
circles.

¥;. It is therefore more appropriate to explicitly write

fpha,3 = > fphgfﬁ), (5.3)

g€Top

where hfzgﬂ) is the generic metric (to be integrated over) on the worldsheet with topology g. To
fully grasp the meaning of this summation we can now use a powerful result of low dimen-
sional topology, the classification theorem of closed surfaces, which states that the topology of all
orientable surfaces without boundary is classified by the genus g, i.e. the number of “handles”
(see fig. 5.2).

In other words, a closed surface without boundary and genus g is homeomorphic to a
connected sum (see fig. 5.3) of g-torii. If g = 0, the surface is homeomorphic to a sphere.

To better account these multiple worldsheet topologies, let us remind that on any d-
dimensional Riemannian manifold it is possible to add to the action a purely metric term,
namely the (euclidean) Einstein-Hilbert action:

Spy = —— f d9x vVhR@ (5.4)

24

Here the metric can be interpreted as a dynamical local field with a number of massless prop-
agating degrees of freedom (gravitons) equal to

dd=3) ;53 (5.5)

#d.o.f. = s >
2
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Figure 5.4: The torus and an homeomorphic polyhedron.

It is clear then that for d < 3 we do not get any local degrees of freedom. In particularind =2
the above action becomes a topological invariant. The Gauss-Bonnet theorem states that for a
closed surface without boundary we have

1
Sgy = 4—n_f d?z vVhR® = 4, (5.6)

where y is the Euler characteristic of the surface. Given a polyhedron we have
x = Vertices — Edges + Faces. (5.7)

Therefore for a generic surface S the Euler number can be computed considering any polyhe-
dron homeomorphic to the surface S. It is possible to prove that this computation yields

with g the genus of S. See fig. 5.4 for the example of the torus and an homeomorphic poly-
hedron. Now, being Sz, a topological term, it is also Diff x Weyl invariant and we can freely

add it to the Polyakov action:®
1
S;[hX]= —are d%z v/ —hh*f3,x aﬁxu— J d?z vV —hR® . (5.9)
na
=8n(1—g)
This addition has an important effect in the path integral, since
(g)
Dh,, DX“
Z = Z —2A(1—g) [ 2 —SpalhX]
Vol(g)
Ay2(g-1) Dh(g)D ' Spoi[h.X]
= e?) 8~ g Fol . (5.10)
Z( ) f Vol(G)

Indeed we see that the summation over all the topologies is transforming into a sort of loop
expansion (see fig. 5.5) in terms of the string coupling constant

& =¢€,

with a loop counting parameter represented by genus of the Riemann surface. Notice that at
this level it seems that this new constant A is yet a new free parameter of string theory (together
with a’). On the contrary we will later see that A is nothing but the expectation value of the
dilaton field ¢ and that the string dynamics is also fixing its own coupling constant.

2There is a more physical reason to do such a thing and we will explore it later.
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Figure 5.5: The loop expansion.

Figure 5.6: A sphere with two punctures has the same Euler number of a sphere with
an infinite handle.

What happens now if we insert the vertex operators to compute the n-point amplitude
A(1,...,n)? Each vertex insertion appears as a puncture on the worldsheet, which therefore
becomes a punctured Riemann surface. This changes the topology so we expect to see a change
in the Euler characteristic.

To understand if this intuition is correct we take as an example a simple two-point function
on a sphere(g = 0). Intuitively we can think of the two punctures as two semi-infinite tubes.
We can further imagine that these two infinite tubes meet and join at infinity thus forming a
degenerate handle (see fig. 5.6) as this does not change the curvature.

In this configuration the Euler characteristics shifts from y = 2 to y = 0. This allows for
an easy generalization: for any Riemann surface with characteristic y,, the insertion of 2n
punctures will be the same (as far as y is concerned) as the insertion of n infinite handles.
Therefore the punctured Riemann surface has y = y, —2n. This implies that for any vertex
operator the Euler characteristic is reduced by 1 and we get the general formula

1(Zg)=2(1—g)—n, (5.11)

for a surface =, , with genus g and n punctures.

The same result can be obtained in a more geometrical way noticing that a puncture z* can
be interpreted as a thin hyperbolic spike centered in the puncture and extending to infinity (see
fig. 5.7) which has the geometric effect of shifting the Ricci scalar by a negative delta-function
term so that

Yo — X =10—fdzz V=hsP(z —2z") = y,—1, (5.12)

which coincides with the previous result.

129


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

Figure 5.7: A sphere with two punctures is homeomorphic to a sphere with two
infinite spikes centered in the punctures.

The physical effect of what we just said is that any n point function is additionally sup-
pressed by a factor of g[' with respect the vacuum bubble (0-point amplitude):

(oe)
_ Dh8DX B
.A(l,...,n):gsnzgsz(g 1)J ol0) VA Spoil1,X ]
§=0

oo
=g > g2E D (v, ), (5.13)
g=0

This is the most general form of closed string scattering amplitude: a correlation function of
gauge invariant operators in a 2d quantum gravity!

5.1.1 Tree level amplitudes

Let’s now analyze the first order of the perturbative series, genus zero. This is the tree-level
contribution. The (¥ ...%,)© is now an integrated correlation function on the complex
plane, which we have studied in detail in the previous chapter

[ DheDX

«’1/1..."1/,1»(0) = W(g) dzzl\/ﬁ...dzzn\/ﬁvl ...Vn e_SPol[hX]
[

= | DXDcDbd?z ...d%2, Vi (21,21) - V20, 2,), e S D]

= r dzzl U dzzn <V1(Zl:£1) Tt Vn(Zn,on»

~
CFT correlator on C

= A, (5.14)

(-

where in the second step we gauge-fixed the metric to hog = 84p-

Now we must be careful because we are integrating over a CFT correlator which is invari-
ant under the action of SL(2,C). This means that inside (V;(21,%1)...V,(2,,%,)) the integral
over n variables will necessarily give a divergent result, proportional to the infinite volume
of SL(2,C). On the other hand it seems that we can just put this amplitude to zero because
(V1(21,21) ... V(24,%,)) is the correlator of a ghost ® matter CFT, and because the V; are all in
the matter sector, in the ghost sector we are left with

(0]1]0) = (0]0) = 0. (5.15)
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We know indeed that the non vanishing correlator is not (1), but instead
%(8 2c¢dcc) = (c_jcocy) = 1 and analogously for the anti-holomorphic sector. We are then
getting a sort of undetermined product

AOZOX oo,

so it is clear that we must be very careful with this computation.
Let us start to better understand where the limit .4; — 0 is coming from by analyzing
explicitly the ghost part of the path integral:

J DbDbDcDE (1) e 2 | *2(b3c+b38) (5.16)

At first we notice that the action in the exponential does not depend on the zero modes of ¢ and
¢, namely the solutions of the equations d¢ = 0, d¢ = 0 which extend globally on the complex
plane. Focusing on c it is obvious that the zero modes do not depend on the anti-holomorphic
coordinate and in general can be written as a series expansion around O:

cO(z) = Z c iz (5.17)

n<l

where we imposed c,~.; = 0 to assure regularity in 0. However this is not the end of the story,
because for this solution to extend correctly over all the complex plane we must also make sure
that the solution is regualar at infinity. To do so we perform a coordinate change z — —1/2 so
that the zero mode transforms as

1 _1
TocOz) = (_2) S~ =S e (<1, (5.18)
z n<l n<l

which is regular at z = 0 only if ¢,,._; = 0. We are thus left with a simple polynomial solution:
cO(2) = ¢ +coz + 122, (5.19)

with ¢(© parameterized by just the three zero modes coefficient (¢, ¢g,c_;). By the fact that
this solution extends globally on C, every other possible field ¢ can then be rewritten in the
form c(z) = ¢ @(2) + C(z) with ¢ an arbitrary zero mode, and the integration measure takes
the form Dc = DCDc® = DCdc_jdcydc;. The total path integral measure then generally
factorizes as DcDc = DCDC |dc_,dcydcy|? and the origin of the indeterminate value of the
amplitude .4, becomes clear

Ao—fd 21" J l_[ dc;d¢; ( Vl V), (5.20)

since the Berezin integral in dc; is identically zero given that (V;...V,)’ is independent of c;.

On these grounds it is clear then that the easiest way to make this integral finite is by
changing the vertex operators inside the correlator. Indeed we know that there are two types
of vertex operators, the integrated and the non-integrated vertex operators, which are given
by ccV(z,%), and are BRST invariant. Hence if we consider in the amplitude the insertions of
three non-integrated operators the ambiguity will be solved if we write

Ag = J d?z, -+ d*z, (cCV;(21,21) - cCV3(23,25) Va(24,24) - V(20 Z)) - (5.21)
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The SL(2, C) gauge invariance is now fixed because the three non-integrated vertex operators
are fixing three points on the sphere. Moreover the three ghost insertions saturate the zero
mode integrals giving a non-vanishing result. In particular, thanks to the splitting of the CFT
into ghost and matter sectors, we can separately compute the ghost correlator and obtain

11 1
(cE(z1)ci(z2)ci(23)) = (Ol c1C_1CB0c1C1 [0) |21 25 23| = Iz12213203)°, (5.22)
~ 2 .2 2
=1 )

where we used (4.182) and we have fixed the zero mode convention for a non vanishing inner
product as above.

It is interesting to notice that the same result can be obtained by treating the SL(2,C)
invariance in the starting .4, as a gauge invariance to fix using the Faddeev-Popov method. As
a matter of fact, let us consider the initial .4, normalized by the volume of SL(2, C):

_ d?z, ---d?z, _ -
Ao = J Vol(SL(2.T) (V1(21,21) - Va(20,21)) - (5.23)
We can apply the Faddeev-Popov procedure by fixing three points z; = %;, %; = 2;, i = 1,2, 3.
The gauge fixing functions will then be f;(z;) = z; —%;, fi(z;) = Z; — ;. Therefore, given the
SL(2,C) action

Sz=€1+ €3+ €32%, 5.2 =6 +E3E+E32, (5.24)

the usual resolution of the identity takes the form

3
A 0z;
1= J |de desdes|?5(e;)5(e,)5(e3) = f [de]] [5G —2P |5
i=1 J
3 1 1 12 3
= J [del] [I6G—201% |51 25 4 =J[de]]_[w(zi—éi)|2|zlzz13z23|2, (5.25)
il 22 22 22 _
i=1 Zl 2'2 23 i=1

so that

3
_ 1 2, ... 42 BEPINP 20 ...
Ao_(J[de]Vol(SL(Z,(C)))Jd zy-d Zn!:1[|6(zl 2112122132231 “ (V1 - - V)

=1

= J d®zy - d%2, 12198132032 (V1 (81, 21) - Vi (83, 230V (24, 24) - Va2, 5,)) . (5.26)

which is exactly the result obtained above. The ghost correlator can then be exaclty identified
as the SL(2,C) FP determinant.

Looking at the obtained result, however, it superficially seems that it depends on the posi-
tion of the three points 2;, i = 1,..., 3, which clearly would be inconsistent. We will now prove
that this dependence is just apparent. Let us indeed suppose to take two different points 2, W,
and two amplitudes A, and A computed respectively in 2, and W;. Then we can consider
the difference of the two amplitudes and notice that this difference has again the form of an
amplitude, but containing the difference of the unintegrated vertex operator evaluated at the
two points:

Ag— Al = [cEV(81,21) — cEV(1, 1) ] - (5.27)

By definition of vertex operator we can write

cEV(%1,%,) — eV (i, W) = Z & [cVi(81)EV;(2)) — Vi(W1)EV; (W) - (5.28)
ij
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Using then eq. (4.195) we obtain:

cVi(8) = cVi(W) —f dglQ,Vi(8)], (5.29a)

VO =D~ | @], (5,290
which plugged back into (5.28) allows to write

[CEV(%],%]) —_ CEV(W], V?/]_):l

=Z%~{—[Q,J divi(é)]éﬁj(@)—cvi(m Q,f_ dEV;(&)
ij b4

+|oa. f a f EVE,(E) }

=> {l@.a;]+[Q.B;]+[Qd.c;]} (5.30)

1

which is BRST-exact. Plugging this back in the complete form of A, — Aj we get

Ag— Ay = J A%z A2, ([Qp, - - 1 Va(22,22)V3(83,23)Vs - V) = 0, (5.31)

because
QpccV(z,2) =0, (5.32)
Qg J dzdzV(z,2) =0 (up to boundary terms). (5.33)

For generic external momenta the possible contributions from boundary terms are vanishing
and so everything is ok. Repeating the same steps for z, and 25 it is immediate to see that the
amplitude does not depend on any of the three coordinates.

5.1.2 Example: Shapiro-Virasoro amplitude

Let’s start with the simpler three-tachyons closed string amplitude. In this case we have to fix
all of the three vertex operators and there is no integration:

A(p1,P2,P3) =8s t1(p1)t2(p2)ts(ps3) <C5€ip1‘X(21,51) Céeipz'x(zzyiz)Cfeipsox(zs,és»
=g, t1(p1)t2(p2)t3(p3)6(p1 +p2 +p3)- (5.34)

Notice that this is a 3-point function of weight-zero primary bulk fields. Therefore it is a
constant and the constant is given by the momentum conserving delta function. The first non
trivial amplitude is the 4-tachyons scattering. In this case we have to fix 3 vertex operators
and we have to integrate the 4th over the whole complex plane:

A(p1,P2,P3,P4) = gsz t1(p1)t2(p2)ts(p3)ta(ps)

X f d?z (céeipl'X(zl,él)cEeipZ'X(zz,éz)cEeipB'X(zg,23)eip4'X(z,£)> . (5.35)
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It is common to choose the fixed positions as z; = A — 00, 2, = 1 and 23 = 0. The ghost
correlator is given by

(cE(A,A)cE(1,1)ce(0,0)) = |(A—DA? ~ A4, (5.36)
while, using (4.159), the matter four-point function gives

(ePr¥(A,A)ePX(1,1)e3%(0,0)e™¥ (,2))
= |A—1|¥PrPz |A|*PrPs |\ — 5| ¥P1P4 |1 — 5| ¥P2 P4 |5|¥P3Pa§(P)
~ | A|€PrP24Ps P |1 — 5| @ P2P4 |5| ¥ PsPa 5 (P)
= |A[TYP1P1|] — 5| ¥ P2Pa |5|¥P3Pa = | A|7H|1 — 5| ¥ P2P4 |5|“P3PAS(P), (5.37)
where we have used momentum conservation P = p; + p, + p3 + ps = 0 and the mass-shell

condition OL’pl.2 = 4. Putting together matter and ghost, the A-dependence cancels and we are
left with the total amplitude

4
A(p1.p.p3.p4) =g2 | [ ti(p)5(P) f d2z |1 — 2| PP || PsPs
i=1

4
=22 | Juensee) f d2z]1—z| 724 |77, (5.38)
i=1
where we have defined the Mandelstam invariants
s =—(p1 +p2)* =—(p3 +p4)*, (5.39)
t =—(py +p3)* =—(ps +p4)?, (5.40)
u=—(p; +p4)* =—(ps +p2)?, (5.41)

which in the present case obey

4
s+t+u=4x(—;). (5.42)

We can now use the relevant integration formula®®

f dZZ |z|2(a—1) |1 _Z|2(b—1) =9 F(a)F(b)F(l —a— b) (5.43)

r(1—a)r(1—bmr(a+5b)’

to finally write the Shapiro-Virasoro amplitude

4 r(-g-1r(-%-1)r(-%-1)
A > 5 5 =2 2 (p;)o(P / / / ‘
Guparpopa) = 28 | [608) = s s

(5.44)

This is an example of an amplitude exhibiting channel duality, which means invariance under
exchange s «— t < u. In a usual field theory this would be achieved only after explicitly
adding the three channel contributions (just think of a scalar ¢> theory, for example). Here
instead the amplitude already contains the three channels, without having to explicitly add
them, as we would do with QFT Feynman diagrams. This should not be a surprise, this is
indeed a string amplitude. For generic values of ¢t (and hence of u) we can have a look at
the s-poles of the amplitude. This should give us an indication of the mass of the particles

26See, for example, Tong’s lecture notes for a detailed proof.

134


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

that are exchanged in the s-channel. The analysis is easy: we have just to look at the poles of

r (—aT/S - 1) which, as it is well-known, appear when the argument of the T' is a non positive
integer. This happens precisely when

as=a'm?>=4(n—1), n=0,1,2,3,..., (5.45)

which is in fact the full mass spectrum of the closed bosonic string! This is why the dual
amplitude cannot come from a usual field theory: it describes the scattering of four scalar
(tachyonic) particles that interact by exchanging an infinite tower of massive particles. This
amplitude could only be reproduced by a field theory with an infinite number of fields!

5.2 Amplitudes involving open strings

Adding open strings in the game means that the worldsheet is a now a manifold with a bound-
ary and the Gauss-Bonnet theorem is modified to

1 1
Ay =A(—f d%z \/ER(2)+—J dsk), (5.46)
41 Jy oM

Y

where k is the geodesic curvature of the boundary d M, defined as
k=Lrby (5.47
= 5 tot anﬁ B . )

where t and n are the tangent and normal (pointing outwards the surface) unit vector to d M
respectively and V is the covariant derivative. As an example we can consider a disk with flat
euclidean metric, whose boundary has radius R and it is parameterized as

v(0) =R(cosB,sinf), t(0)=(—sinb,cosB), n(0)= (cosh,sinf), (5.48)

so that

k= (5.49)

1
7
Exercise 5.2.1

Prove eq. (5.49).

Using this we can calculate the Euler characteristic of the disk as

27

1 1 d do

v = dsk = — _SZJ &, (5.50)
27 )4y 21 Jou R 0 2T

since in this case the bulk term in y does not contribute. If we do the same computation for
an annulus we find this time two cancelling contributions (because the normal vectors of the
two boundaries of the annulus are oppositely oriented). In general for a worldsheet of genus
g and b boundaries we have

x=2(1—g)—b. (5.51)

Moreover, if we also consider n, open and n, closed string insertions we have an additional
change in the value of y which in the most general case becomes
nO

r=2(1—g)—b—n.——

5 (5.52)
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Figure 5.8: A disk with two punctures on the boundary is homeomorphic to a disk
with one more (inner) boundary.

The —1/2 factor in front of the open string number n, comes from a similar reasoning as the
one followed to fix to —1 the coefficient in front n.. Let us indeed suppose to add to a boundary
two new boundary punctures. These two can be thought as two infinite spikes coming out from
the boundary and fusing at infinity creating a new inner boundary (see fig. 5.8).

This means that adding 2 boundary punctures changes the value of y as the insertion of a
new boundary in the worldsheet, namely Ay = —1. Because two punctures change the value
of ¥ by —1, a single puncture will contribute by a factor of —1/2.

Putting all of the above informations together we can then write a complete open-closed
string scattering amplitude:

oo o0
e _
Alng,np) =g 2 D g2e DN gh (Ve Ve Vo0 ) (5.53)
n=0 b=1

where as usual g, = guosed = €. The summation over topologies must now also take care of
the presence of boundaries, so it also runs over b. We can also notice that for every open string
in the amplitude there is an extra factor of gsl/ 2 which means that the open string coupling
Zopen €an be seen as the square root of the closed string coupling:

8open = V/ &closed - (5.54)

The term (V... Vflc Vi Vh )g,» denotes a correlation function of gauge invariant operators
corresponding to closed and open string punctures, computed on a 2d manifold with genus g
and b boundaries.

The general form of an open-closed amplitude on a Riemann surface with b boundaries
is combinatorially rather cumbersome: indeed the path integral prescribes to sum over all
possible ways of distributing n, open string punctures on the available b boundaries and, on
every boundary, to integrate over all possible positions on the boundary, paying attention to
the path-ordering prescription. Every boundary will then give rise to a trace in the Chan-Paton
matrices associated to the open string insertions. In this introductory lectures we will only be
interested in tree-level processes, associated with a disk with boundary and bulk punctures
which is conformally equivalent to the (punctured) UHP. We will thus consider

DXDh e_SPOI[X>h]
Vol(G)

xJ dx, J dx,, TrP[Vf(xl)---Vga(xno)]
R R

((Vf e Vrclcyf e VT(:U »gzo,b:1 = J

xJ dzzl---J dzanVf(zl,il)---Vg (2n,,2n,). (5.55)
UHP UHP ‘
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As already discussed, because the boundary is 1-dimensional we need to take care of the
operator ordering. That is why we have introduced the path ordering operator P defined as

["'Vi(xi)"'vj(xj)"']: x> X,

(—1)¢ ["'Vj(xj)"'Vi(Xi)"'], X; < x;, (5.56)

P["'Vi(xi)"'Vj(Xj)'“]={

where the (—1)¢ takes care of the grassmannality of the operators.

5.3 Tree level open string amplitudes

Let us now gauge fix Diffx Weyl and focus on a pure open string scattering at tree level

(V- Va Dg=0p=1 =TrJ DXDcDbf dxq---dx, P [Vf(xl) e Vgo(xno)] e~ SIXobicl
R

UHp (5.57)

=TrJ dxq---dxy, 77<Vf(x1) - -~V,‘;O(xna)>
R

where in the last line we have explicitly written the matter+ghost path integral as a BCFT
correlator. Just as in the closed string case this expression is formally 0 x co, the zero coming
from the unsaturated c zero modes and the infinity coming from the overcounting proportional
to the SL(2,R) volume. To gauge fix this redundancy we need again to introduce three non-
integrated operators with an explicit dependence on the boundary

f dx; Vi (x;) = V2 (x;), i=1,2,3. (5.58)

However, when fixing these three open strings we have to sum over the two configurations
which are not cyclically equivalent, for example (1,2,3) + (1, 3,2).2” Thus the tree level am-
plitude takes the form

7 "Vgo»gzo,b:l = Trf dxg- - dxg P{cV1(x1)cVa(x2)cVs(x3)V(xg) -+ - V(xy, )
R

+ Trf dxy - dx,, P{cV1(x1)cV5(x2)cVa(x3)V(xg) - V(xp,)) -
R
(5.59)
Clearly, just as in the closed string case, the amplitude does not depend on the choice of
(x1,Xx9,Xx3). Moreover it does also not depend on which vertex operators we decide to fix.
5.3.1 Three tachyons amplitude

At first we consider the simplest example possible: the scattering of three open string tachyons
in a D(25)-brane background (only Neumann condition) at tree level (g = 0, b = 1). The three
tachyons will have momenta P;, P,, P; that by construction must satisfy

Pi+P,+P;=0, a'P?=1, i=1,...,3, (5.60)
and will be created by the simplest matter vertex operator, namely

V,(x) = t(P) e (x). (5.61)

?’In the gauge unfixed form, with only integrated open string vertex operators, this sum would have been
implicitly included in the triple integration fﬁm dx, dx,dx,.
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Figure 5.9: The two possible boundary orderings for three operators.

The amplitude then takes the form

A(1,2,3)= gs% ((Cvl (x1)cVa(x2)cVs3(x3)) + (cVy (Xl)CVB(Xz)CVZ(X3))) ) (5.62)

where we have summed over the two possible non-equivalent orderings on the boundary of
the disk (see fig. 5.9).
The computation is easy because we know that

(c(xq)e(xg)c(x3)) = x12X13X23, (5.63)

D ip,- iP,- 2a'P;-Py _2a’P;-P3 _2a’P,-P,
<elplX(X1)61P2X(X2)61P3X(X3)>:x1g ' leg ' szg R (5.64)

where we used the definition x;; = x; — x;. Then squaring P; + P, + P; = 0 we get

j:

for i#j, (5.65)

1
P2+P2+2P-P,=P} = Pi-Py=—o—=P-Pj,

so that the three matter vertices produce a contribution equal to (x;5X13X53)"" that perfectly
cancels with the ghost contribution. This gives a result which is independent of the choice of
the three points on the boundary of the disk:

A(1,2,3) = 287 t(P)E(P,)E(P3)5(Py + Py + P3), (5.66)

where the other ordering (giving the same result) has been included.

5.3.2 Veneziano amplitude

A more complex case is represented by the tree-level (g = 0, b = 1) four-open-string-tachyon
amplitude. This amplitude is also known as the Veneziano Amplitude. Explicitly we write

+00

A(l,...,4) =g f dx P(CV1(X1)CV2(X2)CV3(X3)V4(X)>

—00

+ & f dx P{cV;(x1)cV3(x3)cVa(x2)Vy(x)) - (5.67)

—00
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We start to compute the first of the two integrals. The second will just give the same result in
this simple case. Using the SL(2,R) invariance to fix arbitrarily x; = A = 00, x, =1, x3 =0
the correlators give the following results:

{c(A)e(D)c(0)) = A(A—1), (5.68)
(eiP1~X(A)eiPZ‘X(1)eiP3~X(O)eiP4~X(X)> — (A _ 1)2a'P1~P2A2a’P1-P3 (A _ X)Za/P1~P4
x [ |2 s Pa|1 — e 2 PoPs (5.69)

Notice that the absolute value is a clever shortcut to right a result which is valid for all possible
positions of x with respect to 0,1. Since A — 00, we take x < A without loosing generality.
When A — oo the first three terms of the matter correlator reduce to

20/ (Py+Ps+Py)-Py _ pA—20'Pf _ A2, (5.70)

that we have simplified using the on-shell condition OL’PI.2 =1,i=1,...,4 and the momentum
conservation P; + P, + P; + P, = 0. Putting everything together we get

AA—-1 / /
(V1(A)cVa(1)cV3(0)Vy(x)) = # o |2 P Pa 1 — x| P ParPe
A—oo A A—oo
=[x 2@ PsPa1 — x |20 PP (5.71)

Now we have to integrate this form over the real line, which splits into three different parts:

+00
f doc|x |2 PsPa|] — x [PPePa = [ 4 [, + 1, (5.72)
—0Q
with
1
I = f dx x**PrPa(1 — x)2eFabe, (5.73a)
0
o
I, = f dx x?*PsPa(x —1)20P2Ps (5.73b)
1
0
I3= J dx (—x)?% PsPa(1 — x)2% PaPa (5.73¢)
—0Q

The second and third integrals can be nicely recast in a form similar to I; by changing the
integration variable and using momentum conservation plus on-shell condition. For I, we
choose x =1/y, dx = —dy/y? so that

0 2a'P,-P.
d / 1 274
Iz:—J _}zly_zaPS'P4( )’)
1 Y Y

1
_ J dy y—2—2a’(P2+P3)-P4(1 _y)Za’PZ-P4
0

1
= f dx xzalpl'P“(l —y)Z“/PZ'P“ . (5.74)
0
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For I3 on the other hand we define x =y /(y — 1), dx = % so that
0

d 2a’Ps-P, ,
Is=— Yy - ( Y ) ¢! _y)—Za P,P,
1 A=y)»\1—-y

1
_ f dy y2a’P3~P4(1 _ y)—2—2a’P4~(P3+P2)
0

1
=J dx XZ“/P3'P4(1—X)2“/P1'P4. (5.75)
0
If we consider the Mandelstam variables:
s=—(P,+P,), t=—(P+P)?%, u=—(P;+P,)%, (5.76)
with
— 1 / _ /
stttu=4x|——|, a'P;-Pj=—-2—a's, (5.77)
a
where
S19 =S5, s;3=t, S14=1U, (5.78)
it is obvious that the final amplitude can then be written as
A(1L,...,4) =2g25(P; + Py + P3 + Py)[I(s, t) + I(t,u) + I(u,5)], (5.79)

where we have introduced the open string coupling gg = g, and the integral function

1
I(a,b) = f dx x_z_“/“(l —x)_z_“/b =B(—1—a'a,—1—a’b),
0

(5.80)

with B the Euler beta function. The properties of the Beta function are now important to

understand the phenomenology.

1. The property B(x,y) = B(y, x) is another example of channel duality which is a dis-

tinctive feature of strings amplitudes and which is rather unusual for a QFT. In a typical
QFT with a finite number of interacting fields one has to add to the s channel contri-
bution explicit contributions from the t and u channels. This is not the case in string
theory: the channel duality says that, for example, in the s-channel interpretation of
I(s, t) we don’t have to add the t channel since it is already included in the infinite sum
of the s channel poles. Channel duality was postulated in the prehistory of string theory
as a typical property of interactions of hadron resonances organizing themselves into
Regge trajectories. In 1968 Veneziano smartly wrote down his amplitude as the simplest
elementary function having explicit channel duality, without having an underlying un-
derstanding of what kind of theory could give rise to this amplitude. Then a lot of fun
came by analyzing the pole structure of that amplitude and this resulted in the birth of
String Theory.

. Because the scattering is at tree level, we can represent its s-channel with the diagram in
fig. 5.10. By looking at the s simple poles in the amplitudes we can read-off the mass of
the exchanged particles inside the inner propagator. We can then study the singularities
of I(s, t) writing it in terms of Gamma functions:

I'(—a’s—1)r(—a’t—1)

I(s,t)= CaGrO—2) (5.81)
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Figure 5.10: The s-channel diagram of the Veneziano amplitude.

Since near the poles of the I' we have

()" 1
nl' g+n

I'(z) = , forzg~—ne—N, (5.82)
it is clear that I(s, t) has poles for a’s = n — 1 exaclty in correspondence of particles of
mass m? = %(n— 1) which is precisely the tower of masses of the open string spectrum.
This means that the amplitude is correctly describing the interaction of the external
states with an infinite tower of massive particles.

3. We can now expand I(s, t) around the s poles to get

—1)" 1 I'(—1—a't
6 ED (-1-a't)

n' n—1—a’sT(—1—n—a’t)
1 1

=———(ad't+1)...(d't+n+1)
nln—1—a’s

t— o0 /tn

2o (@) (5.83)

2
S+mn

with a’'m,, = (n—1). Notice that in the numerator we get a contribution t" which gives us
an information over the spin of the exchanged particle. Indeed for a scattering between
scalars due to the exchange of a particle of spin J the amplitude is of the form
t )
A~ —— s~—m?, (5.84)
s + m2

because a typical cubic vertex between two scalars and a spin J field (represented by a
polarization tensor with J fully symmetric Lorentz indices) necessarily brings a power
~ p’ from the J derivatives which have to contract with the polarization in a cou-

pling that, without further specification, will have a rough form ~ "1 # [(}5?“1...“ RoyR
Therefore a quartic amplitude obtained by 2 cubic vertices connected by a propagator
will necessarily have a numerator proportional to ~ p2/ ~ t’ (for large t and close to the
pole s ~ —m?). This is clearly consistent with what we know from the string spectrum,
where at level n we find particles with spin J = n and lower. The particles with maximal
spin J = n inside the string spectrum formula gives rise to the mass-spin relation

am*=J-1, (5.85)
which is the equation of the first Regge trajectory.

At the time of this discovery this was one of the reasons to believe that string theory could
describe hadron interactions. Today we know that the fundamental theory behind hadron
resonances is instead QCD, a more traditional (but not so traditional at that time!) Yang-Mills
theory. At low energy QCD becomes strongly coupled and confines (a physical phenomenon
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whose theoretical mechanism is still rather mysterious) and quarks get bound with antiquarks
by flux tubes which can be well-described by an effective string. Therefore a Yang-Mills Theory
like QCD can have, in its strong-coupling phase, a description in terms of effective strings! This
is yet another astonishing fact about strings which is at the hearth of the celebrated AdS/CFT
correspondence.

5.3.3 Three gluons scattering

Let us now consider a background with N coincident D(25) branes and a three-gluons ampli-
tude. The matter boundary vertex operator is

V(x)=A,(P):j*eP¥: (x), with P?*=0, (5.86)

and A,(P) an N x N matrix such that P,A* = 0. Because we are dealing with a tree level

(g =0,b = 1) three point function the amplitude will be of the same form of (5.62), with an
2g—2+b—n./2 —2+1-3/2 1/2

overall coupling given by g; =g, =g? =g,
A =g, Tr({cV1(x1)cVa(x2)cVs(x3)) +8, Tr{c Vi (x1)c V3 (x2)c Va(x3)) 5 (5.87)
Atz «41;2

where the trace is now done on the U(N) indices of A (P). Focusing now on the first term
and choosing again x; = A = 00, x5, =1, x3 =0 we are left with the following correlator:
Aqg3 = Tr{cA,(P;) eI X (A)cA ,(Py) 1j Ve P2 (D) cA,(Ps) :jPetPs X (0))
= AA—D)Tr[A,(PDA,(PA,(P3)] (e (A) 152X (1) :jP P (0)) . (5.88)
Now the computation of the matter correlator results to be a little bit more complicated because

we have many ways to contract the operators together. Using the properties of the currents
and the exponential after a tedious but straightforward calculation we are left with

Az = Tr| ADAD AL | (PLH” + PYPY + PP + 20/ PL PYPY) 6(P), (5.89a)
Arzy =Te[ ADAGAD | (Pryie + Pin + Pyt + 20/ PYPLPY ) 5(P), (5.89b)
£Hoy

132

where P = P; + P, + P3, A = AD(P,). Now we can put them together and rewrite the full
amplitude as

A= g,5(P)Te[ADALAD (2 + 40)) + g, 6(P)thyy Tr[AP[AD, ADT],  (5.90)

where we simply added and subtracted & (P)Tr[ALl)AE)B)Agz)]t’f;?f . Then we can explicitly
compute

uYp | ppY _ _ pl P BpP\_pP BpvY)
thor+the" =—Pl'(n" —2a'P) Py )—P) (n*f —2a'Py Py }—PL (n*” —2a’PY'P)) =0, (5.91)
because Pi“ A, (P;). So only the commutator term survives and the amplitude takes the form
A= g,8(P)ety? Tr[ AD[AD, AD]]. (5.92)

This result is very important. Just looking at the spectrum on N coincident D-branes we were
finding N2 gauge bosons, but we didn’t have any information about their interactions. Now we
know that they interact as in a U(N) Yang-Mills theory! In particular for N = 1 we notice that
the amplitude goes to zero because [A(), A®)] = 0. Looking at A we can try to write down
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an effective action that reproduces it. Knowing the free equation of motion derived from the
spectrum and looking at the terms in .4 which are linear in the momenta, we can write the
effective lagrangian that reproduce them as

1 1
Lo~ i[04, - 2,4, - S8 T34, 14%A"], (5.93)

which are exactly two of the three terms appearing in the Yang-Mills Lagrangian. To see the
remaining term, the commutator squared Tr [[AM,AV][A“,A”]], we should compute the 4-gluon
scattering. This can be done, although not in these introductory lectures, and indeed, after
subtracting the contribution from two previously found cubic vertices connected by the gluon
propagator, one can reproduce the full YM lagrangian

1
£eff D —Z TI'[FHVF“v] , (594)

where F,,, = g,A,—9,A, +igym[A,,A,] and where we identify gyy = g,.

On top of this, inside A we also have a new term o< a’ P;P,P; which is reproduced by
a term in the action of the form a’ Tr[a[MAv]a[”Ap]ﬁ[pAU]]"r)U“. This term is clearly non-
renormalizable and IR irrelevant and is an example of an o’-correction. If we compute the
string amplitudes up to 6-points, we would explicitly verify that this term contributes to a com-
pletely new non-renormalizable gauge invariant term in the effective Yang-Mills Lagrangian

1 2
Leg D ~a Te[F,,F*” + a'F,"F PF,* ]+ 0(a’"). (5.95)

This is an example of how string theory modifies well-known QFT’s like Yang-Mills by adding
irrelevant deformations controlled by the string scale. This is how the effective action is trying
to tell us that what we are studying is not just a theory of gluons, but it is in fact a (open in
this case) string theory.

5.4 Strings in curved background

In this section we would like to understand how the full Einstein equations are predicted by
String Theory. To do so, let us consider the non-linear sigma model which we get by taking
the Polyakov action and substituting the flat metric 7, with a generic metric G,,,(X) on the
target space M:

S[X]=

Sy f d*z 8X"0X"G,,(X). (5.96)

If we suppose
G,u,v(X) = nuv+huv(X): (5.97)

with infinitesimal h,,,, then

uvs
Spih = LJ d*z8X"0X"n,, + 1 J d*z X"0X "hy,,(X)
2rna’ 2na’
=8, + ﬁf d?z Vy(z,%), (5.98)
where we defined the vertex operator of the graviton as

Vy(z,2) = J dph,,,(p)axX 3X"e?X(z,%), (5.99)
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using the Fourier transform

hyy(X) = J dpe®*h,,,(p). (5.100)

Therefore an infinitesimal deformation of the background metric is obtained by deforming the
original world-sheet action with the integrated vertex operator of the graviton.

Classically the insertion of V), satisfies conformal invariance. From the quantum point of
view, however, V), has to be a primary of weight (1, 1), which is true if (see eq. (4.155))

P?2=0,
b Y — D, = (5.101)
w v E

which imply the linearized Einstein equations. Hence, when we slightly modify the flat metric,
the theory preserves conformal invariance (and thus remains consistent as a string theory) if
the fluctuation satisfies the linearized Einstein equations.

To go further, the full path integral is deformed as follows:

7= f DX e-SXI-[ d*2Vi(.2) — f DX ¢S~ [ *2Vi(2) (5.102)
with
= 1
e —f d?zV,(z,2) — 3 f dzz’J d*zV(z,2)V, (2, 2) +..., (5.103)

which is an insertion of a sort of coherent state of gravitons. In this approach, however, it is not
easy to regulate the collisions of the graviton vertex operators, to end up with renormalized
operators. This is in principle possible and it would give non-linear conditions on h,,, and
its space-time derivatives to ensure that the renormalized operators remain conformal. If we
could perform this conformal perturbation theory to every order we would then get the full
space-time equations for h,, and we could compare them with Einstein equation. However we
don’t know how to do this in generality. Let us thus follow an alternative route and reconsider
the initial sigma-model (5.96). If we expand G, nearby a X, € M we get

Guy(X) = Gy (Xo) + Gy o (X0)YP + Gy e (X)) YPY 7 + O(Y?), (5.104)
with Y = X —X,,. Then the action reads
S[y]= ot f d?z (0Y*3Y"G,,(Xo) + Y Y- YPG,, ,(Xo) +...), (5.105)

where the first contribution of the sum is the kinetic term, while the others are infinitely many
interactions with G, ,,, ... serving as coupling constants.

Before the deformations this 2d-QFT was conformal. Now we are deforming it with an co
number of interactions that in the quantum theory will be renormalized. The theory preserves
its conformal symmetry if the coupling constants are unchanged under the RG flow (and thus
if their B functions vanish). Since in string theory conformal symmetry is a gauge symmetry
and cannot be broken, we are only interested in the fixed points of the RG flow.

To simplify this problem, let us choose a system of geodesic coordinates, which can be
further specialized to Riemann normal coordinates:

1
Gur(X) = Gur(X0) =Ry o (X —X0)P (X —X)7 + ox3). (5.106)
~——

Nuv

144


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

In a two-dimensional context it is usually convenient to use dimensionless fields, namely
[Y]=@. But since [X] = L we take

X=X+ Valv". (5.107)
Thus 1
G,y(X) = Gyp(Xo) — ga’RprYPYU +0(x3). (5.108)
Then the actions reads
. 1
S[Y]= Y J d?za’dY"oY” (nw— ga’RMmepY‘I - ) : (5.109)
This 2d-QFT has the following Feynman rules:
k
L % (5.110)

(5.111)
where the dot - is the scalar product in 2 dimensions.
In order to do perturbation theory we have to ask for a small coupling constant:
dR< 1, (5.112)

which means that the spacetime is curved just a little with respect to the string scale, i.e. the
string is so small that sees the spacetime as if it was flat.
Let us now evaluate the self energy of the scalar Y:

>

U v

o< (kg - ko) 5(kq +k2)R“pvad2ql2. (5.113)
q

In order to regulate the logarithmic divergence f dq/q we can use dimensional regulariza-

tion: ) o

1 d4te 1

szq—z *M_ef 2q ~M‘6J dgq ~puTt -, (5.114)
q q €

where we have introduced the renormalization (mass) scale u to keep the dimensions of the

amplitude fixed.?® This implies

o

u y

R
o< ;ﬁ%(kl - ky)8(ky +ky). (5.115)

28We hope the reader won’t confuse the renormalization scale u with the Lorentz index .
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We can now renormalize the action, absorbing the divergence into a counterterm as follows:

2 wAvy v a’ —ERP”’ 2 u Ay v ren
Sren = Spare + | d°20YH3Y —E u T = | d°z0Y"0Y G,uv , (5.116)
with ,
_ea 1
G,y = Gzire—ﬂ EER‘”E' (5.117)

The divergence we have found means that there is a nonvanishing 8 function which is simply

the coefficient in front of the divergence %:

Buv = “;_u wr| <Ry, (5.118)
€—0
namely the 3 function is the spacetime Ricci tensor. Then if we impose the condition
Bur =0, (5.119)
we get
R,y =0, (5.120)

which are the vacuum Einstein equations. Therefore we have established that, at one-loop
order in the world-sheet QFT, conformal invariance implies the Einstein equations!
If we go on with the Riemann normal coordinates expansion, we get

AyeyPyry® + O(Y®). (5.121)

1
G,u,v(X) = Guv(XO) - ga/R o

8
'praypyﬁ + @(a/)ZRWmR

At a’? there is a two-loop self-energy. If we evaluate it we can get the following 3 function:
Buy o< d'Ryy + (a')’R, R P . (5.122)

Then if we set 3 = 0 we find the first a’ correction to the Einstein equations.
It is instructive to consider what we have just seen from the point of view of Weyl invari-
ance. Using dimensional regularisation we can write

S[X]= f d* 2z 7y 8,X"3,X "G, (X), (5.123)

where 7, is the worldsheet metric and the indices a, b = 1,2 are the worldsheet indices. In
the conformal gauge

y?b =et?5eb, (5.124a)
Yab=€ ?84p, (5.124b)
y =det(y,) = eTrllogvap}t — o= Tr{bap} — o= (2+2€) (5.125)
VY =e 5% = (1—€¢)5. (5.126)
Therefore
S[X]= J d**z(1—€$)3X"0X "G, (X). (5.127)
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If we evaluate the loop contribution and renormalize G

v we find

/
S[X]zfd2+ez(1—eqb)3X“éX”(GW—;X—GRW)
e—0

/
2 J 42z (8X“9X”GW +a/$R,,0X 3X" — g—eRmaX“éX”) : (5.128)

We can then see that the ¢ field does not decouple anymore. This results in an anomaly in the
Weyl invariance. Indeed

6S
58 = 5 a5 0wt = Tun(owy™) = —wy, (5.129)
which implies
0,S=0 < T;=0. (5.130)

In particular for the action we are considering we have

pab_ OS _ 88 _ &S _ 85 _a
67 5(e96,) 6((1—¢)owp) 69
=—a'R,,,0X"-0X"5, (5.131)

_ — 5
6,S =—wT; =a'R,,0X"- X "woy

o< wa'R,,,0X" - 3X". (5.132)
This means that )
T¢ =—a'R,,0X"-0X", (5.133)
and hence
T; =0 <= RWZO. (5.134)

In other words, Weyl symmetry is non-anomalous if and only if the Einstein equations hold.
Everything we discussed in this section came from the fact that we coupled the graviton
to the worldsheet. But in the closed string spectrum at level N = 1 we found not only the
graviton G,,,, but also the Kalb-Ramond B,,, and the dilaton &.
As we saw, inserting G, in the non-linear sigma model we get Einstein’s equations; if we
then couple B,,, and & as well, we get a generalized sigma model:

SIx]= 2o’

f A0 [ Y7y, X 3, X "G, (X) +ie 8, X 3 X B, ,(X) +  RP2(X) ]. (5.135)

The first term is the graviton coupling we discussed above. The second term is the Kalb-
Ramond coupling: being a differential form it is topological, and hence it does not couple to
the WS metric, but to the volume form €??. Finally, the third term is the dilaton coupling: being
a scalar it has no indices and thus couples to R®®), which has no index and is invariant under
diffeomorphisms in d = 2 just like the other objects inside S. The reason why it couples to the
2-dimensional Ricci scalar (and not for example to the identity, which is the 2d cosmological
constant) is (classical) Weyl invariance.
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Evaluating the 8 functions one finds the classical result

1
B, =a (RW +V,V,o— ZHWGHVPU) +0((a)?), (5.136a)
1
B _ 2
oy = a’ (—?PVPHPW + qu>HPM) +O((a")?), (5.136b)
D—26 1 1
B* = o (—5V2<I> +V,oVHe — ﬂHWpH‘“’p) +0((a')), (5.136¢)

where H is the field strength associated to the Kalb-Ramond form. The (D —26)/6 term in 3¢
is a tadpole which vanishes when D = 26.

We thus coupled gravity to a massless 2-form and to a massless scalar. A specific choice
of G,,, B, and & such that all the  functions vanish is called an exact background in string
theory. An example is the following:

G,uv(X) =My,
Buy(X) =0, (5.137)
d(X)=®, R, ’
D =26.
The corresponding world-sheet action is
S=5— f d?o (V71 9,X"3,X, + a'®,R?)
1 i,
= (zm/ f dZGﬁyabaaX“abXM) +®0x (5.138)

where y is the Euler characteristics (for simplicity we are assuming no boundary and no open
string deformations).
If we recall that
g =e, (5.139)

we find that the constant dilaton background implies A = &, = (®), i.e. the vacuum expecta-
tion value of the dilaton:

g =el®, (5.140)

This means there is really no free parameter in string theory. The dilaton is responsible, with
its dynamics, of deciding whether string theory is weakly coupled (and thus a perturbative
worldsheet description is possible) or strongly coupled, where the worldsheet fades away and
non-perturbative effects become important.

A simple example where the dilaton plays a slightly more dynamical role is the so-called
non-critical string theory. Consider the following background with a linearly rising dilaton

Guy(X) =1y,
B,.,(X)=0
wX) =0, (5.141)
(X)) =g+ v, X",
D # 26,

where Vu is a constant vector to be fixed. From the 3 function (5.136¢) we see that we need

26—D
vt = 66a’ . (5.142)
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It can be shown that the 8 function remains zero to all higher orders in a’ and therefore this
is another exact string theory background. When D < 26 the dilaton gradient v* is a space-
like vector. This represents a space-like direction along which the dilaton & grows linearly.
Since we have just argued that g, ~ e® = e®™X the string theory is very strongly coupled for
positive large v - X while it is very weakly coupled for negative values. This also teaches us
that, at the end of the day, we don’t really need D = 26 for a consistent string theory, but only
¢ = 26. When a linear dilaton background is switched on as in (5.141) it can be shown that
the CFT of the scalar v - X has a central charge ¢ = 26 — D + 1 and therefore the full matter

CFT (including the remaining D — 1 free bosons) will still have ¢ = 26.

5.5 One-loop amplitudes

At the beginning of this chapter we wrote down a master formula to compute a generic n. +n,
closed-open string amplitude:

n)= Zgn +n,/2 2(g 1)+b«]}1 . "Vnc Vyee Vno»Zg,b , (5.143)
Dh&P)Dx —Spy[X A&
«Vl"'vnc Vl"'VnO»Zg,b = T(g)vl...]}nc Vl"'Vnoe Poll & . (5.144)

If we focus again for a moment on the tree-level amplitude we know that we have to compute
a CFT correlator on the sphere or the disk, where the metric h is pure gauge and we can
completely fix it to a fiducial value hog = 145. However when we are at g > O or b > 1
it turns out that the metric has non-trivial degrees of freedom which cannot be changed by
DiffxWeyl gauge transformations. These metric degrees of freedom are finite for any given
topology (g, b) and are called Moduli. The moduli of a Riemann surface are the coordinates of
a finite dimensional space M, ; which is called Moduli Space. Calling ti(i=1,---,dimM g,b)
the moduli, a fiducial value of the metric will then be a function on the moduli space M,

hop = hap(t), (5.145)

and the situation is now that any metric h,g at a given value of the moduli can be obtained by
doing a DiffxWeyl gauge transformation { on a fiducial value

hap(t1) = (hap(e))" . (5.146)

Given this understanding the functional integral over the metrics still cancels the infinite vol-
ume of the gauge group, but a finite dimensional integral over the moduli space is left

Dh [ D&usepp™dp [ DY gl det Dh dh
Vol(G) vol(G) | Vol(G) DL At
L Dh oh
_JMgb dnt det(DC at) (5.147)

where n = dimM. The combined functional determinant can be again exponentiated with the
FP trick and, after some manipulation which we will not discuss (see any book for details), it
gives rise to

Dh oh P :
det(p_g’ E) = f DbDe [ | (b, 8:h(r)) e 2P0, (5.148)
i=1
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where we have defined for convenience the scalar product between quadratic symmetric dif-
ferentials

(W, 1) = J 20V hep o hTRPS 5, (5.149)

and we recall that 1
(P1C)aﬁ = E(ﬁacﬂ +¢/5ca)—ha/5§'c. (5.150)

Because of the form of the FP action (b, P;c), there are in general ghost zero modes. To start
with, there can be ¢ zero modes associated to globally defined conformal Killing vectors which
are in the Kernel of P,

(Plc)aﬁ =0 (Conformal Killing vectors/global ¢ zero modes). (5.151)

However there are also global b zero modes. To see this consider
(b,Pic) = f dzo\/ﬁbaﬁ(})lc)a/j = f dzo\/ﬁ(PlTb)ac“, (5.152)

where PlT sends traceless quadratic differentials to vector fields
(Pl 6h)y =—2VP5h, . (5.153)

The moduli variations of the metric (i.e. the variations that are not gauge transformations) are
precisely defined as the kernel of P, so that they are orthogonal to the gauge variations of
the metric, with respect to the scalar product (5.149):

PlT 6h=0 (Moduli Variations). (5.154)

Then it is clear that to every metric modulus there is an associated b-ghost zero mode which
is defined as
PlTb =0 (Global b zero modes). (5.155)

Just like the ¢ zero modes associated to the CKV, these b zero modes also decouple from the
FP action and they should be inserted in the path integral to have a non-vanishing result. Very
nicely the FP procedure explicitly includes them via the (b, 8l~f1(t)) in (5.148).

Therefore in a generic string amplitude there should be as many b insertions as the dimen-
sion of moduli space. In addition to this (but only for (g =1,b=0) and (g =0,b=0,1,2))
there should be c insertions as well, as many as the number of conformal Killing vectors. For
¥ < 0 there are no CKV’s, so in practice the only new cases where we have to deal with them
are the torus and the annulus. CKV’s therefore don’t play any role in higher loop amplitudes,
while moduli are the main characters. Indeed the dimension of the moduli space and the
dimension of the CKG are related by the Riemann-Roch Theorem:

dimM, , —dim CKG, , = dimKerP| —dimKerP, =—3y = 6g+3b—6. (5.156)

These general informations are enough for this introductory course. In order to better
grasp the concept of moduli and the fundamental role they play in strings amplitudes we will
now concretely analyze simple(st) examples at (g = 1, b = 0), the torus and (g = 0,b = 2),
the annulus. We will start from the torus.
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Figure 5.11: Here it is represented one of the cells of the A lattice. The torus can be
obtained by gluing together the opposite sides of the parallelogram. The red lines
are an example of nontrivial loops on the surface.

5.5.1 Closed string vacuum bubble

A surface of genus one has the topology of a torus. We have then the following theorem.

Theorem:
Every closed surface at genus one can be brought to a flat torus with a metric dzdz with a
local Diff x Weyl transformation, connected to the identity.

A flat torus is defined as a particular quotient of C: given two complex numbers A, and
A4, define the identification
z~g+nA +mi,, (5.157)

with n, m € Z. This identification can also be expressed using the defining lattice
A={£eC|E =nA,+mA,, nnmeZ}, (5.158)

so that the torus is the quotient T, = C/A.

As we can see in figure 5.11, the torus is characterized by two classes of non-contractible
loops (red lines) which are manifestation of the topological non-triviality of this manifold. We
say that the torus is flat because the metric is the same as the one on its universal cover, the
complex plane, i.e. dz ®gyy, dz.

It is useful to introduce a new parameter

T=A.2/A.1 EC, (5.159)

called the modulus of the torus. Without loss of generality we can assume that Im(7) > 0, since
if it is not we just rename A, <= A,. Notice that 7 is invariant by rescaling the coordinates

zZ— Az A nd A’l,Z - all’z . (5.160)

If we change z — az, a € C we have that the metric scales as d?z — |a|>?d%z which can be
absorbed by a Weyl transformation. From the lattice point of view this rescaling can be seen
as a change of the lattice parameters to A — aA. This transformation, however, leaves T
unchanged, so 7 looks like the correct quantity to parameterize the space of inequivalent torii,
up to rescalings.
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A relevant property of the lattice A is the existence of an automorphism group ./ acting
on A, , that leaves A invariant

(A _fa b\[A) _
N

with integer entries a, b,c,d € Z. This means that the same lattice can be obtained by taking
integer linear combinations of (11, A,). However not all linear combinations are allowed, but
only those whose inverse is still an integer linear combination

Al ! (d _b)ez. (5.162)

:ad—bc —Cc a

This fixes the value of
det(A)=ad—bc=1,
which defines the group SL(2,Z).

The modulus of the torus is changed by the action of SL(2, Z) with a M6bius transformation

Ay cAy+dA, drt+c
/ 2 1 2
= —_— = . 5.163
' Al aA;+bAy,  br+a ( )

We now notice that due to the rescaling property (5.160) we can always choose a = 27/,
so that (A1,A,) — (27,27 7). This is a standard parametrization of the torus and, as we can
see, is completely fixed by 7.

Can we then say that we get a different torus Y € UHP ? The answer is clearly no, because
we also have to take into account that two moduli 7, T, related by a SL(2,Z) transformation
are describing the same lattice, and thus the same torus. The complete moduli space will then
be

F =UHP/SL(2,7Z), (5.164)

where SL(2,Z) acts as the group of modular transformations (5.163). Let’s characterize this
portion of the UHP. The SL(2,7Z) group is generated by two transformations:

11
Translation T : T—o1T+1 =—=T= (0 1) , (5.165a)
. 1 0 —1
Inversion S : T—o—— =8S= L (5.165b)
T

namely every A € SL(2,7Z) can be expressed as a chain product of the T and S matrices. This
means that to quotient the UHP we have to look at the action of the generators:

* the equivalence under T gives T ~ T + 1 so we can just restrict our attention to the band
ReT €[—1/2,1/2),

* the equivalence under S makes the interior of the unit disk equivalent to its exterior so
we can just focus on the values |z| > 1.

Under these considerations we see that a fundamental domain (the moduli space of the torus)
is as shown in fig. 5.12.

We are now ready to see how different 7’s are associated to different flat metrics on the
torus. To do this it is convenient to redefine the complex coordinates of the torus as

Z2=01+7T0,, (5.166)
2=O'1+’f0'2. (5.167)
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Figure 5.12: The Moduli space F of the torus. Other equivalent fundamental do-

mains can be obtained by repeated use of the T and S modular transformations on
F.

Notice that by construction the coordinates o , are periodic:

0'1’2 S (0,27'[]. (5.168)

As an example, if T =i we get the square torus. With this parametrization we can then write
the metric on the torus as

dz ®gym dZ = (doy + 1d03) ®gypy (doy +TdOy), (5.169)

notice that the T dependence cannot be washed away by a redefinition of the coordinates
01 because the needed redefinition would spoil their periodicity. So changing 7 results in a
genuine different metric. This is thus a very clear example of a family of fiducial metrics in
one-to-one correspondence with the two dimensional moduli space with coordinates (7, 7).

Let us now analyze the effect of modular transformations on the coordinates (c;,05) of
the torus. Using the action of SL(2,Z) on T we obtain

+b 1
g=0,+1T0, — O+ av Oy = [(doi+boy)+1(coy+ao,)]
cT+d ct+d
= d(0’1 +705). (5.170)

If we ignore the effect of the overall factor ct + d, that is just an unimportant rescaling, we
see that SL(2,Z) acts on (0, 05) linearly as a global transformation

(- 96 oo
o, c aj\oy)’ '

Notice that these transformations are not connected to the identity since a, b, ¢,d € Z and that
the new coordinates have the same 27-periodicity as o 5. These discrete transformations are

called global diffeomorphisms and are part of the gauge group of the worldsheet theory defined
on the torus.

After having identified the moduli space, it can be shown that we can finally turn the
integral over metrics into an integral over the moduli space, i.e.

Dh 9
fVol(G) — J;:d T [ghosts]. (5.172)
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Figure 5.13: Here is depicted the torus in a standard parametrization. Once the
parallelogram is glued to form the torus, we can see that Im(7) specifies the length
of the torus, namely the ratio of the two main radii Im(t) = R;/R, while Re(t) the
twist that we have to do on the B cycle before gluing it to the A cycle.

When we reduce the path integral over the metrics into an integral over the moduli space
dtd7, we must also take into account the volume of the conformal Killing group (CKG) of
the torus. This time this is much easier to do than on the sphere, because the volume of the
conformal Killing group is finite. There are only two conformal Killing vectors which are the
generators of translations along the principal cycles

CKGp2 ~U(1) x U(1). (5.173)

Because the two circles have finite length, 27 and 27xIm(7), we then conclude that the CKG has
finite volume equal to Vol(CKGy:) = 21 x 2nIm(7) = 4n?Im(7). The overcounting over the
CKG will then be taken into account by a normalization factor Vol(CKGy2)~! without the need
to apply the FP method. In doing this, however, we have to add two zero-mode c-insertions
to saturate the otherwise vanishing Berezin integral on c. An arbitrary g = 1 amplitude will
then have the following form:

2
A=J d—Tf(T,f), (5.174)

7 4n2Im(7)

154


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

twist: 27tRe(1)

2nIm(7)

Figure 5.14: State evolution between |s) and |s’ )

where

f(r,%) = J DXDcDb[ByBo1[CoColV; -V, e SXbel, (5.175)

Here [BOBO] are the b-ghost insertions associated with the two moduli (see (5.148)) and
[CoC,] are the c-ghosts associated with the two conformal Killing vectors. These insertions
are needed to have a non vanishing Berezin integral in the zero mode sector which, just as in
the g = 0 case, decouples from the b, ¢ action.?’

For simplicity we will focus on the vacuum bubble where we get rid of the complication of
all the vertex operators V.
The computation can be further simplified by invoking the already mentioned lightcone reduc-
tion®°

f(r,7)= J DchDX*DX_DXi[BOBO][COCO]e_S[X’b’C]NJDxétDXi eSeba X'l (5.176)

namely the ghosts cancel the oscillator modes of the X* coordinates, and we are left with the
center of mass coordinates x(f(t) plus the full transverse fields X'(t, o). This quantity is the
partition function on the torus at modulus 7:

f(T, ’f‘) — ( [BOBOJ [Coéo] >(matter+ghosts) — ( 1 >(1ight cone) : (5.177)

Torus, Torus.,

where we have implemented the light-cone reduction at the level of the CFT correlator that
is defined by the path integral. To compute this partition function we will follow an operator
method that will make explicit what is happening on the worldsheet.

The basic intuition is that the path integral is computing the partition function of the ¢ = 24
CFT of the transverse X' (together with the zero modes x(f) on the torus of modulus 7. If we
follow what is represented in fig. 5.14, we can suppose to open the torus along the circle of
length 2wImT. The obtained (twisted) cylinder can be thought of as being obtained from a
state |s) with an euclidean time translation 27tIm(7), generated by the Hamiltonian H and
then a rotation around the cylinder axis of an angle 2nwReT, generated by P, the worldsheet
spatial momentum. The obtained state is then contracted with (s| and a complete sum over s
is done (this is the operator way of gluing the two circles). In formulas this means

f(T, 7) = Z (Sl e—Zﬂ:iReTPe—ZrcIm(T)H |S> =Tr I:e—ZﬂZiRe’L'Pe—ZTEIm(T)H] ) (5.178)

S

®In this case the zero modes of b and c are given by constant holomorphic or anti-holomorphic configurations.
These are indeed the only globally holomorphic configurations on the torus.
30This would not be possible with generic vertex operators inserted.
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Now we have to explicitly write down the form of the P and H operators. We know that on

the cylinder
d d dw -
H=J—0Ttt(t,a)=f—W.T(W)+f = T (). (5.179)
27 27 2mi

To express this in terms of known operators we map to the complex plane z = e", Z = ¢". In
doing this, however, we have to pay attention that the energy-momentum tensor transforms
anomalously under conformal transformations

_ 2_ ¢ Fesy _ g2 C
T(w)=T(2)z 2 Tw)=T(2)z 7 (5.180)

The Hamiltonian then becomes a contour integral on the complex plane:

| d= dz 1 9
H_j€2mz( ()2 __)+§2mz( (2)2 _4)
=Lo+Lo— —. (5.181)
12

Similarly for the momentum we have

p=| 9% [ - [ 2 5m
) 2n ) 2mi 2mi
dz 1 9 dz 1 (- _._o ¢ )
= —_— ] — — | T —_—
SQZmZ( (2)z ) }27‘&2( (2)2 24
=Lo—Lo. (5.182)
Plugging these results in the trace we get
flz,8) =Tr[ gl 5 g5 ], (5.183)

where we have defined .
q=e2m", (5.184)

Now we can compute the trace using the (light-cone) oscillator basis (3.70):

_ _c dzp P2 S
f(r,7)=|q| = WZ<S’P||q| 2 q"g"|s, P)
S

< a/p2
= || = > (s1gVg" Is)
S

oscillators sum

d26
f (2mv/a’)?e

24
c r d26P a/P2
=gl | ——=—lql" 1_[ Z gk g
26
J @nva) | (21 m meo=0
- 24
[4 r d26P (X/PZ >
—1g 7 | =22 g [ ]— k]_[
J @nvan k:ll

2t ﬁ q ﬁ g% d2p e
1—gk 11—gk (2nva’)6
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24
e e
= = m\7T 2
1—qgk 1—gk

= 1 |: ! ! :|24 (5.185)
Im(7) [ /Tm(7) In(DI12] ~° .

where we have identified the Dedekind eta function n(t) = q2l4 ]—[,fil(l —q"), with g = e2™7
(see appendix B). In the end we get the following form for the full 1-loop vacuum bubble:

qiioop _ f d*v [ ! L T“ (5.186)
Vacuum }_(Im(@-))z ,/[m(r)ln(f)lz ' '

We notice that the measure dy = dtdt/(Im(7))? is already modular invariant. Indeed, if we
choose

, at+b _, at+b a b
= . = — . A= eSL(2,Z2), 5.187
T T r+d T T t+d (C d (2.2) ( )
we have
1
Im(t') = et dp Im((at +b)(cT +d))
= m Im(bcf + adT)
det(A) Im(7)
=—>7—I =— 5.188
lcT + d|2 m() lcT +d|2’ ( )
= dta  at+b e
T et+d  (ct+d)?
_dztdc+drad—dsvac—drbc
B (cTt+d)?
det(A) dt
=——F—dt=——, 5.189
(ct+d)? K (ct+d)? ( )
so that in the total measure the scaling terms cancel leaving the measure unaltered:
dv’dt’ _ let+d|* dz dt  dtd7 (5.190)
(Im(7/))2  (Im(7))2(ct+d)2(cT+d)2 (Im(1))?’ '
This implies that the function:
flr,7)= [ L L ]24 (5.191)
’ VIm(7) (D] '

must be invariant under SL(2,Z). In fact it is not difficult to realize that f is precisely the
torus partition function of the ¢ = 24 CFT described by the transverse scalars X i(z,%), without
the light-cone zero modes x*(t) (whose contribution has been absorbed into the measure to
make it modular invariant). This CFT partition function must be modular invariant. If this was
not the case, it would entail that equivalent torii would give inequivalent contributions with a
catastrophic anomaly in the global diffeomorphism invariance.

Modular invariance is a very strong constraint on the spectrum of a CFT, which essentially
selects what kind of states can circulate in a string loop. There is no analog of this in a usual
QFT and it is ultimately a purely string effect. It is a rather subtle effect, though, that cannot
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be seen at tree level. In the case of the bosonic string the function f is fully modular invariant
as we will now prove.
First of all consider the following properties of the function n(7):

n(r+1)=e%n(r), fr)(—%) =+v—itn(r). (5.192)

While the first one is easy to prove, the second property requires some more work: a proof is
provided in appendix B. Now using the modular properties we have

1

1
v/ Im(7) |e%n(

24
far@E@)=f(r+1= [ ] = f (7). (5.193)
7)[2

Moreover, using

1y _ T\ _ Im(7)
Im(—;)— Im(—lle)— B (5.194)
we also get
y (1) 7| 1 24_ )
f(S(T))—f( T)—[ Im(T)|mn(T)|2] =f (7). (5.195)

Because f is invariant under the generators of the modular group, then it is invariant under
the full group. This concludes the proof of the modular invariance of f in the bosonic case.

For the superstring, on the contrary, the modular invariance will not be guaranteed. As we
will see, there are four different ways to truncate the superstring spectrum so that the 1-loop
partition function preserves the modular invariance. This projection procedure is known as
GSO projection (Gliozzi, Scherk, Olive) and the above-mentioned four ways define four types
of string theories: Type IIA and Type IIB with no tachyon, space-time fermions and space-time
supersymmetry, Type OA and Type OB with a tachyon and no fermions.

It is often said that the string amplitudes are free of UV divergences. To appreciate it we
can draw a parallel between the 1-loop string vacuum bubble and a point particle vacuum
bubble.

A worldline loop for a free massive particle in D dimensions can be computed by applying
a procedure similar to the operatorial construction done for the closed string vacuum bubble,
with the difference that in this case we are dealing with a 1-dimensional object. This means
that inequivalent loops are fixed by a single length parameter t (the analog of Im7 for the
string) so the form of the amplitude boils down to

o0 o0
.A — dt Z <5| e—ZntH |S> — dt Tr(e—ZmH)
PP ), Vol(CKG) o VOl(CKG)

N

d

_ = dt ddp —2nt(p?+m?) _ ~ dt 1 2 —27tm?

= — | ——e = — e s (5.196)
o 2mt ) (2m)d o 2mt \8m2t

where we are also taking into account that the volume of the conformal Killing group for the
circle is made up just of translations, so Vol(CKG) = 2rt namely the length of the loop. Thus
t is basically the 1-dimensional modulus of the loop, analogous to Im(7).

This integral typically diverges in t — 0, which corresponds to the contribution of very
high space time momentum circulating in the loop. This is the expected UV divergence of a
particle QFT. On the other hand, as long as m? > 0, the integral converges in t — oo which
corresponds to very low space-time momenta in the loop, the infrared region. Notice that a
vanishing or (even worse) a tachyonic mass would make the integral divergent in the IR. These
are IR divergences.
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Figure 5.15: A worldline loop for a free massive particle in d dimensions.

21t

Figure 5.16: The open string vacuum bubble with its single modulus t.

Let’s compare the UV divergence we get at t — 0 with the closed string case. In this case,
inside the integration region F we have Im(7) # 0, so that the ultraviolet limit for the closed
string loop is always cut-off. This is a key ingredient that makes the string UV finite. In general
for g = 1 the general structure for an n point amplitude will be

A,-1(1 ) dz—T (t,7) (5.197)
g=1(1,...,n f(Im(T))Zf" T,7), .

with f, (7, T) a modular invariant function that depends on the scattering strings. Because the
UV region is always excluded in the moduli space this amplitude will always be free of UV
divergences.?!

5.5.2 Open string vacuum bubble

Let us now analyze 1-loop open string amplitudes. We consider a 1-loop vacuum bubble that
can be described as a cylinder or as an annulus (see fig. 5.16).

It is easy to understand that we have a single modulus t (~ ratio between the radius and
height of the cylinder) analogous to the one of the free particle, and a single CKG generator
representing the translations along t or the rotations of the cylinder. The amplitude will then
be fully analogous to the particle

Al—loop _ = de Trl:e—ZNtH]lc — = ﬂ Trl:e_zﬂt(LO_ziz; ]lc (5.198)
Vacuum o VOI(CKG) 0 21t ’ -

where, as usual, Ti[- - -]lC means that we are tracing over transverse oscillators but we do the
full D-dimensional momentum integral. For the open string inside the trace we just have a

310ther divergences could however affect the amplitude. For example divergences associated to the collision of
vertex operators. These possible divergences correspond to infrared divergences in space-time and need proper
treatment as in usual QFT. String field theory provides a systematic approach for these divergences, but this goes
beyond the scope of these introductory lectures.
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21t , ,
27
Figure 5.17: The open loop can be interpreted as an untwisted closed string of length
71/t propagating between two boundary states |B,) and |B).

Hamiltonian term because there is no twisting to be considered. We can notice that for t — 0
the cylinder shrinks to zero radius (UV region), while for t — oo the cylinder extends to
infinite radius (IR region).

To explicitly compute the trace in (5.198) we fix the background to a single D(p)-brane,
namely p + 1 Neumann directions and D — p — 1 Dirichlet directions (with D = 26). In this
case we have

Lo=a’P?+ Ny +Np,

where P is the momentum on the p + 1 Neumann directions. Then we have

%)
Al—loop — f dt Tr I:e—Zme’pze—2nt(NN+ND)62ntD2—_42]
0

‘Vacuum 2t
0o D—2
drtlp P 2ma/P2q—Dz—_42 l_[ 1
2nt | (2m)ptl o1 174"
o dt(l)%l[ ! ]H (5.199)
o 2t \2t n(it) ’ ’

A similar computation can also be done in the case of 2 parallel D(p)-branes separated by a
distance AY. In this case we know that L, gets shifted as follows

Lo :a/P2+(2m/?)2+NN+ND’ (5.200)
so that the amplitude gets modified by an extra gaussian term:
{i-loop _J‘X’ de (l)PTle—zm[ N_]z[ 1 ]D‘z (5.901)
Vacuum = | 1 (26)2 \ 2t n(it) '
_ J T o [m2mt(o=5)] (5.202)
, (202 Hpen ’

where Tnggen[' -+ ] is computed in the ¢ = 24 BCFT containing only the D — 2 directions which
are transverse to the lightcone. As we have already noticed, the only redundancy we have
on the cylinder is given by translations and no other global diffeomorphism, so there is no
constraint from modular invariance. This means that in this case the modulus integral runs
from O to oo and we are back with an apparent divergent result for t — 0. It seems then
that, just as for the particle, we are getting again a UV divergence. However this open string
UV divergence can be reinterpreted as a closed string IR divergence due to exchange of closed
string tachyons and massless modes. Let’s see how this comes about
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Figure 5.18: Step-by-step procedure used to compute the boundary state braket.

Indeed we can suppose to consider an open string loop fixing the boundary conditions
F,(X(0,7)) =0, Fp(X(m, 7)) =0 and compute

rIT?{ab

open

_ _< DXDh(t) _
2mt(Lg — S[X,h(1)]
[e * ] J X(o,7+21t)=X(0,7) Vol(G) ¢ ' (5.203)

Fq(X(0,7))=0, Fy(X(m,7))=0

Then if we follow figure (5.17) we can imagine to use the scaling invariance and apply the
transformation z — g/t so that the open loop can be interpreted as a closed string propagating
for a worldsheet time 7/t between two states, implicitly defined by the boundary conditions a
and b, which we can call |B,) and |Bp). Such states are called boundary states and using them
we can write )

Tryg [e27(Lo75) | = (By] e~ F(Lotlo=f2) |B,) . (5.204)

open
It is obvious then that the UV limit t — 0 becomes an IR limit (7t/t — ©0), in the closed inter-
pretation where the closed string propagator becomes infinitely long. The boundary states
introduced above are not part of the usual closed string spectrum, and can be written as
squeezed-like states (~ e® ¥ |0)s1(2,c)) on the closed string vacuum. We will not be in-
terested in this precise form but we will define them through their BPZ inner product with a
generic closed string state |))

(BalV) = (V0,005 , ¥V € Heogeas (5.205)

where the apex (a) is there to specify that the correlator on the disk must be computed with
the |B,) boundary condition.

For a primary operator of weight (h,h), (B,|V) can be explicitly computed using a trans-
formation going from the UHP to the the disk:

z2 > w= 1+l_z, (5.206)
1—iz
- . 1—iz
z - w= — . (5.207)
1+iz
Then using the transformation property of a primary field we get
ow\" [ aw\!
v = (22 (25 veetm ) (5.208)
0z 0z
= (V0,009 = (20)"(~=2i)" 5, (V(i,—))\Dp - (5.209)

This can be then computed using the doubling trick (see fig. 5.18).
As an example we can compute the overlap with Dirichlet and Neumann boundary states
in the case of

V(z,2) = j(2)j(&) = —%axéx. (5.210)
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Figure 5.19: Representation of an open string propagating around a loop which, by
the open-closed duality, is equivalent to a closed string propagating between two
sources a and b.

- -
- -

A step by step computation gives
2 -
(Bow[V) ==={0X (003X (0))pig
8 N3 .
= —;(ax(l)aX(—l))giﬁ,

- _3 (ia?/(zi)Z)

==1. (5.211)

Going back to (5.204), this a fundamental relation of Boundary Conformal Field Theory, which
deserves to be emphasized:

Tryw |27 (w3 | = (By| e 7 (botlo=12) |B,) . (5.212)

open

This states that in any BCFT a 1-loop open string path integral with a, b boundary conditions
is equivalent to a closed string propagating between two boundary states |B,), |B,). This is
known as the Cardy condition and can also be written for the full integrated amplitude as

< dt 1 (*° B}
J;) (2t)2 Tnggen [e_zﬂff(LO_ﬂ ] = 4-—nf0 ds (Bb| e_s(L0+L0_ﬁ) |Ba> , (5.213)

where in the closed string channel we have changed variable to the closed string world-sheet
time s = . This means that a one-loop open string bubble is the same as a closed string tree
level exchange between two sources, represented by the boundary states.

This is the basic mechanism at the hearth of the Open-Closed Duality (OCD) and essentially
says that D-branes are the sources for closed strings, just like electric charges are the sources
for photons. Schematically, a field theory for closed strings in the presence of a D-brane rep-
resented by boundary conditions a will look like

S~ B (@] K |&) + (<I>|Ba)] , (5.214)

where K represents the kinetic operator, while the second term is a source term given by the
presence of the D-branes, that represent the boundary conditions. This suggests that D-branes
act as sources for the closed string much in the same way as a current sources the electro-
magnetic field:

1
Spm = J d?x [ZFWF‘“’ +AHJ“} . (5.215)
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Figure 5.20: A closed string propagating between two D-branes which act as sources.

In particular one can focus on the graviton mode of the closed string and realize that the
D-branes interact with each other by exchanging gravitons.

Making a further conceptual step we can see from (5.214) that a D-brane can be under-
stood as a tadpole for the closed string. Therefore the closed string theory will try to cancel
the tadpole by going to a new state which in particular means a new space time metric. This
is just the backreaction of the D-brane on the space-time geometry and it is conceptually not
different from the Coulomb potential emanating from a charge or the black-hole like metric
emanating from a massive source in General Relativity. Proceeding with this line of reasoning
we understand then that, in the approximation where closed string theory becomes general
relativity (with stringy corrections), the back-reaction of a D-brane in space-time should look
like a black-hole solution. In the context of the superstring (where the low-energy limit is fully
meaningful due to the absence of the tachyon instability) these black-hole like solutions are
the so-called p-branes of supergravity. Therefore, depending on whether we choose an open
or closed string perspective, D-branes appear rather differently: they can be thought of as a
gauge theory with stringy corrections (open string perspective) or they can be described as
a deformed background for the closed strings (closed string perspective). This is the basic
idea behind the AdS/CFT correspondence and many other similar phenomena in string theory
which go under the name of open-closed duality. Unfortunately, because of the omnipresent
closed string tachyon, it is not possible to develop this line of reasoning with the critical bosonic
string and we need the superstring, or any other open-closed string theory with a stable vac-
uum.

Let us now analyze explicitly some open string amplitudes, under the assumption that the
lightcone momenta along X°, XP~! are integrated out with Neumann conditions and we are
left with a ¢ = 24 CFT. We thus consider the amplitude

oo
1o _ dt T [e2nttoD)]
Va TL€
0

cuum (2t)2 I'pcr

1 (% .
= 4—J ds (B,|e*(lotlo=2) B, ) . (5.216)
T Jo
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We can now analyze the case of a single D(p)-brane that was already computed as an integral

over t:
e[ [ g
Vacuum ~ o (Zt)z(Zt)pz;l n(it)24_47'f o 27 n is
1 (% s\ Y12 [is\ ¥
[T
4 ), 27 s T

1 (% s\ is\ 12
ds(z—) [«/ﬁn(;)] , (5.217)

47r0 T

where we have used the modular property /xn(ix) =n (%) This allows us to identify the
D(p)-brane boundary states bracket as

. b2 s\ 724
(B, |ttt | ) = () 7 [ﬁn(%)] . (5.218)

We notice that in the t coordinate the convergence of the amplitude is due to a factor related
to the world-volume of the D-brane, i.e. (+/2t)P™!. On the contrary for the s coordinate, the
closed string variable, the convergence is controlled by the volume of the transverse coordi-
nate, i.e. (v/2s)P72°.

The same computation can be also repeated for a system of 2 D(p)-branes separated by a
distance AY. The result is the same as for the single D(p)-brane case plus the already discussed
Gaussian factor:

7 s\ _ar is\ 12
<Bp| e—s(Lo+Lo—2) ‘BPAY> = (—) e 2sd |:1/§T) (—)i| . (5.219)
27 T

To better understand where this term comes from, we can write the open string one-loop
bubble in the case of a system of multiple D(p)-branes, described by a Chan-Paton factor

¢aa ¢ab
(‘Pba ‘Pbb) . (5.220)

Thus we have

A =mefe e ]ema (G Gl (B )
= Trqq [qLO_ZL“] + Trpy, [qLO_ZL“] +2Trgp [QLO_ZL“]
= (By| e *(Lotbm12) |B, ) + (B, | e(to*Lo=12) |B,) + 2 (B, | e*(Lo+Lo~12) B,) . (5.221)
We can see that the amplitude splits between self-interaction terms (i.e. (aa), (bb)) and inter-
actions terms between different D-branes (i.e. (ab), (ba)).
5.5.3 Forces between D-branes

It is important to understand the type of divergences we have in the game. To this end
we can consider again the open vacuum bubble between two separated D(p)-branes in the
s parametrization:

1) AN ) . —24
A=L | 4 (2_71) C e (\/En (ED : (5.222)
4r ), S I
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a b

Figure 5.21: Closed string degeneration in the s — 0o limit.

We see here that the D-brane separation acts as a natural cutoff of the s — 0 limit, where the
closed string propagator becomes very short and is thus interpreted as the UV of the closed
string (which in turns corresponds to the IR of the open string because s ~ 1/t).

Focusing on the s — oo limit (see fig. 5.21) we can expand the Dedekind eta as follows:

n(l—s) ~e® 4244324675 4 (5.223)
T

As already seen in the lightcone quantization, this is basically an expansion of the form
(#d.o.f at level N) >N~ We recognise the exponential divergence introduced by the
tachyon at level N = 0. The next 24 massless d.o.f. come from the propagation of the gravi-
ton and the dilaton (due to the requirement that the closed string state should have a non-
vanishing disk one-point function, only the diagonal part of the massless vertex operator con-
tributes. In particular the Kalb-Ramond field is not exchanged). Neglecting the tachyonic
mode, that will be absent in superstring, the first relevant order is given by the massless string
states where 1) = cost = 24, so the amplitude takes the simplified form
dy

A~ iJ ds (2—”) * "5 (24) = G(AY), (5.224)
4r ), s

where we now specify the dependence over AY because we want to underline the interpreta-
tion of the two D(p)-branes as closed strings sources, namely the fact that G(AY') is computing
the source correlator (J(0)J(AY)). To evaluate the integral we substitute t = 1/s so that

6 ([ dt a 2
G(AY) = —J S Tetar
T Jo t

d ©o d 2
= 12(2n)%—1j dt t 7 2e tor . (5.225)
0

2
Then we implement the change of variable x = t% and this gives

dy 2a’ dTl_l o dy
G(AY) = 12(27’5)7_1 (AYZ) dtx2 2e™
0

dy

ana/\2 ' _(d 1

Notice that what we have obtained is essentially the Coulomb/Newton potential between two
charges/masses.
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This is indeed the same result that we get in electromagnetism coupled to a current

1
S= J déx [ZFWF‘“’—jHA“] , (5.227)

in the presence of pointlike charges ¢q; and g, at spatial positions y; and y,, which means

ju(x) = jP0) +jP (), (5.228)
JO0) = 08,0 64 (% = ) = @By f alkeRET, =12, (5.229)

We can compute the current-current correlation function by standard Feynman rules using the
. My
photon propagator in Lorentz gauge ~ 6(k; + kz)l—2
1

(1) oy (D) s |
G(ax) = (jV)jP2) ~ 4190 f ddiketkay = (5.230)

where we have used the fact that the external momenta have only spatial components and we
have absorbed away the infinite volume factor from the time component of the
6(k; + k,) in the photon propagator. To compute the momentum integral we first give a
Schwinger representation of the propagator

1 ° .
— = f dse=K" (5.231)
2,

and we then perform the gaussian integral in the momenta by completing the square, which

gives
oo

1 ay?
G(Ay) ~ Qquf ds ——e % . (5.232)
0 sz
This is fully analogous to (5.224), so we get in the same way
4192
G(Ay)~ ——, 5.233
(Ay) Ayl ( )
which is the Coulomb potential between two point-like charges.
We can get a similar result in linearized gravity:
s= | dix|—tn,v,, hP*— T, n (5.234)
- X 2 uv Y uvpi uv > .
where
v = (86 =00, ) 0250878, +n,28"0” +0"3,8, (5.235)
by fixing the total stress energy tensor to
TH(x) = my n"On"08(% — 1) + myn*°n™08(X — 3,). (5.236)

Then using the graviton propagator in the harmonic gauge we get the Newton potential

elp'Ay mqimso

V(Ay) = dip o< .
(Ay)=mm; f PR ay—s

(5.237)
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(a) D-brane interac- (b) Kinetic term, 2- (c) Typical interaction
tion, disk insertion. vertex insertion on the term, 3-vertex inser-
sphere. tion on the sphere.

Figure 5.22: Relevant correlators for the graviton effective action at tree level.

Notice that these simple QFT calculations are equally valid if the charges or masses are uni-
formly diffused on p-dimensional hyperplanes with d, transverse directions. In this case, of
course, the charges q; will be substituted by charge densities u; = q;/Vol, and the masses m;
by tensions T; = m;/Vol,,. This is precisely the case of Dp branes we have analyzed.

Coming back to the dilaton-gravity interaction between D(P)-branes (see eq. 5.226) it is
clear that we should be able to interpret the constant factor in front of 1/AY %72 as contain-
ing the product of the two D(P)-brane tensions. This analysis requires a careful comparison
with a dilaton-graviton exchange between two sources and it is done in detail in Polchinski
8.7. We will instead give a more qualitative understanding on the D-brane tension mainly
concentrating on its dependence on the string coupling constant. It is clear that from the
above analysis the D-brane tension should be proportional to the amplitude of a graviton
emission from a disk as this precisely corresponds to the h,,T"” coupling in the effective

action. We can then argue that being 7, proportional to this 1-point function we will have

2(g—1)+b+ _1— .
T, ~ & (e=D+bine _ gs2 =1 = gsO namely the D-brane tension seems to not depend on the

string coupling constant. However there is a subtlety in this reasoning related to the assign-
ment of the coupling constants in the Polyakov path integral and the assignment of coupling
constants in the effective theory. Let’s analyze this by constructing the tree level graviton ef-
fective action. Because the graviton is a propagating degree of freedom the action will contain
a kinetic term of the form hKh related to the insertion of two graviton vertex operators on the
sphere. This first term will then be proportional to gsz_2 = 1 namely it will be independent of
the string coupling. Then we can add interactions starting from a cubic h® term and going on
with h" terms corresponding to the insertions of n vertex operators on the sphere. In general
all these terms will have a string coupling dependence of the form gs”_z. If we also include
the coupling of a closed string to the disk that we have just discussed, the obtained action is
of the form

Losr(h) =T, h"” + hKh + gh® + g2h* + ... (5.238)

However, if we want to identify the real T,,, we have to match this action with the Einstein-
Hilbert action

Lpp ~ 52 + T,k = %(EKE +hRP R L)+ TR, (5.239)
&; &;
with R = hKh+h®+h*+... and with Newton constant (which appears in front of the Einstein-
Hilbert action) identified (modulo dimensionful constants) as Gy ~ gf. This means that the
field h in the effective action (5.238) is not normalized in the same way as (5.239) and we
must redefine h — h/ g, so that the actual effective action becomes

A ]_ ~ A 1 A n A n
Losr(h) = g—TWh‘“’+ po [Akh+R3+h*+...]. (5.240)

S s
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The actual matter coupling will then be proportional to a 1/g, term which implies

o< —.

Ry
This means that D-branes are solitons, i.e. non-perturbative objects which are very heavy at
weak coupling and light at strong coupling.

However, given a field theory with coupling constant g, solitons typically have an energy
that goes like ~ 1/g?2. This is easily understandable by the fact that the fields can always be
rescaled in such a way that an overall factor of 1/g2 appears in front of the action and the fact
that solitons are nothing but classical solutions to the field equations, having thus an action
(and therefore an energy) which goes as 1/g2. For D-branes we find instead 1/g;.

Another puzzle is that in (5.240) we don’t see the D-brane as a classical solution, but as
a source term T,,. These two puzzles are in fact related and solved in the same way. In
string theory we have two basically independent propagating degrees of freedom: open and
closed strings. While the closed string coull)ling constant is naturally g..sed = & the open

string coupling constant is instead gqpen = g2. A full complete space-time theory should be an
open-closed theory which structurally would look like

1/1
Soc(Wy, ¥,) =— (E (¥,| K, |¥,) + (open string interactions))
g

S

1 /1
+ ? (5 (T,.| K. |W.) + (closed string interactions))
S

1
+ —( (B|¥,) + (open-closed string interactions)) , (5.241)
b4

S

where (B| is the boundary state corresponding to the D-brane system where the open strings

U, live. Notice that the powers of the string coupling constant are consistent with gopen = gS%
and g.osed = &s- One should think of this action as a sort of Yang-Mills theory (open strings)
coupled to a sort of gravity (closed strings) where the last line contains the gauge-gravity
couplings, in particular the (B|¥,) which is analogous of the YM energy momentum tensor
coupled to the graviton. From this action it is clear what kind of classical solutions would
have an action ~ 1/g;: they are the solutions of the purely open string theory which is what
one gets by simply setting to zero the closed strings W.. Suppose we have such a solution ¥,
then obviously its action will depend on g; like the tension of a D-brane

1
Soc(¥), ¥, =0) ~ —. (5.242)
S
What is the physical interpretation of this solution? It is a new vacuum for the open string,
therefore it must be a new D-brane. Expanding the open string field around this solution will
have the effect (thanks to open-closed interactions which couple multiple open strings to a
single closed string) of shifting the original boundary state to a new one

U, = U+ @, — |B) — |B,) = |B) + | interactions with \Dj) . (5.243)

Therefore it is natural to interpret D-branes as open string solitons. This seems to be at odds
with the common understanding that D-branes can be seen in (super)gravity as classical vac-
uum solutions, without the need of coupling open string matter, just like black-holes in General
Relativity can be found without coupling GR to matter. This is in fact a bit misleading: indeed
while it is true that the metric of a black-hole solves vacuum Einstein equations everywhere
except at the singularity, it is precisely at the singularity (where gravity itself breaks down)
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that the source is hidden. If we had a more complete theory we would indeed see that the
singularity is in fact a source of the gravitational field, just like a point-like charge is a source
of the electromagnetic field (and indeed the electric field diverges at the locus of the charge,
just like the curvature of the BH solution does). For the electric charge we know that this
divergence is resolved by quantum effects, for gravity we simply don’t know how to account
for these quantum effects.

This line of reasoning naturally brings to another question. If D-branes are open string
solitons with a mass ~ 1/g, = 1/ ggpen, why don’t we also have closed string solitons with a

mass ~ 1/ gs2 =1/ gczlose 4° Indeed we do! The most famous example (in the superstring) is the
so-called NS(5)-brane. This is a (5 + 1)-dimensional extended object. It could be visualized
as a sort of D(5)-brane, but radically different from it, there are not the usual open strings on
it incarnating the physical fluctuations of the soliton. These are still very mysterious objects

of which we don’t know so much.
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6 Superstring

6.1 Superconformal field theory

The bosonic string we analyzed so far has two problems: it contains no space-time fermions
and it has no stable vacuum (since we always find a tachyon in the spectrum). The superstring
solves both problems at once, as we will see.>?

6.1.1 Matter (X;)-SCFT

In the bosonic matter theory we had the worldsheet bosons X*(z,%) with u =0,1,...,d — 1.
Let us now add the primary fields y*(z), }*(Z) of weight (%,O) and (0, %) respectively. As
shown by their conformal weight, they are fields of spin % and by spin-statistic we take them
to be Grassmann odd.>3

The corresponding worldsheet action reads

1 2 - - I
S=— dzz(JBX“SX“+¢“3¢H+1#“8¢H), (6.1)

AT ) s

which is a free two-dimensional CFT. Such a theory is defined by the following OPEs:

/
X"(2,2)X7(0,0) = —%n‘”log |z| + (regular terms), (6.2a)
1
YPH(2)yY¥(0) = n*” = + (regular terms), (6.2b)
Z
- - 1
Y ()Y (0) = n‘“’g + (regular terms). (6.2¢)

The matter stress-energy tensor is

T (z) :—l/ :0X - 0X: 1 -0y, (6.3a)
a 2

T(g) = —— 13X - 3X: —= b - B . (6.3b)
a 2

One can then show (recall eq. (4.66)) that

1 2T™(z,)  dT™(z,)
T (5,)T (5,) = < 2 2
! 220 —2)t (31—2)? (31—2)

and the same holds for the anti-holomorphic part. The central charge of the theory is

+ (regular terms), (6.4)

c=cX+c¢=d+%d:§d, (6.5)

where we have added up the contributionsfrom the X-CFT and from the 1-CFT.

321t is not unconceivable that a stable vacuum of bosonic string theory may exist as a classical solution of closed
string field theory. Then the bosonic string could be reconsidered.
33Given a conformal field of weights (h, h), its spin is s = h — h.
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Exercise 6.1.1

Prove eq. (6.4).

Coming back to the worldsheet action (6.1), we have that it is invariant under two possible
transformations.

e Conformal transformations (co-dimensional), which at the infinitesimal level read as

5XM(z,2) =—[e(z)0X"(z,2) + E(2)0X"(2,2)],
Syi(z)  =—[edyh(x) +5(3e)Y ()], (6.6)
Sepia)  =—[eayH(@) +3(9€) Y],

where the superscript “c” stands for “conformal” and where e(z) is a vectorial field that
can be expanded as

e(z) = Z €,z (6.7)

n

namely as a weight —1 field.

* Superconformal transformations (co-dimensional), which at the infinitesimal level read
as

5K (,5) =/ [nEH() + AEWHE)]
Sepi(z) = /2 [-n(2)aX"(2)], (6.8)
FEPh(E) =/ 2 [-i@x"E)],
where the superscript “sc” stands for “superconformal”. We immediately see that these
superconformal transformations create a bridge between the X and the ) sectors of the

CFT, i.e. between bosonic and fermionic fields. This is possible because of the fermionic
nature of 1(z), which can be expanded as

()= > nz""7, (6.9)

namely as a weight —% field.

Let us now check that the action (6.1) is invariant under these superconformal transfor-
mations, as we claimed. If we momentarily set a’ = 1 and if we consider only the holomorphic
part, we get

6,8 = = d*z [

- —=0(mp)- OX + —=0X - 3(ny)
T Jws 2

V2 V2
+% (—v2nax) + %1/; ¥ (—«/'Enax)]

_ 1 2, | 2 Bx — ¥
=5 Wsdz[ﬁa(ni,b) X —V2(ndx) aw]
Ig)i

21

J d*z V2[3(n) - 0X +1(30X) - )]
WS

Bp 1

J a2 VZ[2(np) - 3X — 5% - 3(n)]
27 WS

=0. (6.10)
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For the anti-holomorphic sector the reasoning is analogous and the result is the same. We
hence proved that the worldsheet action (6.1) is invariant under superconformal transforma-
tions.

Let us now evaluate

(o505 [x = (8585, — o5 05 ) ¢

=5 (75me) =% ()

= %nz(—ﬁmaX“) + %m (—v2n,0x")

=—Nyn0X" + 1110 X"
= 2m1m0X"

_ sc U _ sc u
_52711712X _62772711X ’ (6.11)

[55e, 65 [yt = (5 o3 — 55 5 )y
= 5% (—v20,0X") — 55 (—v/2n, %)

=—+/2n,3 (\Enlw“) + 21,0 (\Jgnz‘,b“)

=128 (MmY*) + 118 (")
=[-ny011 —(@n)n 1Y —2n,n, Y+

1
=— [58(2772771)1/)“ + anm(aw“)]
=55, " (6.12)

We therefore just proved that

SC ScC — C
[5711’ 5712] = Oy, - (6.13)

which means that the composition of two superconformal transformations generates a con-
formal transformation. In a sense, we can say that superconformal transformations are the
square root of conformal transformations.

As we already know (see eq. (4.45) and eq. (4.46)), conformal transformations are gen-
erated by the Noether charge

dz
Te(z) = f _.G(Z)T(m)(z); (6.14)
o 2Tl
such that
6cp(z) =—[T., ¢(2)]. (6.15)
Analogously, superconformal transformations are generated by the Noether charge
G = b L6 (6.16)
n(z) — )2 m.ﬂ ) .
such that
55¢(z) =[Gy, d(2)] - 6.17)
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The current G™(z) is commonly called supercurrent and is defined as

G™(z) = i\lgwaxu =], (6.18)

where we recalled the definition (4.120a) of the bosonic current j*.

As we previously saw (see eq. (4.56)), the composition (4.38) of two conformal transfor-
mations generates the correct OPE (4.66) of two stress-energy tensors. Analogously, eq. (6.13)
fixes the contractions

ZT(m)
G(2,)G () = —— Ga), (6.19)
L 1 (21— 2)) (21 —22)
3 A(m) (m)
G
T(m)(zl)G(m)(ZZ) ) (222) 9G"™(z5) ) (6.20)
L 1 (21— 2) (21 —22)
To summarize, we can write
5 2T™(z,)  dT™(z,)
T (2)T™(2,) = 2 2 2 + (reg.), (6.21a)
! 2 (71 —22)% (37 —22)? (21 —22) &
2
3¢ 27
G(m)(zl)G(m)(zz) = 3 3 (z2) + (reg.), (6.21b)
(21 —22) (21 —23)
3 (m) (m)
G
T™(2,)G™(z,) = 2 (z22) 0G™(=) | (reg.), (6.21¢)
(21 —22) (21 —27)

which completely define the superconformal algebra of our (X;))-SCFT (the same holds for
the anti-holomorphic sector). This is the simplest example of a N' = 1 superconformal field
theory. This algebra plays the same role that the Virasoro algebra played in the bosonic string:
it is an algebra of constraints which should be imposed on the states of the theory.

We are now interested in the irreps of such an algebra, namely in the primary fields. As
usual, a primary field ¢ "(z) of weight h is defined by

h =) | 2¢"(z)
(21 —22)? (21 —22)

T (zl)qb(h)(zz) = + (regular terms). (6.22)

Therefore, because of eq. (6.21¢), G'™(z) is a primary field of weight %
We can also define superconformal primary fields as follows. If ¢ ")(z) is a primary field of
weight h, it is a superconformal primary (of weight h) if

(h+3)
G™(2)p M (z,) = ¥ z) + (regular terms). (6.23)
(21 —2)

This means that the supercurrent G™(z) acts on a superconformal primary field ¢ and it

generates a superdescendant field w(hJ’%).
In the (X;))-SCFT we explicitly have

J'(z1) Taylr j*(25)

Gi-m) G-z O (6.24)

G () (32) = - Y W (22) =
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so that ¢(z) is a superconformal primary field of weight % Moreover

YH(z1) Taylor YH(zp) | OYH(zp)

(21 —2,)? B (21 —22)%  (21—2) ’

IG(m) (21)j“(22)| = - j(zl )j“(zz)l = (6.25)

and hence j(z) is not a superconformal primary field. If we then take into account the X* field,

we have that
u
G (z,)i\ %X“(zz) _ ¥z (6.26)
a

: (21 —25) .

Therefore X" is (from this point of view) a superconformal primary field. However recall that
it is not really a primary but a logarithmic field (recall eq. (4.130c))). On the other hand, if
we consider a chiral plane wave we get

IG(m)(Z1) et (Zz)l = ‘IJ'(Zl) P (zz)l

=, (21)iP, j*(21)X] (2) :ePX: (z,)

N ; 1

=\|Z=p W etPXL. D 6.27
2 ;ﬂﬁ e (ZZ)(zl _22) ( )

Therefore the plane wave :e'***L: is a superconformal primary of weight (%Pz, 0).

6.1.2 Worldsheet supersymmetry

As we already know, translations are generated by d, = @ (or &; = 9), namely by the adjoint
action of L_;:

d
[L_,-] =f Z—;.T(“‘)(z). (6.28)
0
Indeed we have
d
[L_1, (2)] = 3§ Z—Zﬂm(zl)mm = 0¢(z,). (6.29)
0

We now want to do the same with the supercurrent G'™ (z). We therefore define the holomor-
phic supersymmetry transformation (the anti-holomorphic case is analogous) as

Osusy = jg d—Z.G(m)(Z)- (6.30)
0 271

The transformation Sgygy is Grassmann odd, since G™(z) is Grassmann odd. If we then recall
that T™(z) can be expanded in terms of Virasoro operators L,, (see eq. (4.44)), we can expand
the supercurrent G'™(z) as

GME)= Y Gz E. (6.31)

r€Z+%

Thus we have that (with an understood graded commutator)

dsusy = [G_%> ] . (6.32)
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The action of the supersymmetry on the fields of our (X;)-SCFT is

Osusy (i\ng“(Z)) =YH(2), (6.33a)

Osusy (WPH(2)) = jH(2), (6.33b)
Ssusy (7H(2)) = dH(2). (6.330)

Two fields connected by a supersymmetry transformations are called superpartners. Moreover,
the supersymmetry is the “square root” of translations:

[6susy; Osusy] = 0, - (6.34)

Exercise 6.1.2

Prove eq. (6.34).

6.1.3 Ghost (b,c;f3,7)-SCFT

As we saw previously, to the matter X -CFT we associate a ghost (b, ¢)-CFT through the Faddeev-
Popov mechanism. In the same way, when we add the matter v)-CFT, we have to add by WS
supersymmetry a ghost (3, y)-CFT. The complete ghost CFT is given by the action

1 _ _ _ _
Sg=75—- | d°(bdc+bac+pdy+poy), (6.35)
T Jws

where

* bisaprimary of weight 2 and, being the FP ghost of diff x Weyl symmetry, it is Grassmann
odd, namely a fermion (and hence nilpotent),

* ¢ is a primary of weight —1 and, being the FP ghost of diffxWeyl symmetry, it is Grass-
mann odd, namely a fermion (and hence nilpotent),

* f3 is a primary of weight % and, being the FP ghost of a worldsheet fermionic symmetry,
it is Grassmann even, namely a boson,

* yisa primary of weight —% and, being the FP ghost of a worldsheet fermionic symmetry,
it is Grassmann even, namely a boson.

The OPEs are

b(z)c(z,) = 1 + (regular terms), (6.36a)
(21 —22)

c(z1)b(z9) = _t + (regular terms), (6.36b)
(21 —22)

B(z1)y(z9) = —; + (regular terms), (6.360)

(21 —22)

v(21)B(z5) = 1 + (regular terms). (6.36d)

(21 —22)
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The (holomorphic) stress energy tensor is defined as

TE () = T4 () + TE (), (6.37)
where
T®:)(2) = :(8b)c: (z)—2:8(bc): (2), (6.382)
T0() = (0B)r: () — 3 2(BY): (2). (6.38b)

Exercise 6.1.3

Using what we said so far, prove that f is a primary of weight % and that y is a primary
of weight —%.

Moreover, the leading terms of the OPEs

1
s(—26
T(b’c)(ZﬂT(b’c)(Zz) ~ —2( ) 5 (6.392)
(21 —22)*
1
5(11
T(ﬁ’”(zl)T(ﬁ’”(zz) A L)Ar , (6.39b)
(21 —22)
tell us that
(b0 — _96. (6.40a)
B =11, (6.40Db)
which means that
o — (b0) 4 (B — _15. (6.41)
Exercise 6.1.4
Prove eq. (6.39Db).
The (b, c; f3,y)-SCFT superalgebra is based on the ghost supercurrent
(g () — 1 3
G (z)——i(aﬁ)c+§8(ﬁc)—2by, (6.42)

where the normal ordering is not needed since the (b, ¢) and the (3, y) systems do not talk to
each other. One can then show that T®" and G®" generate a superalgebra of central charge
c@&M = _15,

If we now put together the matter central charge and the ghost one, we observe that the
total anomaly

LoD _ o) (e _ ;d ~1s, (6.43)
vanishes when

d=10. (6.44)

This is the critical dimension of the superstring (for the bosonic string, it was d = 26).
Finally, we can recall that in the bosonic string the T T algebra was interpreted as a con-
straint algebra. The missing EOM for the metric, namely T™ = 0, was the classical constraint.
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Then BRST quantization added to each constraint a ghost (with an additional term, due to the
non-Abelian nature of the constraints), hence defining the current

jp(2) = cT™(2) + % (cTEW: (). (6.45)

This led to the definition of the BRST charge

d
Qs =j§ 2 ), (6.46)
0 271

which is nilpotent iff the total central charge of the algebra vanishes:
Q=0 < ™+ =0, (6.47)
Analogously, in the superstring case we have two sets of classical constraints, given by

T =0, (6.48a)
¢ =g, (6.48b)

where the first equation is again the missing EOM for the metric, while the second one (as we
will later argue) is the missing EOM for the superpartner of the metric (the so-called gravitino).
If we then associate the (b, c)-system to T™ and the (B, y)-system to G™, the BRST current
is constructed as

(2) = CT™E) + 76 (@) + 2 (eTE: )+ 7 G: (), (6.49)

and the BRST charge is, as usual, the integral of such a current:

dz .
Qs =j€ —Js(2). (6.50)
o 2t
Again we have that
Q=0 < ™+ =0, (6.51)

which is satisfied at the critical dimension d = 10.
Moreover, one can show that

[Qs, b(2)] = TV (z) = T™ () + TE(z), (6.52a)
[Qs, B(2)] = G™V(2) = G™(2) + GE(2). (6.52b)

Exercise 6.1.5

Prove egs. (6.52).

In conclusion, all the fields of our superconformal theory are related by WS supersymmetry

PH ( = %) «— X" (h=0), (6.53a)
Y ( =—%) «— c(h=-1), (6.53b)
B (h = %) —> b(h=2). (6.53¢)
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6.2 Closed superstring

6.2.1 Neveu-Schwarz and Ramond sectors

Let us now consider a closed superstring. The worldsheet spinors we introduced (that we will
generically denote as y, i.e. y =1, 8, 7) can be periodic or anti-periodic along the o direction:

* periodic: y(o +2n)=+y(0),
* anti-periodic: y (o +21) =—y (o).

These two conditions are both possible, because the density given by spinor bilinears remains
the same. On the other hand, the anti-periodic condition would not be acceptable in the
bosonic X case, since it would break Lorentz invariance.®*

If we now write as usual w = t + io, we can define two sectors:

. +x(w), Ramond (R) sector,
y(w+2mi) = (6.54)
—x(w), Neveu-Schwarz (NS) sector.

Analogously, since the supercurrent is a fermion, we can write

G(w +2mi) = {igx Ei)s’) (6.55)

If we then map the WS cylinder on the complex plane via the exponential map z = e", recalling
that the conformal weight of ¢ is % we can write

P(z)(dz)? = P(w)(dw)? (6.56)

and hence

v = () (o)

_ (d(eW)

2] w(10g)
1

=7 (log(z)). (6.57)

Therefore we can write the oscillator expansion of the v field in its two possible sectors:

{ ﬁs(z) = Zr€Z+% wi’bz—r_z 2 (658)

Ph(z) = Ypep Phz 7.

In the NS sector there are no branch cuts on C (see fig. 6.16.1(a)), since for r € Z + % the
function z_’”_% is meromorphic (because —r — % € 7). In the R sector, on the other hand,

there is a branch cut from 0 to oo (see fig. 6.16.1(b)) because for n € Z the function z_"_% is
double-valued (since —n — % €Z+ %).

34*However this possibility is still considered in string theory in the construction of orbifolds.
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\
o Pys(z) e Yr(2)
B
1(0) <" s(0) <~
(a) NS case. (b) R case.

Figure 6.1: The fermion 1(2) in the NS and R cases. In the NS plane there are no
branch cuts and in the origin there is the identity field, corresponding to the SL(2, C)
vacuum. On the other hand, in the R case there is a branch cut (marked in red) due

to the spin field inserted in the origin, which defines a new vacu

The presence of the branch cut can be understood as an insertion

um, the R vacuum.

of a peculiar field in the

origin of the complex plane, which changes the nature of the SL(2, C) vacuum. This field S(0)
is called spin field and its contraction with a fermion 1 behaves as a square root:

Pl)S(a) = — (6.59)
L ()
The OPE of two fermions 1) remains the same in both sectors:
1
Y(z1 P (29) = — + (regular terms), (6.60)
(21— 23)
but it is realized as two different oscillator algebras
1
NS) [P yr]=n""6,40, withrseZ+ 2 (6.61a)
R [Yhy)]=n""6pmo, withnmezZ. (6.61b)
The same can be said for (f3,y) ghosts. We have that
3
z2) = 22
{ﬁNS( )= Zrens ﬁ_n_g (6.62a)
Br(z) =2nenBrz ™" 2,
1
2) = rz—r+§ ,
{YNS( )= Zreni Tr 1 (6.62b)
YR(Z) = ZneZ Yn2 nra >
which implies
1
NS) [B,vs]=0,450, Wwithr,s€Z+ 5 (6.63a)
R) [BuYml=06nimo, withnmeZ. (6.63b)
Analogously, for the supercurrent we can write
3
— —r—3
{GNs(Z) =2z} o (6.64)
Gr(z) =207 Gaz " 2,
which implies
1
NS) [G,,G,]=2L., + 1C—2(4r2 — 18450, WithrseZ+, (6.65a)
R) [G,,Gpl=2L, s+ 5(4;12 —1)8n4mo, Withn,mez. (6.65b)
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Therefore the superconformal algebra can be written in terms of oscillators as

C
[Ln: Lm] = (n - m)Ln+m + En(nz - 1)‘Sn+m,0 )

n—2r
[Ln: Gr] = TGn+r >

1
NS) [G,,G,]=2L., + 16—2(4r2 — 18,450, WithrseZ+z,

R) [G,, G,]=2L,,, + 16—2(4r2 —1)8,450, Withr,s€Z,

where eq. (6.66b) comes from the fact that G is a primary field.
This algebra is generated by two SCFTs:

. . _3
* matter (X;))-SCFT with central charge ¢™ = 5d,

» ghost (b,c; B, y)-SCFT with central charge ¢ = —15.

As already said above, the total SCFT has ¢V = ¢™ 4 ¢&M = 0 when d = 10.

6.2.2 Neveu-Schwarz and Ramond vacua

Let us then built the vacua of the theory. We will use the following notation
- al': oscillators in the X-CFT,
- 2p¥: oscillators in the vyg-CFT,
- 2t oscillators in the vx-CFT.

We then have two possibilities.

* In the NS sector the definite-momentum vacuum |0, P)yg is such that

ak|0,P)ys =0, forn>1,

1
Y¥|0,P)ys =0, forr>—.

\V]

* In the R sector the definite-momentum vacuum |0, P)y is such that

, forn>1,
, forn>1.

(6.66a)
(6.66b)

(6.66¢)

(6.66d)

(6.67a)
(6.67b)

(6.68a)
(6.68b)

Let us now recall that [ e 1/):1] = N"6,4m, 0. This implies that for the zero-modes we

have

(46, 0] =n"".

(6.69)

Therefore, just like by and ¢, the zero-mode 1/)5 is neither a creation nor an annihilation

operator.

Since we have many of these zero-modes, the Ramond vacuum is degenerate. The de-

generacy is labelled by a label a. Then we can write

Yo la, P)g = (Y*)gp 1B, Py -

180

(6.70)


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

If we now define

"= v2yH, (6.71)

from eq. (6.69) we recognize the Clifford algebra in d dimensions:
[T#, 7] =20"", (6.72)

where obviously the square brackets stand for an anti-commutator, since we are dealing
with fermionic objects (recall that we are using the graded commutator convention).
This means that the Ramond vacuum is the space where gamma matrices (of dimension
d) act, namely the spinor space in d dimensions (see appendix A). Therefore, if we work
in the critical dimension d = 10, the 1y sector Ramond vacuum |a)y is a 10-dimensional
spinor of SO(1,9), and it can be decomposed in two irreps as

) = |a) ® |a) , (6.73)
~—
16, 16,

where 16, is the positive chirality 16-dimensional irrep, while 16, is the negative chirality
16-dimensional irrep. These two irreps are defined by the action of the chirality matrix
I' as

['a)=+|a), (6.74a)
T'la)=—|a). (6.74b)

Given what we said so far, recalling that the momentum is given by the definite-momentum
vacuum in the X sector, we can write the total matter vacuum in the NS sector as

|O:P>Eastter = |O’P) ® |O>NS = |O:P> ® |O> 5 (675)

X sector 1/) sector

where we wrote |0)ys = |0) since, at the matter level, the NS vacuum in the 1) sector is precisely
the SL(2,C)-invariant vacuum.
On the other hand, the total vacuum in the R sector can be written as

@, P = [0.P)® Jaky =0.P)® ( @) ® |a) ) 6.76)

X sector "1[’ sector

As we anticipated, the R vacuum is obtained by inserting a spin field to the (NS) SL(2,C)-
invariant vacuum:

@) =5.,(0)0) (6.77)

Therefore the Ramond vacuum is in a sense an excited state of the Neveu-Schwarz vacuum.
This is analogous to what we found previously in the X-BCFT for the vacuum of open strings
satisfying mixed Neumann-Dirichlet boundary conditions.
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6.2.3 Old covariant quantization

6.2.3.1 Constraints

We are now able to write every possible state in the holomorphic matter sector (for the anti-
holomorphic sector everything works in the same way). The most generic state is made up of
a polarization tensor, X oscillators (bosonic sector) and 1 oscillators (fermionic sector) acting
on the definite momentum vacuum.

In the NS sector we have

V. VY,
Gyt oo} (P (@ 0 ) (w20 92 )10, Py (6.78)

which is the most generic Lorentz representation for an integer-spin field, namely for a space-
time boson. Indeed {u,...u;} and {vl e vq} are vectorial Lorentz indices.
On the other hand, in the R sector we have

Xa{ul“'ﬂk}{”l"'vq}(P) (aihl o ail’;k) (wzlrl o llqurq) |OL, P>R > (6'79)

which is the most generic Lorentz representation for a half-integer-spin field, namely for a
spacetime fermion. Indeed « is a spinorial index in d = 10, while {u; ...u;} and {v1 .. vq}
are again vectorial Lorentz indices. This means that we finally found fermions in string theory.
But everything is yet to be set on-shell, we still have to impose the physical constraints.

Let us first look at the old covariant quantization. Forn€ Z and r € Z + %, the constraints
are

¢ in the NS sector:

(Lo —ays) Iphys)ys =0, (6.80a)
Ly Iphys)ys =0, (6.80b)
G>1 Iphys)ys =0, (6.80c¢)
¢ in the R sector:
(Lo —ag) |phys)g =0, (6.81a)
Ly~ Iphys)g =0, (6.81b)
Gp>o [phys)g = 0. (6.81¢)

If we then incorporate the ghost contribution, from BRST (or lightcone) quantization we have
that (no proof at this stage)

1 5
ans = E 5 ag = g . (6.82)

In order to understand the origin of these values of the normal ordering constant a, we may
recall that, in the bosonic string, a was the conformal weight of the ghost vacuum c;|0):

(tot) _ 7 (m) (gh)
L0 —L0 +L0

= L(()m) —a
=1 -1
=0. (6.83)
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Now, coming back to the superstring, it can be shown that the matter+ghost NS vacuum is
related to the SL(2, C)-invariant vacuum as

¢ 10)ns = VP (0) [0) (6.84)
2

where V1 is a primary operator of weight 1/2 in the (f,v)-SCFT, which can be written as

1/2
Vy/jg) = e ¥ (see 6.5.1 for more details on this topic). It is hence clear that ayg = 1/2 is the

weight of the NS vacuum, since the total weight of CVY/ZY) is 1—1/2 =—1/2. Therefore in the
NS sector we have that

(tot) _ ;(m) (gh)
LO = LO + LO

= Lém) —days
1
(m)
=L\ _Z
0 2
=0. (6.85)

On the other hand, in the R sector the matter+ghost vacuum can be written as

()
a1l @ )y = Suyevi(0)]0) (6.86)
8

where Vél/sé”) is a primary operator of weight 3/8 in the (f3,y)-SCFT, which can be written as

Vg/jé” = e~/ (this field ¢ is the same we encountered in the NS case and it will be explained
in 6.5.1). Therefore in the R sector we have that

(tot) _ 7 (m) (gh)
LO = LO + LO

== L(()m) —dag
3
(m)
= Lom + (—1 + g)
5
(m)
= Lom ~3
=0. (6.87)
Given what we said so far, we can write
1 1
NS) L,= > Z Op_k " Qx + p Z @2r—n) Y, Y., (6.88a)
keZ rez+i
1 1 d
R) L,= > Z Qg - Qg + ZZ(Zk_ n) Y, Yy +E5”’0' (6.88b)
kez kez

We can notice that the R sector has a shift equal to the spin field weight, namely of d/16
(which in d = 10 is exactly 5/8; see 6.5.1 for more details). It shifts the vacuum from the NS
sector to the R sector.

Moreover we have that the supercurrent is defined as

G =y Yy (6.89)

nez

where r € Z + 1/2 in the NS case, while r € Z in the R case.
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6.2.3.2 Spectrum

Let us now write 1
Ly= 5(0‘0)2 +N, (6.90)

where ag =4/ %P“ is the X-CFT zero-mode (in the closed string case, which is the one we are

studying) and where N is the level operator, defined in d = 10 as

1 1
NS) NNS=EZa_k-ak+Z > @), (6.91a)
kez rez+s
R) N —lza ‘a +12(2k)-¢ S (6.91b)
R_zkez o 4keZ R © 8 .

We can then analyze the first levels of the spectrum in the NS sector.

W Level NNS =0
At the level Nyg = 0 we have the tachyon

t(P)10,P)ys » (6.92)
which is lighter then the closed bosonic string tachyon because

1 a’P? 1 2

(m) (m) 2

L —da =1L ——=0 = = —=a — m-=——. 6.93
0 NS = ~0o 2 4 D) NS o (6.93)

B Level Nyg = %

At the level Nyg = 1/2 the generic state is

£,(P)Y' 0, P)ys , (6.94)

2

which is a massless vector: 471
m? = E(E_QNS) =0. (6.95)

If we look at the supercurrent, we have that
G1= D Yins (6.96)
n

that for n = 0 becomes ay - 1. Then the constraint (6.80c¢) is

Gi1=0 = 0p-§=0 = P-£=0, (6.97)

D=

where (as we usually do for L,) we used the same notation for the operator G,/, and its
eigenvalue on the physical state. If we take ays = 1/2 we find a transverse massless vector
which falls in vector representation of the little group SO(8), which we denote 8,. If we look
at higher levels, we find massive states.

Let us now analyze the first level of the spectrum in the R sector.
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Table 6.1: The first spectrum levels of the holomorphic sector of the closed super-
string.

NS R
Nys =0:  tachyon
% 8y massless

Ngr =0: 8, @85 massless

N Level NR =0
At the level Ny = 0 the generic state is

ua(P)la;P>R+vd(P)|d:P>R ) (698)

where u,(P) is a left spinor in d = 10, while v4(P) is a right spinor in d = 10. We are hence
treating separately the two chirality irreps.
If we look at the supercurrent, we have that

Go = Z Ap - YP_p, (6.99)
n
on the R vacuum only n = 0 gives contribution
o 1 Ja'
Gog=o0ay- =\|=P - I'—== , 6.100
0= Qo Yo =\ 5 73 2 P ( )

where P is the Dirac kinetic operator of spacetime fermions.
The constraint (6.80c) reads as (recalling that (P)?> =P?)

Pu(P)=0 = m?=0, (6.101a)
Pv(P)=0 = m?=0. (6.101b)
We hence found the Dirac equation. As usual this equation reduces by half the spinorial d.o.f.

Therefore the two states u,(P)|a, P)g and v4(P)|a, P)y fall into massless SO(8) spinorial rep-
resentations of dimension 28/2 = 16 = 8 + 8:

—~— —~—
left right

If we look at higher levels, we find massive states with half-integer spin.

What we found in the holomorphic sector is summed up in table 6.1. We notice that the
massless part of the spectrum is organized in representations of SO(8).
6.2.4 Lightcone quantization
As with the bosonic string, we can handle directly all the physical states by going to the light-
cone gauge.
6.2.4.1 Constraints

In the bosonic string we fixed the conformal transformations by writing

X+
X7 (2)= 70 —ia'PTlogz (no oscillators), (6.103)
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and hence
2 r1
Pt =i\ =ax*t () =\ Zp*=. (6.104)
o 2 z

In the superstring, however, we also have the 1 sector and superconformal transformations.
If we write in the lightcone direction + the superconformal transformation

5%C1/)+(z) =—inj(z), (6.105)

we can choose to fix
Yt(z)=0. (6.106)

Therefore, in the superstring case, the lightcone gauge is

{X{(z)z);—o—ia’PJrlogz, 6.107)

YPt(z) =0.

At the classical level, we can implement the constraints L, [phys)ys=0and G, 1 Iphys)ns =0

in the NS sector (recall egs. (6.80)), or L, |phys)g = 0 and G,~ |phys)g = 0 in the R sector
(recall egs. (6.81)). For the time being, we ignored the L, constraint. We then find that
oscillators in the — direction can be expressed in terms of transverse oscillators as

_ Z 2 j inlyJ
{8XL (2) = 5= (§0X70X; + i/ 9y;) , (6.108)

Y (z) = %QPJGXL,]’ >

where the index j denotes transverse directions. Since we now have transverse oscillators
only, the Hilbert space will be made up of states of the type

NS) (a, -ak, ) (wh, -, )10, P)ys (6.109a)
R (a, --a¥, ) (v, ...wf_qrq) &, Py, (6.109b)

where, as said above, |a) is the 8 spinorial representation of SO(8), while |&) is the 85 spino-
rial representation.
If we now implement the lightcone L, constraint, we have that

NS) L$9—a(2 =0, (6.110a)
R) LY9—al?=0. (6.110b)

6.2.4.2 Lightcone NS spectrum

Let us now analyze the lightcone NS spectrum up to the massless level.

m Level NIS;) =0
At the level NSS = 0 we find the tachyon

t(P)10,P)xs , (6.111)
having .
2 _ (I
m* = —ay; o (6.112)
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o) _ 1
H Level NNS =3

At the level NIEIISC) = 1/2 the generic state is

£,(P)Y", |0,P)ys, (6.113)

where, again, the index i denotes transverse directions only. The mass-shell is

a'mz 1 (Ic)

T = 5 —aNS . (6114)
Such a state is a massless vector in the 8y representation of the Lorentz group SO(8), since it
has d — 2 d.o.f. (which are the transverse directions). Therefore it has to be massless, which
implies

1
ald = 5 (6.115)

which is the same result we found before (see eq. (6.82)).
If we try to directly normal order L, we have that

a’' P2

(o)
LYY =""+4+N
0 4 1
a’P? 1 . 1 .
= +£Zal_kak,i+£ Z rpl
kez rez+s
a’p? . 1 , 1
= 2 +Z(al_kak,i+Ek(d—Z))+Z(r1/)l_r1/)r,i—£r(d—2))
k>1 I‘Z%
P2, 1 1
=“4 +NL+§(d—2)Zk—§(d—2)Zr, (6.116)
k>1 rZ%

infinite zero point energies

where the second step has been performed just like we did in eq. (3.361), with the only differ-
ence that in the v case we had to take into account its fermionic nature with a proper minus
sign. Moreover, we denoted as N, the level operator in the transverse directions.

In analogy to the renormalization we performed for the bosonic string, we can write more
in general that

€V e(1—v) eno 1 1
Sk Skeek =0 D0l 1 6, 62106, (6117)
k>v k>v (1_66) € 12

This infinite sum can be also understood as a non convergent representation of the Hurwitz
zeta-function

£(s, v) = ;(n ), (=) = —%(1 —6v+612). (6.118)

In the X-CFT case we have v = 1, while in the 1-CFT case we have v = 1/2. If we now
renormalize the action inserting a proper counterterm that absorbs the 1/e? divergence (as
we did in (3.364)), we can write the renormalized zero point energies as

Zk:—%, Zr=2i4. (6.1192)
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Therefore oy
a P A d - 2
L(()lc) = T+NJ_—1—6, (6120)
and the constraint L(()IC) — aI(\};) = 0 imposes

d—2 1

6.2.4.3 Lightcone R spectrum

Let us now analyze the lightcone R spectrum up to the massless level.
m Level ngc) =0
At the level N},EIC) = 0 the generic state is the massless 8. + 85:
u (P)|a,P)g +v4(P)|a,P)y . (6.122)
We can write

/p2
o aP? 1< 1 .
Ly9 = % T3 E al o+ 5 E npL i
kez nez

P2, 1 1
L . k—=(d— n. (6.123)
4 2 k>1 2 n>1

We notice that zero point energies cancel each other.
The constraint Lgc) - agc) = 0 imposes

al® =o0. (6.124)

Notice that this is a different value from the one we adopted in the closed superstring OCQ
(see eq. (6.82)).%°

6.2.5 The tachyon and the problem with modular invariance

Considering what we said so far for the holomorphic closed superstring spectrum, we can
apply it to the anti-holomorphic sector too in order to find the full closed-string spectrum. The
result is shown in table 6.2.

We notice that the annoying tachyon is still there. But this is not the real problem. It is not
obvious that the theory is consistent at one-loop. In particular the one-loop partition function
must be modular invariant, and this is a constraint on the states inside the spectrum. The full
one-loop path integral in the matter-ghost sector is subject to an analogous lightcone reduction
as in the bosonic string and, in full analogy to the bosonic string, it is given by

dfdf c = c
Zitoon = | ———=Tr, | (—1)F qlo—2z glo=az | | (6.125)
1-loop J;__ (Im(’t))z 1 [( ) q q ]

where, since now we have both spacetime bosons and fermions circulating in the loop, we
put a (—1)F where F is the space-time fermion number (not to be confused with the world-

sheet fermion number, which we will introduce later), to account for the standard minus sign
for spacetime fermions circulating in the loop. The measure d?7/(Im7)? is already modular

35The reason is that the lightcone value is computing the full conformal weight of the R vacuum state in the
matter-ghost theory, ~ c e #/2S, |0)g;(5.c) -
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Table 6.2: The full closed superstring spectrum up to the massless level.

NS —NS R—NS NS—R R—R
Ly—a=0 m* = 3 (Nys — 3 m* = 5Ny m* = 5Ny m* = 5 Ng
io—a:O NNS:NNS NR:NNS_% NR=NNS_% NR:NR
tachyon:
N =0 t(P)[0, P)
mt=—2
massless boson: | massless fermion: | massless fermion: massless boson:
Nyo=1 8y ® 8y (8c®85)® 8y 8y ®(8c®8;5) | (8¢ ®85)®(8¢c@8s)
NS — 2 ~— ———— ~— —\— —_———— — ——
bos bos ferm bos bos ferm ferm ferm
Ng=0 m?=0 m?=0 m?=0 m? =0

invariant and contains as usual the volume of the CKG and the momentum integral in the
lightcone directions d?p*. The remaining trace is over the transverse c = 8 + 4 (X,) SCFT.

c 8 4
Lo—— =(1X—— Lw——). 12
0 24 ( 0 24)+( 0 24 (6.126)

Specializing on the NS or R sector for the 8 transverse ’s

NS) LY\ =DNys, (6.127a)
8 1
R) LY, =Np+ 76 =Nat (6.127b)

where we have considered that in the R sector all of the states are build on the R vacua |a)g
which obey

1
Lola)gr = 5 la)g - (6.128)

Let’s then define
£, 8) =Try [ (<1)F gl gl 5 | (6.129)

=[] (s ] =m0 ]) (s[4 ] -2

8 - -
:(Wnl(f)n(%)) (e[ ¢ ] =T [ 05 ]) (e[ ] -1 [ 375 ]).

where we have calculated the trace over 8 free bosons X!, recalling the Dedekind 7 function

n(t) = g% [Ta-gm, q=é. (6.130)
n=1
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It is easy to compute the fermionic traces. We start with

[2,a-g9(1 +q”‘%)2
n(7)

4

8
e | [Ja+an| =
=
93(7)4
n(t)*’
where we have defined the first of the 0-functions, 65(7). Continuing with the R sector we

have
8 1 100 4
. s [12,(1—g) (A +q")* (1 +¢°)?
[Ja+em ] =
>0 n(7)
- 0(7)*
—on(T)*
where 6,(7) has been defined.
To understand the behaviour of these two traces under modular transformations we need

to complete the picture with the remaining two 8 functions 6, and 6;. These two rely on the
definition of the worldsheet fermion number F, which is defined as follows

Trys [¢" ¢ ]

(6.131)

Trg[¢V*3 | =q75*2

(6.132)

NS) (-1)f = —emzrz%w"wr, (6.133a)

R) (—1)F =™ Zmeo¥ntn - T, i Zonza Wonthy (6.133b)

Few explanations: the reason for the minus sign in the NS sector is that |0)ys secretly contains
a fermionic insertion §(y) = e~% from the ghost (B,y) system, over the bosonic SL(2,C)
vacuum |0)ys = e~?(0)]0) SL(Z,C).% In the Ramond sector instead we have isolated the zero
modes and we have recognized that they are fully captured by the chirality matrix Iy: this is
clear since every zero-mode fermionic oscillator is a gamma matrix and we can span the whole
zero-mode sector by acting on the conventional vacuum |+%, +%, +%, +%> with all possible
gamma matrices, each time changing the worldsheet fermion number by one. Let’s see some
relevant example, starting from the holomorphic NS vacuum

(—=1)" 10, P)ys =10, P)ys - (6.134)

So, as anticipated, the (lightcone) NS vacuum is considered to be fermionic. On the first
excited state we have

(=14, 10,P)ns =+, 10,P)ys - (6.135)
2 2
On the other hand, in the R sector we have that
(=17 |a,P)g = +a,P)g , (6.136a)
(=1 |&,P)r =—|d,P)g . (6.136b)
With this understanding, we can now compute
8 oo 1820 4
_1 _1 I1 :1(1—61")(1—61“_5)
Tens[ (-1 qV 5 |=—q 5 | [ Ja—q | =—| =
1 n(7)
rz;
94(T)4
=— B (6.137)
n(7)*

36As you can see, some residual super-ghost contamination remains even in the lightcone, see section 6.5.1 for
details.
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and
1 1,1 8 éofl_n1+n21_024
TI'RI:(_]_)FqN+§] :q—3+§ l_[(l_qn) — q l_[n_]_( q )( q ) ( q )
n>0 n(7)
_01(0)* _
N nl(f)“ =0 (6.138)

This last trace®” is indeed identically zero because of the cancellation (1 —¢°)? = (1—1)? in
the zero mode sector:
6,(r)=0. (6.139)

Now we are ready to discuss the modular invariance. The modular properties of the 8 functions
(together with the 1) are given by

0,(T +1) =€'7 0,(7), (6.140a)
05(7 +1) =04(7), (6.140Db)
04(t+1)=065(1), (6.140c)
n(t+1)=e'2 (1), (6.140d)
and
0, (—%) = (—i7)? 6,4(7), (6.141a)
0 (—%) = (—i1)? 05(7), (6.141b)
0, (—%) — (—it)} 0,(1), (6.1410)
1 )

Using these properties it is immediate to see that the full R-NS partition function of the ¢ = 4
) sector

2

4_ 4
6a(0)* = 60" 6.142)

n(7)*

is not modular invariant! Luckily this is not a dead-end and there is a way-out, the GSO-
projection (Gliozzi, Sherk, Olive).

Try [ (—1)F gl gl 5 | =

6.3 GSO projection

Given the operator (—1)” in the NS and R sector, we can build the projectors

1
PiR’NS) — 5(1 + (_1)F(R,NS)) . (6.143)

Notice that in the R sector the two =+ choices simply change the selected chirality of the space-
time fermions at every level. Using these projectors in the holomorphic and anti-holomorphic
sector of the vy CFT it has been understood (and you can easily check) that there are four
possible truncations of the spectrum which are modular invariant.

37The four traces we have computed correspond to the possible periodicities that we can have for a fermion
around the euclidean time circle and the space circle (which gives the already discussed R, NS degeneracy). As-
signing a given periodicity around all possible independent cycles of a Riemann surface means to give a spin
structure. On the torus we have a total of four different spin structures and each of them is giving a trace.
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¢ Type IIA or Type IIB.

These are two projections that are done separately on each holomorphic sector

Pria= (PJ(FNS) + PiR)) (PJENS) + PSR)) s (6.144)
Pus =(PRY + PI) (PIY +PIY). (6.145)

They give rise to the same partition function®®

Try [ Praa(=1)" qho=% g0~ | = Tr, [ Pyyp(—1)" gl 3 gl |

4_ 4_ 412
05(7) 9;((:))4 QM (6.146)

which is easily shown to be modular invariant. There is one important fact that we have
to know about this partition function: it is identically vanishing! This is because of Ja-
cobi’s aequatio identica satis abstrusa (friendly referred to as Jacobi’s abstruse identity):

05(T)* — 0,(1)* — 0,(7)* = 0. (6.147)

The physical meaning of this is easy to grasp: we are considering a partition function that
computes the number of bosonic states minus the fermionic states. Since we find zero it
means that we have a perfect pairing of bosonic and fermionic degrees of freedom. This
is the sign of spacetime Supersymmetry. Another related thing, as we will shortly see, is
that the NS-NS tachyon state has been projected out. These are thus the first examples
of stable string theory vacua. Collecting also the X sector (which is already modular
invariant by itself, as we have seen in the bosonic string) we finally have

IIA,B dtd7t

= | ——Tr, [Pras(—1)" gto2 gho3 (6.148)
1-loop ]:(II‘H(T))Z J_[ HA,B( ) q q :I

_J dtdz ( 1 )8 03(7)* — 0,(7)* — O,(7)* | %
# (m(1))* \vImt (1) n(%) n(7)* '
Since this loop amplitude is computing the space-time vacuum energy due to the forma-
tion of bubbles, this is saying that there is no space-time cosmological constant that is

generated by vacuum fluctuations. This is again due to the precise microscopic cancel-
lations implied by space-time supersymmetry.

* Type OA or Type OB.

The other two possibilities are given by the following projections

Poa =PNIPNS | pOSPWNS) 4 pRIPE) | PRI DR (6.149)
Pog =PNI PN 4 pESDES) 4 pRIPR) | pEDE) (6.150)

One thing is immediately noticed: in this truncation there are only space-time bosons and
fermions have been completely projected out. Second, the tachyon is still there since it is

selected by PNIDNS) The two partition functions are again identical (because of 6; = 0)

c

Try [ Poaq™ % g0 5 | = Tr,, [ Pog g0~ gl 5]
_ 105(2)° + 104 (D) + 165(7)I®
() :

38This is because 6;(7) = 0 and it is an accident of the fact that we are computing a vacuum amplitude with
no vertex-operator insertions. The generic Type IIA-B loop amplitudes are of course different as they describe
interactions of two different set of states, as we will see shortly.

(6.151)
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and the full loop vacuum amplitude is

dtd7T 17 1
0A,B Lo—1 -1 -1
doop = | Tz 1| Poasq® 2q 2|, (6.152)
1-loop F (Im(T))Z [ ]
~ f drdz ( 1 )8 165(DI® +104()1° +105()1°
= (Im())* \vImt n(7)n(%) In(7)8 '
Both Type OA and OB theories are qualitatively similar to the bosonic string: no fermions

and an unstable vacuum signaled by the closed string tachyon. In the sequel we will not
consider them anymore.

6.4 Type II superstring

6.4.1 Closed string

Let us keep studying the Type II closed superstring. Given what we said about the GSO projec-
tion, we now write GSO™ to identify the GSO projection in the holomorphic sector and GSO*
to identify the GSO projection in the anti-holomorphic sector. Hence we have that the choice
of the Ramond GSO projection generates two inequivalent theories:

* type IIA, which corresponds to the choice (GSOIJ{, GSOE),
* type IIB, which corresponds to the choice (GSO;, GSO}).

Obviously, they both are (GSO;{IS, GSO;{IS) in the NS sector, so that the NS — NS tachyon is

removed. We are now going to explicitly see that these two theories have an equal number
of bosonic and fermionic d.o.f. at every mass level, which is an explicit signal of spacetime

supersymmetry.

6.4.1.1 Closed type IIA

If we now analyze the closed type IIA spectrum up to the massless level in the lightcone quan-
tization, we find what follows.

e NS—NS sector
The generic polarization of this sector is a Lorentz representation with two 8 indices which
can be split up into its symmetric part (s), anti-symmetric part (a) and trace:

(0 = 51 + qlif] 450, (6.153)

This can be written as
8y ®8y, =1®28,®35,, (6.154)

where
- the singlet (1) is the dilaton (spin 0),
- the anti-symmetric part (28,) is the Kalb-Ramond field (spin 1),

- the symmetric part (35;) is the graviton (spin 2).
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e NS—R sector
The generic polarization of this sector has a vector index u and a spinorial index &, namely
X+ This can be written as

8V ® 85 == 8C &) 565 s (6155)
where

- the 8 is the dilatino (spin 1/2, left in spacetime), which is the I'-trace of xé:
M = Tha X (6.156)
- the 564 is the gravitino (spin 3/2, right in spacetime):

. . 1 .

e R—NS sector
The generic polarization of this sector has a vector index u and a spinorial index a, namely
xé. This means

8,®8, =8;®56, (6.158)

where

- the 8 is the dilatino (spin 1/2, right in spacetime), which is the I'-trace of xé:
i i
g _Fﬂa Lo (6.159)
- the 56 is the gravitino (spin 3/2, left in spacetime):

’Ll)lﬁ = Xk — mréd’l’)d . (6160)

e R—R sector
The generic polarization of this sector has two spinorial indices a, &, namely H,,. It can be
expanded in I matrices as follows:

Hgg = GTL, + Cip K, (6.161)

where we used the definition 1
[itin — _'l"[il el (6.162)

n!

The reason why, inside the decomposition (6.161), we did not go further in the differential
forms order will be clarified in 6.4.1.3. In representation notation, this expansion can be
written as

8c® 85 =8y &56,, (6.163)

where

- the 8y is the massless vector C, (spin 1), which is a 1-form whose associated field
strength is F® = dC(), namely
Fuy = uCsy, (6.164)

- the anti-symmetric 56, is the 3-form C,,,, whose associated field strength is F @ =dc®),

namely
Fuvpa = a[ucvpa] . (6.165)
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8¢

8s
Figure 6.2: The SO(8) algebra Dynkin diagram.

Table 6.3: The massless spectrum of the type IIA closed superstring.

Closed Type IT1A

Bosons Fermions
® dilaton spin0 | n, dilatino (left) spin 1/2
B;; Kalb-Ramond spinl | n, dilatino (right)  spin 1/2
G;;  graviton spin 2 ;3 gravitino (left) spin 3/2
C; 1-form 1,/)}5 gravitino (right) spin 3/2
Cijx 3-form

We used the notation C?) = Cilmipdxil A---Adx'». These differential forms are called Ramond-
Ramond forms and we will investigate them more in 6.4.1.3.

Everything we said so far about SO(8) representations is deeply related to its triality prop-
erty.%°
The massless content of the type IIA closed superstring is summarized in table 6.3.
It is the same spectrum we find in type IIA supergravity (SUGRA), a theory invariant under
local supersimmetry which leads to general coordinate invariance (since, as we saw in eq.
(6.34), (SUSY)? = translation).

Its action is

1 1 1 1
Sia = —5 | d*° \/—G{_Z‘I’(R+4 09)*—=|H 2)——1«" 2 —|F 2}
IIA 2K120 X € (09) 2| (3)| 2| (2)| 2| (4)|

+ 1 By AdCi3y AdC
2 2 ©) 3)
4K7,
+ (fermions couplings)
+ (a’ corrections), (6.167)

39The SO(8) group has a triality property, which means that its vectorial representation and its two spinorial
representations, having the same dimension, are isomorphic. We can write

8,®8 =1028®35, withi=V,C,S, (6.166a)
8;®8; =8, ®56, withi#j#k. (6.166b)

Such a property is evocative of the explicit Z,-symmetry of the Dynkin diagram of the SO(8) algebra (see fig. 6.2).
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Table 6.4: The massless spectrum of the type IIB closed superstring.

Closed Type IIB

Bosons Fermions
® dilaton spin 0 | n, dilatino (right) spin 1/2
B;; Kalb-Ramond spin 1 n& dilatino (right) spin 1/2
G;;  graviton spin 2 1/);3 gravitino (left) spin 3/2
C 0-form spin 0 wg gravitino (left) spin 3/2
C; 2-form

~
.

Cijri  4-form

where

— Kjg is the Newton constant in 10 dimensions, which is related to the basic string param-

2
eters as Kyo = 87//%a’* g,

— f d'x v/=G e~2?R is the Einstein-Hilbert action,

— 4(8®)? is the kinetic term for the dilaton,

— H3) = dBy is the kinetic term of the Kalb-Ramond field,

— Fg) =dCyy and F(4y = dC(3y— dB(y) A C(q are the kinetic terms for the RR fields,

- fB(z) A dC3y A dCs) is a topological term, independent of the metric.

6.4.1.2 Closed type IIB

If we now look at the closed type IIB spectrum up to the massless level in the lightcone quan-
tization, we realize that, mutatis mutandis, is quite similar to the type IIA spectrum. It is

summarized in table 6.4.

It is the same spectrum we find in type IIB supergravity, whose action is

1

— 1
SHB = 2K2 f dlox —G{e_% (R + 4(8‘1’)2 - 5|H(3)|2)

10

1
+ — C(4) /\H(g) A\ F(g)

2
4K7,

+ (fermions couplings)

+ (a’ corrections),

where everything has an analogous meaning to what we previously said, and where

F(l) = dC 5

F(B) - dC(z) - CdB(Z) N

1 1
F(S) = dC(4) — EdC(z) /\B(Z) + EB(Z) A dC(Z) .
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6.4.1.3 Ramond-Ramond potentials

Let us now consider the type IIA case. In the RR sector the generic state can be expanded in
differential forms as

s iC . s o Fi1~--i7. (6.170)

103 ad i1...Is T q i1...I7 aq

Hy, = CTL. +C;

Taa

However, thanks to the T' duality property

Fil...in oc Eil...injl...js_nl—-j (6.171)

Ledgn?

these differential forms are not independent with respect to each other. Indeed we have that

C o< g ...i7jCj = C(7)=*3C), (6.172a)

ip..iy i)

J1--Js
.13 o< gil...i3 C11~--Js

C =i C(g) = *SC(S) , (6172]3)

where xg is the Hodge duality in 8 dimensions. We call Ramond-Ramond potentials the two
independents forms C(;y and C(3). The other two, C(sy and C(7 are not independent and
therefore they are not needed in the expansion of the bispinor H,,. This is the reason why we
did not write them in eq. (6.161).

Let’s now extend this reasoning from 8 to 10 dimensions. Let’s start recalling the form of
the Ramond vacua as a spinor-values spin-field acting on the conformal vacuum

R) S,(0)]0), withae 16, (6.173a)
R) S,(0)|0), withae 16;. (6.173b)

The gamma matrices are now 32 x 32. Moreover, we define C as the charge conjugation matrix,
which realizes a similarity transformation in the Clifford algebra:

crrmc=r#. (6.174)
The spinors S, that are involved in the VO defining the Ramond states satisfy the reality con-
dition
10 _ oT
sir’=sTc. (6.175)
This means that they are Majorana spinors and hence, while performing the transformation

IS,) — (S,|, we do not have to worry about taking the hermitian or the BPZ conjugation.
Let us now write the vertex operator

Fup (P (ST Cr8(2)). 6.176)

If we recall the action of the chirality matrix (in D = 10) I'*! on the spin fields of Type IIA
(T118) = +S4, (6.177a)
(T118), = =S4, (6.177b)

the fermionic bilinear can be rewritten as
()T cra-#§ = ()T (1) cri-g . (6.178)
Now, using {I''},T#} =0 and CI'M + (Fll)T C =0, we can write
(S)T CTh-th, = (5,)7 (1Y) T,
— (_1)p+1 (Sa)T Cl—‘ul...,upl—-llgﬂ
— (_1)p+1 (Sa)T CTH-Hp (_Sﬁ)
= (—1)P(Sy)" CTH 2S5 . (6.179)
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Therefore p has to be even. This means that in type IIA a p-form Fy,. ., can be coupled to
the two holomorphic and anti-holomorphic spin fields of opposite chirlaity only if p = 2n, for
n € N. On the other hand, in lightcone quantization RR potentials had an odd number of
vectorial indices. This strongly suggests that F is the field strenght of the C gauge potentials
we have enxountered in the lightcone.

To establish this, let us now consider, in the RR sector, the state

|state) = Fy,, . (Su)" crH#28 5 PX(0,0) |0) . (6.180)

The two super-current constraint give two Dirac operators in the two holomorphic sides

Gylstate) =0 = P4, =0, (6.181a)
Go state) =0 = P4, =0, (6.181b)
namely
Go Istate) = P, F,, . (Sq)" (T*)" CTH1-#284(0,0) |0)
=P,Fy,., (S)T CTHT#1-#284(0,0)0)
= PuFy 0 (ST C(T, 7 + pslarz-#21)35(0,0) |0)
—o, (6.182)

and similarly for G,. Therefore the constraints produce

¢ the Bianchi identities:
_ (r) —
P[uFul---up] =0 — dF¥" =0, (6.183)

* the generalized propagating Maxwell equations:

PuFﬁl...up =0 = d*FP=0. (6.184)

Given a field strength F(P), locally there exists a potential C??~1) such that F®) = dCc(P~1). This
is the reason why we will call them “Ramond-Ramond potentials”.

In the lightcone we have C, € and their Hodge-duals €7, ¢®®). In D = 10 they
become R-R potentials that we still call ¢ ¢cB) and ¢, C(S), with their associated field
strength F @) F® and F®, F®) In this 10-dimensional case we use the field strengths, which
are gauge invariants. In the lightcone case, on the other hand, we used the potentials (P~
since there we had no gauge symmetry. Moreover

F® =+ ,F® (6.185a)
F® =4 F®, (6.185b)

where we used the general definition of the Hodge duality in d dimensions:

(*10 F(p))u =v—& €N1~~Hd—p V1.V F7=", (6.186)

1--Md—p p

This is clearly not a topological operation: it can only be performed on Riemaniann manifolds,
namely on metric-equipped manifolds.
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The kinetic term for the field strength is given by Ful..-upFul'"“P (just like we used F,,, F*”
in electromagnetism). If we couple it to gravity, we get

r
5= | aix /g R, P

:erdx\/_—g|F(p)|2

-
= ) FP) A F®) (6.187)
My

where M is a d-dimensional manifold.

6.4.1.4 Electric-Magnetic duality

In order to understand which is the physical role of Hodge duality, we can look at the electro-
magnetic tensor in d = 4:

0 E E, E
|-E. o By -B,
Fw=|_g _8, o B | (6.188)

—E; B, —B; 0
Its Hodge-dual is

0 B, B, B
—B, 0 —E; E,

— ghvpo =FKY =
(F)yy =e""PFpo =F B, B, 0 K (6.189)
—B, —E, E, O
Therefore the action of the Hodge duality is to swap
EF — B, (6.190a)
B — —E. (6.190b)
Moreover we can write
* Maxwell equations:
9,F"" =0, (6.191)
* Bianchi identities:
8,F" =0. (6.192)

There is an explicit symmetry between these two equations. If we then introduce an electro-
magnetic source, Maxwell equations become inhomogeneous and the duality is lost unless we
assume the existence of a magnetic current:

OuF"" = jectr.» (6.193a)
O = e, - (6.193b)
These equations are invariant under
F «— F=+F, (6.194a)
jelectr. — jrnagn. . (6.194]))
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Let us now suppose we have a magnetic monopole. We may recall that for a common electric
charge q, the Gauss theorem says that

f *F(2)=J }_E)-d?=qe, (6.195)
where S, is a 2-sphere surrounding g,. Therefore, for a magnetic charge q,, the Gauss theorem
says that

J F(2)=f B-ds =q,. (6.196)

S, S,

Let us then suppose we have an electric charge g, moving around in the background generated
by the magnetic charge q,,. The minimal coupling between g, and the gauge field Al (with

dA® = F?)) is given by
f A = J dTA,x", (6.197)
Y

where 7 is the parameter that parametrizes q,’s trajectory y. Due to Aharonov-Bohm effect, if
a g-charged particle described by the wave function ¥() takes a tour along a closed trajectory

iq [ AD
y embedded in a gauge field AV, then ¥ gains a phase e'? JA° . Therefore, if q, travels in a
closed loop nearby q,, (see fig. 6.3), its wave function transforms as

v, () — e fYA(”q/qe(%’). (6.198)
Moreover, referring to fig. 6.3, we have that

What we just said (together with the assumption that, being far from the magnetic monopole,
we can locally write dA(Y) = F(?) allows us to compute the following:

f A = J A0 — f F@ (6.200a)
y oD, Dy

JA(l):f A(l):_J F@ (6.200b)
Y —aDz DZ

and since D; + D, = S, this all implies that

_J F(Z):_J F(z)+f F@ (6.201)
D, S, Dy

We thus found an ambiguity in the phase. In order to remove this problem we have to
impose
emie Js2 PP — p=i0em — 1 (6.202)

where we have used eq. (6.196). Therefore we obtain

qeqm =2mn, withne€z, (6.203)

which is called Dirac quantization condition. The smallest electric and magnetic charges that
satisfy such a condition (i.e. for n = 1) are

8ol = 271. (6.204)

200


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

Figure 6.3: The electric charge q, travelling in a closed loop y around the magnetic
charge q,,, radiating flux lines.

6.4.1.5 Electric and magnetic branes

We saw that a 1-form A" naturally couples to a worldline, namely to a particle (of charge q),
as follows:

q f A =g J dTA, %", (6.205)
Y

Analogously, a 2-form B® naturally couples to a worldsheet, namely to a string. This is the
case of the Kalb-Ramond form:

1 1 ]
5 ,J B = _—— J d*0 B,,0X"3X". (6.206)
Tas Jws Ta Jws

This story generalizes for RR fields
* In type IIA theory the R-R potentials are

— ¢, which couples to an object having a 1-dimensional worldvolume and an elec-
tric charge given by the flux of the R-R field, namely to a O-brane (i.e. a particle),

its Hodge-dual C(7), which couples to 6-brane,

- C®), which couples to a 2-brane,

its Hodge-dual C®, which couples to 4-brane.
* In type IIB theory the R-R potentials are

- C(O), which couples to a (-1)-brane,

its Hodge-dual C(S), which couples to 7-brane,

C®, which couples to a 1-brane,

its Hodge-dual C(®, which couples to 5-brane,

- ™, which couples to a 3-brane and which is self-dual.

Polchinski realized that these are precisely the open string D(p)-branes! We could then say
that the D(p)-brane boundary conditions of the (X;v)-SCFT corresponds to R-R field sources.
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This means that, in superstring theory, D(p)-branes not only have mass and energy, but also a
charge, called R-R charge.
A D(p)-brane can be described through a boundary state [D(p)) defined as

(D(P)IV) = (V(0,0))28) B¢ (6.207)

where V is a generic matter vertex operator. The boundary state of BC = a defined as

(6.208)

is an object analogous to what we introduced in the bosonic string to discuss the Cardy con-
dition (see eq. (5.212)). The reason can be understood as follows:

Card, i3 T pis x
Tr {7271} "=Y (B,|e 2F W |B,) = (B,|1e 2 (1)1 |,)

= 7 (ByIV) (V] 2E D) (VB )
v,V

= [(VIB,) [P e~ Flhv+iv), (6.209)
1%

where hy, is the weight of V and where we used a basis where H (and hence L) is diagonal,
which implies |V) = |V’>. We decomposed the propagator in all its possible channels:

>~

VAR
Tr{e27tHY = 6.210
r{e } ; e % ( )
%m

|Bg)

\\ax

We hence realize that (B,|V) represents the emission of an asymptotic state ()| from the disk
of BC = a (see eq. (6.208)).
If we evaluate the R-R potential on a disk having D(p) BC we find

(6.211)

which is the R-R charge of a D(p)-brane.
On the other hand, for the graviton G, (whose vertex operator is written as V;) we have
that

(6.212)

which is the D(p)-brane tension, namely its mass per volume unit.
This tells us that

(D(p)| = T, (NSNS| +u, (RR (6.213)

202


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

where (NS N_S| is a state in the NSNS sector, while (RE_{| is a state in the RR sector.
From a spacetime point of view, the R-R charge of a D(p)-brane is obtained by straightor-
ward generalization of Gauss theorem

uy = f CFOH2) — f F&p) (6.214)
S, S,

8—p 8—p

being Sg_, an (8 — p)-sphere surrounding the D(p)-brane.
All in all we get the following structure:

F(p+2) Hodge duality F(S_p)
c+D) c(7-p)
couples to a D(p)-brane couples to a D(6 — p)-brane
which is an extended which is an extended
object with electric charge object with magnetic charge
= 8-, — +2
pp, = f F(8-p) e—p = J F(+2)
szp ‘Sp+2

Polchinski explicitly showed that, if one evaluates separately u, and ugs_,, they are such that
(in appropriate units)

Uplhe—p = 27T (6.215)
Therefore D(p)-branes have the smallest electric and magnetic charge allowed by Dirac quan-

tization condition: they are the fundamental quanta of RR-charge.
In type IIA the fundamental charged objects are therefore

D(0)-brane: (D(0)| = Ty (NSNS| + o (RR| ,

. (6.216a)
anti-D(0)-brane: <D(O). =T, (NS NS| Uo (RR ,
D(2)-brane: (D(2)| = T, (NSNS| + u, (RR|

, (6.216b)
anti-D(2)-brane: D(Z)’ = T, (NSNS| — i, (RR]| .

If we build a D — D system with a D-brane and a D-brane on top of each other, their boundary
states get summed together and the R —R sector cancels out:

(Pe) D[ =27, ( (6.217)
means that the D—D system has a vanishing R-R charge. As we will see, this system is unstable,
just like an electron-positron pair.

We can also build bosonic-like D(p)-branes considering the cases where the corresponding
R-R potential is not present, for example in Type IIA:

(D(1)] =T, (NSNS| . (6.218)

These D-branes are called non-BPS and are unstable objects, just like bosonic D-branes. In
conclusion, type ITA has R-R charged D(p)-branes for p even and un-charged (bosonic-like)
D(p)-branes for p odd.

On the other hand, type IIB has R-R charged D(p)-branes for p odd and un-charged
(bosonic-like) D(p)-branes for p even.
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6.4.2 D-branes and open superstrings

Let us now talk about open strings, whose physics depend on the D(p)-branes system we are
considering. As we already know, in the open case we have a single holomorphic sector, which
splits into NS and R. We thus have to build a boundary SCFT where the gluing condition will
be

T(z)=T(2), (6.2192)

NS) G(z)=G(2), (6.219b)
B +G(2), forz=2<0,

R) G(z)= {_(—;(5), forg =35>0, (6.219¢)

The gluing condition of the supercurrent in the R case comes from the fact thatinz =% =0
there is a spin field which generates a branch cut on the real axis from 0 to co.
The doubling trick for the stress-energy tensor reads as

= {TUHP(Z), for Im(z) >0, (6.220)

Tup(z®), for Im(z) <O0.
We now define a label in order to distinguish between NS and R:

+1, for NS,
€= (6.221)
—1, forR.

Hence we can write the doubling trick for the supercurrent as

Gu(2), for Im(z) >0,
G(2)={ (Gup(z"), forIm(z)>0, Re(z) <0, (6.222)
€Gup(z*), for Im(z) >0, Re(z) > 0.

After a closed path around the origin, we have that
Gg)(zezm) = eGg)(z) , (6.223)

since in the R case there is a branch cut from 0 to oo on the real axis.
The bosonic current j*(z) has the usual gluing condition

)=z, forz=3%, (6.224)
with

(6.225)

qU) — +1, for A= Neumann,
AT -1 , for A = Dirichlet.

If we then recall that
5iasy ¥ (z) = 1 (2), (6.226)

we have that the bosonic gluing condition for j*(z) immediately induces the fermionic gluing
condition for 1*(z), which are

Ql(\w)t/;“(e)(é) , forg=%<0,

_ (6.227)
eQWpr(z), forz=7>0,

Y O) = {

where the gluing map QX/)) is the same as Qg).
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A D(p)-brane is a (X; ¢)-BCFT where

* (X";9") have Q = +1 (Neumann BC) for u=0,1,...,p,
s (X%;4") have Q = —1 (Dirichlet BC) fori=p+1,...,9.

These D(p)-branes live in a 10-dimensional spacetime codified by closed superstring of type
ITA or type IIB.

We now want to see what is the effect of GSO projection on the open strings sector. Given
a type IIA/B background, let us consider two boundary states |D(p;)) and |D(p,)) in the di-
rections transverse to the light-cone. We then use the Cardy condition and write

(D(py)| e~ 7 Lot Lo=12) |D(py)) = Try,,, {e 27t lo=5)} | (6.228)

where #, is the Hilbert space of the strings stretched between the D(p;)-brane and the D(p,)-
brane, transverse to the light-cone. In the following we separately study the cases where

P1=Pp2=DpD.

6.4.2.1 The charged D(p)—D(p) system

Let us consider the D(p)—D(p) branes system, where the two D(p)-branes both have the same
non-zero R-R charge (hence p = 2n in type IIA and p = 2n + 1 in type IIB). The open strings

¢11 ¢12
(¢’21 dm) (6.229)

can have both NS and R sectors. From the Cardy condition it follows that

* in the NS sector the GSOJ¢ projection leaves the 8y, representation and throws away the
tachyon:

* in the R sector the GSO;, projection leaves the 8. representation, while the GSOy pro-
jection leaves the 8¢ representation (this is the SO(8) content, which should be ap-
propriately decomposed following the breaking pattern induced by the Dp boundary
conditions).

The double possibility we have in the R sector (namely GSO}; or GSOy) corresponds to the fact
that we can have positive R-R charge (D(p)—D(p) system) or negative R-R charge (D(_p)—D(_p)
system). These GSO projections will be denoted as GSO*(+), where the superscript refers to
the R sector, while the parenthesis refers to the NS sector. The GSO we perform on the open
strings are hence

(6.230)

b1 P12 GSO™(+) GSO*(+)
b1 P2 — \Gso*(+) Gso*(+))-

6.4.2.2 BPS condition

Let us now look at the annulus partition function. We have already seen that in the bulk the
torus partition is identically vanishing which is the sign that there is space-time supersymmetry.
On the boundary, namely for the open string, let us consider a charged D(p) — D(p) system,
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where the two D(p)-branes are parallel to each other and separated along a Dirichlet direction
y, at a distance Ay. Computing the one-loop vacuum amplitude, one finds

[T —

* dt ( 1 )% _t(zA_y)z ( 1 )8 05% —6,% — 6," (it)
— JE— ma’ 1
o (21)2 \2t ¢ n(it) n4

S N (A N ey (¥)
" 4nm 0 s ﬁn(%) n* m

oo

1 .
=— | ds(D(p)leotlo12) |D(p))
4 0

—o, (6.231)

where we have set t = % and used the modular properties for the 6 and 7 functions ((6.140a),
(6.141a)). This quantity is identically vanishing which means that the open string states
stretched between the two identical D-branes have a perfectly balanced boson-fermion de-
generacy. However in the s variable this has another complementary interpretation. We recall
indeed from the bosonic string that the large s behaviour of the integrand is sensible to the
massless closed string states that are exchanged between the two D-branes. A power series
expansion in s — oo can isolate the contribution from the exchange of massless states:

8 4_p4 4 .
( 1 ) ([93 04" Insns — [62 ]RR)(E) ~ (16ysns —16gg) + (0)e= +... (6.232)
n(%) n* T ) s—oo

Considering only the massless exchange, in complete analogy with the bosonic string, we find
again the Green function G(Ay) ~ 1/|Ay|472:

( TZ - 1R6 )G(A )=0 (6.233)
y)=0. .

=0
matching of bosonic
and fermionic d.o.f.

Therefore two charged D(p)-branes at a distance Ay are attracted by a force coming from
the NS — NS sector (due to the dilaton and the graviton) which is balanced by an equal and
opposite force coming from the R — R sector:

tension = R-R charge. (6.234)
~—

produces gravitational attraction produces electric repulsion
between the two D(p)-branes between the two D(p)-branes

Hence the two D(p)-branes do not interact. In supersimmetry, this is called BPS condition.

6.4.2.3 N =4 Super Yang-Mills

Let us now consider a stack of N D(3)-branes in type IIB theory, where they are R-R charged
(and have a field-strength F®)). Given this setting, we have 4 Neumann directions
u =0,1,2,3 and 6 Dirichlet directions i = 4,...,10: therefore these BC break SO(1,9) into
S0(1,3)®S0(6).
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In order to throw away the tachyon, the GSO projection for open strings will be the fol-
lowing:

NS) GSOi.,

Neumann X*,y* — ) NS

R) GSOf,
o NS) GSOi.,

Dirichlet X', ¢! — ) NS

R) GSO.

The first state in the NS sector is
Au(PYPY [0, P)ys + A (P)Y" , 10, P)ys (6.235)
2 2

where A and A are N x N matrices, since we have a stack of N D(3)-branes. The physical
constraints are

G, = P-A=0, L, = P?=0. (6.236)

[

Therefore we find N2 gluons (in the adjoint representation of U(N)) and 6N? transverse scalars
(in the adjoint representation of U(N)).
On the other hand, the first state in the R sector in d = 10, without considering the GSO
projection, is
Xa(P)|a:P)R+Xd(P)|d:P>R’ (6.237)

where a € 16 and & € 165. When we then perform the GSO projection, the 164 is removed
and we are left with a single chiral spinor in d = 10. In order to understand how a decomposes
in SO(1,9) broken into SO(1,3) ® SO(6), we write

1 1 1 1 1
a= :l:_’ :l:_J :l:—, :i:_z - > (6238)
272 2 2 2

and since we are dealing with a left spinor there is an even number of —1/2. Therefore we
can decompose a as

1 1 1 1 1
a=|+t=, =, =, £—, - |, (6.239)
2° 2 2 2 2
—_——— ——— ———
a,a I,

which gives rise to the two following cases:

* a = (a,I), where a is a Weyl spinor of SO(1,3) with positive chirality and I is a Weyl
spinor of SO(6) with positive chirality,

c a= (d,f ), where ¢ is a Weyl spinor of SO(1,3) with negative chirality and I is a Weyl
spinor of SO(6) with negative chirality.

The two possible representations I = 4, and I = 44 of SO(6) can be seen as the fundamental
4 and the anti-fundamental 4 representations of SU(4), since the Dynkin diagram of their
algebras are topologically equivalent (see fig. 6.4).
Therefore y, in d = 10 can be written as ( xé, xé), which are massless fermions in the fun-
damental and the anti-fundamental representations of SU(4). They are called gluinos (or
gauginos).

What we found is that in the case of N D(3)-branes in type IIB there is an effective theory
for the fields

A vectors (spin 1),

~ =

xh, xb gauginos (spin 1/2),
A scalars (spin 0),
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e

4 4
() SO(6). (b) SU(4).

Figure 6.4: The SO(6) and the SU(4) algebra Dynkin diagram are topologically
equivalent.

which form the vector multiplet for the N' = 4 super Yang-Mills theory. The related action is

Ssvni4: fd“XTl‘ F FIJV+D AlD“A +|:)L“A]:||:Ai,lj:|

+ 7' By + 7 [)(I_, Ai] y{’f} + (' corrections), (6.240)

where the term [Al, AJ] [Ai, Aj] shows a quartic potential structure for the A field, while the
y coefficients are the gamma-matrices of SO(6). Every term of this action can be obtained by
computing open strings amplitudes in the N D(3)-branes system, as we sketched in the bosonic
string example.

Since there is no dimensional parameter inside Sj\‘}“i 4» there is a conformal invariance at
the classical level. Moreover, the 8 function of this theory vanishes, which means that it also

has a superconformal invariance at the quantum level.

6.4.2.4 The D(p)—D(p) system

Let us consider a D(p) — D(p) branes system, whose total R-R charge is zero. This time the
closed string exchange amplitude (or equivalently the one-loop bubble of the stretched string)
will be

1 [ -
— f ds (D(p)| e~totLom12) |D(p))
41T 0

1 (% % _w 1 8(934—044+924)(i5)
= — ds (—) e 2ds —
4an s (”) n4 s

=

o0 SN 8 (0% +0,%— 0,4
=f dtz (i) ’ e—%( 1 ( e )(it). (6.241)
o (262 \2t n(it) 1

The plus sign in front of 6, is there because this is the contribution from the exchange of
RR fields. Since the the two RR charges are opposite now this contribution is opposite from
the D — D case. After passing to the open string variable t = n/s and using the modular
transformation we have that under t — 1/t

92/71‘—’94/77-
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V(t)

Im(t)

Re(t)

Figure 6.5: The tachyon ‘Mexican hat’ potential for a D-D system. The tip of the
potential, located in t = 0, is the unstable vacuum. The red circle Sgt) is the manifold
of the minima, where V(t) = 0. We hence have a 1-parameter degeneration of the
stable vacuum.

Therefore this time we find that the GSO projection for the open string is opposite from the
one we used in the DD system. In total, from the Cardy condition, this time we find a different
GSO projection in the off-diagonal sector, describing open strings stretching from the brane
and the anti-brane

$11 P12 GSO*(+) GSO*(-)
— _ _ . 6.242
(¢21 b2 GSO(-) GSO~(+) (6:242)
Therefore we have a complex open string tachyon in the off-diagonal sector.
From a closed string point of view, we have already discussed that we have
ID(p)—D(p)) = 2T, [NS—NS), (6.243)

and we see that the total R-R charge is zero. On the other hand, from an open string point
of view we see a tachyon, hence an unstable vacuum. Therefore we have two complementary
informations:

vanishing R-R charge <= unstable vacuum.

This essentially means that, since the D(p) — D(_p) is not charged, the system is unstable and
it will decay. Such a process can be codified by the dynamics of the open string tachyon t. It
can be shown using string field theory that its effective potential V(t,t) (where t € C, since
the Chan-Paton is (E) 6)) has a Mexican-hat shape (see fig. 6.5).
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X9 Im(t)
(x1,x3) \ t A

AR Ox
x \ - X1 > Re(t)

V(t)=0

Figure 6.6: On the left, we have the (x, x,) plane where the vortex solution t(x?, x?)
lives: the perturbative vacuum is in the origin, while the point at infinity is the non-
perturbative vacuum (since t acquires vev). On the right, we have the t plane: thered
circle is the minima manifold where V(t) = 0, namely the 1-parameter degeneration
of the stable vacuum, while the origin of the two axis corresponds to the unstable
minimum (see figure 6.5).

Let us now write the tachyon as t = t(x") (where x" are the worldvolume coordinates of the
D(p) — D(p) system, i.e. u = 0,1,...,p). Consider the tachyon equation of motion derived
from the effective potential

ot—V/(t)=0. (6.244)

This equation has several interesting solutions. The simplest is
t=0, (6.245)
which corresponds to the initial unstable system. Then we have
t=t.e'?, (6.246)

where V/(t,) = 0, minimum of the potential. This is a one-parameter family of solutions
which describe a constant field configuration. This is a stable vacuum where the D-D system
has dissolved into pure closed string radiation, leaving empty space-time, just like an electron
and a positron decay by emitting photons. This is a curious vacuum state for the effective open
string description, since there are no more D-branes in this vacuum, yet the open string field
theory exists. This configuration is called Tachyon Vacuum. A detailed analysis using string
field theory shows that the energy difference V(0) — V(t,e'®) precisely accounts for the total
mass of the initial unstable D — D system.

It is also interesting to mention the so-called vortex solution depending only on two space-
like coordinates x!,x? € {xo,xl,...,xp}, that is to consider t(x!,x2) = t(¥). The gauge
fields on the D-branes also play a crucial role, but we will not consider them in our sketchy
argument

These vortex solutions are identified by a topological charge, called winding number. Its
meaning can be grasped as follows. Since the vortex solution has to be normalizable (i.e. the
vortex has a finite energy), t(¥ — ©0) has to be in the minimum of the potential. If t, is the
radius of the minima manifold (see fig. 6.6), and if we write ¥ = |x|e!®, what we just said
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reads as

lim ¢(¥) = lim t(|x|e%)=t,e", (6.247)
X —00 |x|— 00

where 0, is related to the manifold ng) of the configurations for ¥ — oo in the (x!, x?) plane,

while 6, is linked to the manifold Sgt) of the stable minima in the t plane.
Thus the generic vortex solution is associated to a map

m: S — s, (6.248)

that is classified by the winding number n € Z, which counts how many times Six) winds

around S%t). If the winding is performed clockwise, the winding number is positive, and
negative otherwise. This is a topological charge, since it cannot be changed by continuous
deformations of the map m.

As a consequence of all of this, the vortex solution is labelled by the winding number:
t,(X). The space profile will describe a concentration of mass-energy near X ~ 0 while for
large X the solution will be relaxed at the tachyon vacuum where there are no D-branes.
This solution is therefore describing a charged object which has a world-volume with two
dimensions less than the original D — D system.

Ashoke Sen conjectured that the vortex solution t,() represents n coincident D(p — 2)-
branes located at ¥ = 0. Indeed the D(p)—[Tp) system has no R-R charge for F?*2) whereas
a stack of n D(p—2)-branes has a R-R charge of n given by FP) and, according to the conjecture,
it is exactly the winding number of the tachyonic vortex. A quantitative prediction of this
conjecture is that the vortex energy per volume unit is equal to the tension of n D(p — 2)-
branes. This speculation has been numerically proven in string field theory, but a full analytic
solution is still lacking.

6.5 Bosonization and picture charge (more advanced)

6.5.1 Bosonization
6.5.1.1 Spin field

Let’s consider type II superstring theory. As we said before, we define the Ramond vacuum as
a spin field acting on the SL(2, C)-invariant vacuum:

la)g = S4(0)0) , (6.249a)
la)g = S4(0)]0) . (6.249Db)

Let us now recall the contractions for the fermions wli(z) we defined in (A.4):

_ 19)
/l')b;-(zl),l)bj (z0) = ﬁ , (6.250)
Y7 (2P (29) =0. (6.251)

We may now consider a logarithmic free chiral boson H;(z), such that

Hi(z1)H;(22) = —61;10g(2; — 25), (6.252)
I — |
with a stress-energy tensor given by

Ty(2) = % :0H-0H: (). (6.253)
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We can employ it to build the plane waves e*f1(z), which have the following contractions:

o1y
(21 —22) ’
eEiH; (Zl)eiiHJ (29)=0. (6.254b)

ettHi(z)e i (z,) = (6.254a)

We notice that the contractions of these plane waves are the same as the contractions of the
fermionic field I,bf(z). We can thus perform a field redefinition called bosonization:

Y7 (z) = e Hi(z). (6.255)

This name comes from the fact that we wrote a fermion as a plane wave of a boson.
We can then use this technique to bosonize the spin field as follows:

Sq(z) = el Zroitli(z) (6.256)

where s; is the so-called spinor weight (recall that we are in d = 10):

1 1 1 1 1

sp= {:I:—, +—, -+, :I:—} . (6.257)
272 2 2 2

According to the definition (A.15), the spinor weight of the left spin field S, will have an even

number of —1/2, whereas the spinor weight of the right spin field S, will have an odd number

of —1/2.

In d = 10 the spin field is a product of 5 elementary plane-waves etzH , one for each

independent 2-dimensional plane. The weight of e*2H1 can be easily computed to be 1/8.
This means that

h(S,)=h(S,) = g . (6.258)

This is the reason why in the definition (6.86) of the Ramond matter+ghost vacuum we took
a ghost part cvgjé” having overall ghost weight —5/8: this indeed combines with the matter
weight of the spin field, leaving a weight zero physical state. Now we are going to describe
the By operator Vé%”).

6.5.1.2 Ghost (f3,7) system

The 8 and y ghosts are (spinorial) bosons and to bosonize them (since they are already
bosonic) we need two decoupled CFTs:

&)y, (6.259)

where 1 and & are fermions, while ¢ is a boson. With these ingredients we can redefine f3
and y as

Blz)=e*0&(2), (6.260a)
r(z) =ne®(z). (6.260Db)

The (n, &) system (which is kind of a (b, ¢) system) is such that

h(n)=1, h(¢)=0, (6.261)
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and
E(z1)n(z2) = : (6.262)
1 (z1—2)
The stress-energy tensor of this (), £)-CFT is
T8 (2) = :(8n)E: (2) — 8 (:n&:)(2), (6.263)
and its central charge turns out to be ¢ = —2. Moreover, the normalization is
(01 |0) =1. (6.264)
On the other hand, ¢ is a chiral twisted free boson with logarithmic OPE.
¢(21)p(22) = —log(z, —23). (6.265)
e — |
The stress-energy tensor of this ¢-CFT is
1
T¢()=—3(09)@¢) %, (6.266)

where 92¢ = 8[d¢] is the twist term (here is where the name “twisted boson” comes from).
The central charge turns out to be ¢ = +13.

Therefore the overall {(n,&£) ® ¢}-CFT has a c = —2 + 13 = +11 central charge, which is
the same as the (3, y) system.

We can evaluate

h(e?) = —%(q +2), (6.267)
which means that h = 0 if and only if
1 =0,
e :{ o (6.268)
e’ — qg=-2,
with
(1)=o0, (e729)=1#0. (6.269)

This fact is called anomalous momentum conservation, and can be explained as follows. If we
define the charge

dz dz
= —=(—30)=@ —i , 6.270
Q ﬁZTCi( ?) jgoznij"’(z) (6.270)
we have that
[Q,,e%%] =qe??, (6.271)
and
2 i, (2 dj,(z
Ty(21)jy(22) = — Jgl22) + Jgl22) + (regular terms), (6.272)

(21—22)%  (21—22)%2 (31—2)

which means that the current j, is not a primary. This has the following effect on BPZ conju-
gation:

I(z)=—1
Q,10)=0 — (0/(Q, +2)=0, (6.273)
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Table 6.5: The value of the picture charge p for the main fields we are interested in.

L

Field | p
p 0
Y 0
n -1
3 1
e_q(p _q
0)ns | —1
la)r —%
which implies that
([ Jer@)) #£0 = > q=-2. (6.274)

Thanks to this construction, we can finally write the full expression of the NS and R vacua,
namely

Ohs =010}, [@)g=5,e75(0)]0), (6.275)

which are essentially what we wrote in (6.84) and (6.86). The NS vacuum has weight 1/2
while the R vacuum has weight 1. After dressing them with a c-ghost we find that the vacua
are respectively —1/2 = —ayg and 0 = —ag, which precisely match the lightcone zero point
energies, as they should.

6.5.2 Picture charge and large Hilbert space

Combining the two CFTs arising from the bosonization of the (3, y) system, we can define the
current

Jp(2) = :Em: (2) = 0 (2) = :Em: (2) + jy(2), (6.276)

the related conserved charge is called picture charge p. Its values for the fields we are dealing
with are written in table 6.5
Now we have three anomalous currents which have to be conserved in correlators. The first
is the (b, ¢) ghost current which fixes the 3 ¢ zero modes (4.180). Then we have anomalous
momentum conservation (6.269) and finally we have the &, ) current which fixes a £. In total
the non-vanishing 1-point function is
(ge_z“’%(azc)(ac)c(z))Chiral =1. (6.277)

LHS

It has p = —1 and gh = 3. The label LHS says that the correlator is computed in the so-called
large Hilbert space. In order to understand what does this mean, we can go back to the field
redefinitions (6.260a) and (6.260b) of 8 and y. We notice that they do not use the full Hilbert
space of the {(n, &) ® ¢ }-CFT, because the dependence on £ is all inside d& (in 8), where the
zero-mode & is excluded. Indeed, since & is a weight-zero primary, we can write

E@)=D & " =8+ ) ", (6.278)
n=0 n=1
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and realize that inside & the zero-mode & is not present.
We then have to distinguish between

* the small Hilbert space (SHS) where the (f3,y) system lives and where the zero-mode
o is not present,

* the large Hilbert space (LHS) where the whole {(n, £) ® ¢} system lives and where the
zero-mode & is present.

The LHS is twice as big as the SHS because V [state) € SHS the LHS contains both |state) and
&, |state).

String amplitudes and observables will live inside the SHS, since they are build with the
(B,7) system. Hence, starting from the LHS, it is useful to know how to come back to the
physical SHS, and this is simply realized as follows:

(... )SHS = (50( . ))LHS . (6.279)

Moreover, in the SHS the correlator (6.277) reads as

(2 (2@ =1, (6.280)

SHS

Ithas p=—2and gh=3.
Let us now study the structure of the LHS a bit more in detail. We can start by considering

the zero-modes
dz 1 dz
50 = } _g(z)a nO :§ .n(z)ﬁ (6-281)
0 Z o 271

271

which obey

[1n0,E0]=1. (6.282)

Since in the SHS there is no dependence on &, we have that a generic vector in SHS will be
annihilated by

0
— =1=0. (6.283)
98,
Hence we can write
SHS = Hg = ker(n). (6.284)
If we now also recall the BRST charge
dz .
Qp = é ——Js(2), (6.285)
0 271

we realize that in the LHS there are two nilpotent operators

Q2=0, n3=0, (6.286)

which (anti-)commute with each other:

[Qp,Mo]=0. (6.287)
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Moreover, both Qp and 1, have empty cohomology:*°

[(10,6(@)]=1,  [Qp,—cEdEe ™ (2)]=1. (6.288)

The operator £(z) is called contracting-homotopy operator for ), while —c£3 Ee™29(z) is the
contracting-homotopy operator for Qg. Notice in particular that the contracting homotopy
operator for Qp explicitly contains &, which only exists in the LHS. We thus learned that

* in the LHS neither Qz nor n, have cohomology since they both have a contracting-
homotopy operator;

* in the SHS 1, = 0 (since we are inside its kernel) and &, is not present: Qp has no
contracting-homotopy operator and has a non-empty cohomology.

The two contracting homotopy operators we have found allow to construct two interesting
new operators (by interchanging the role of Q and 7):

X(z) =[Qp,&(2)], (6.289a)
V()= [T)O,—ci(’) §e_2¢(z)] =cdEe 2% (3). (6.289b)
It is immediate to see that
{[QB,X(z)] =0, {[QB,y(z)] =0, 6.290)
[770>X(Z)] :O: [770>y(2)] :0:

and so X',) € SHS.
Moreover

* X has picture p = +1 and hence is called picture raising operator,

* Y has picture p = —1 and hence is called picture lowering operator.

These two operators are one the inverse of the other in the OPE sense:

lin?) X(2)Y0)=1. (6.291)
We now define the zero-mode of X" as
1
v=¢ 1y (6.292)
0 2T 2

In this way, given a physical state ¢, of picture p (which, being physical, satisfies Qz¢, = 0),
we can raise its picture with A}, and the resulting state will still be physical:

Xobp=¢pr1,  Qpdpi1=0. (6.293)

This means that, for a given physical field, we can build an infinite chain of fields that have a
different picture charge and yet are still physical:

bpi1 (6.294)

We therefore learn that in superstring theory every physical state is infinitely degenerate be-
cause we can take it in any picture we want. While evaluating superstring (tree-level) ampli-
tudes we will have to end up with a total picture of p = —2 (recall eq. (6.280)), and this will
be the criterion to be employed in order to choose at which picture we want to take our fields.

On top of this, we have the Z, degeneracy due to the two possible vertex operators we can
use, namely integrated or non-integrated.

<=
SN

Sy 2 b
—

e &— —1
) p Y p

“0Given a nilpotent odd operator d, if there exists another odd operator h such that [d,h] = 1 then, for every
d-closed state 1, (dy = 0) we have that 1) = d(h(y)), so every closed state is exact and d has no cohomology.
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6.5.3 GSO projection and bosonization

We now want to use what we learned about bosonization to better understand the GSO pro-
jection.

First of all, it is useful to recall the field redefinitions of the fermion 1) and of the § and y
ghosts:

Y7 (z) =e*Hi(z), (6.295a)
B(z)=e*0&(2), (6.295b)
r(z) =ne’(z). (6.295¢)

We can then write a generic state in the NS or in the R sector as a plane wave with generalized
momenta vy, s; (related to the matter 1 part, where I = 1,...,5 since we are in d = 10) and
Vg, Sg (related to the ghost (f,v) part):

INS state) = e Hitve? | with v;, vg € Z, (6.296a)
. 1
IR state) = e™iH1t56¥  with s;, s € Z + 3 (6.296b)
Since, obviously,
integer + integer = integer, (6.297a)
integer + half-integer = half-integer, (6.297b)
half-integer + half-integer = integer, (6.297¢)

we have the general OPEs

INS state) - |NS state) ~ |NS state) , (6.298a)
INS state) - |R state) ~ |R state) , (6.298b)
IR state) - |R state) &~ |NS state) . (6.298¢)

Using GSO projection we can then split the NS sector and the R sector as follows:

GSO{ ., where >, v;+ v, is even,
NS —» NS 2+ Y - (6.2992)
GSOyg, where 3 v, +vg is odd,
GSO;, where >, s; +s¢ is even,
R — R 2517+ , (6.299b)
GSO;, where Y, s; +s¢ is odd.
We immediately see that the GSO;{IS sector is closed under OPEs, which means that
GSOy - GSOf ~ GSOYs - (6.300)

On the other hand, in the R sector we can fix s (which is essentially the picture charge, related
to the bosonized ghosts) and the difference between even GSOE and odd GSOj, reduces to the
chirality of the corresponding spacetime fermion |{s;}).

The algebra of these generalized plane waves is

Ieiszz+p6<p(zl)eiq1H1+qew(22)l = (2, — 2o) P19+Ped6 o 1(Pr+aDHI +(P6Ha6)% (5,) | (6.301)

If we want to ask for locality in the chiral sector (namely the absence of branch cuts) we have
to take
—P191 t Pede €Z. (6.302)
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But we have that

1

GSOL(21) - GSOE(2y) N ——r (6.303a)
NS R 1 — 2
1
GSO (21) - GSOR (25) ¥ —. (6.303b)

V21— 2y

Therefore the minimal consistent sectors where fermions are still in the spectrum (as we would
like it to be, since this is the reason we introduced supersimmetry for) are the two following
possibilities:
+ + + —
GSOf  ®GSOf,  GSOjs ® GSO}, . (6.304)

This is the truncation giving rise to Type II A-B and to spacetime SUSY.

6.5.4 D(p)-branes and supersymmetry

Let us consider type IIA theory. Since we have two spin fields of opposite chirality, we can
build the two following fermionic supercharges:

Qu(2) =5,e72(2), (6.305a)
Qu() =545 (2). (6.305b)
Using the contractions
1 (Fu)a/}
Sal21)S = ———YH(22), (6.306a)
(z1) /5(22) \/z(zl—zz)zw (22) a
Cap 1 LT,
Sulz1)Sj(22) = S+ _ Pt (25), (6.306b)
— 1 (21— %)% (21 —22)%
e 5 (z)e 5 (3) = — ¢ 9(z,), (6.3060)
1 (21—2,)%
we can evaluate
Qa(21)Qp(20) = LMmp“e—%”(z ) (6.307)
G V2 (21 —22) 2 '

where the ¢ term comes from e ¥/2¢7%/2 = ¢=%_ and hence the total picture charge of the
result is —1/2—1/2 = —1. We would have expected something like Q,(21)Qp(22) ~ T, j*,
but instead of the momentum generator j* we have found its representative at picture (-1),
namely He™%:

Xo(Yre %) =jm. (6.308)

We thus learn one important point of the RNS string: Space time supersymmetry is only realized
up to picture changing.

On the other hand, if we want to consider two supercharges of different chirality in the
same holomorphic sector we get

C _ T,L,
Qa(21)Qp(22) = —)3e P(2) + o ———— PP (z0). (6.309)

It has branch cuts, but we got rid of this bad situation through GSO projection, that forbids
the combination Q,(z;)Q i (24).
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In general, we have

* type IIA, with Q, and Q,

* type IIB, with Q, and (_2/5.

If we now want to study D(p)-branes, we have to give a set of gluing conditions. For the bosonic
currents we already know how to proceed, but the question now is whether it is possible or
not to consistently glue the two chiral parts of the supercharge Q at the boundary.

If we choose type IIB theory, we can write a plausible gluing condition

Qu(x)=2LQp(2), forz=z, (6.310)

and try to find the gluing map 9’0/5 .
If we take M = ({u}, {i}) (where {u} are the Neumann indices and {i} are the Dirichlet
indices), we can write the OPE Q,(21)Qp(23). The left-hand side is simply given by (6.307):

1 ( Ad)aﬁ
Qu(21)Qp(20) = Me™(z,). (6.311)
GTp \/_(Zl_zz)w 2
The right-hand side can be written using the gluing condition (6.310) and reads as
P10, ()P Q5(55) = — (it )op — 2P QUM N ¢ (6.312)
Lo VTR O V2 (s — %) ‘
We wrote the usual gluing map (6.225) as a matrix:
oM (5‘; 0 ) o +1, for A= Neumann, 6.313)
= ; “—> = .
N 0 =6} 4 —1, for A= Dirichlet.

In this notation, the usual bosonic and fermionic gluing conditions read as

M — OM:N(z =
{J )=y (), forz=2, (6.314)

YM(z) = QYN (z), forz=3.

Therefore, if we want the left-hand side and the right-hand side to be compatible, we have to
impose
2.2 (Tw)ys = T)ap iy » (6.315)

which can be written as
P2t =aln,Cct, (6.316)

where T denotes transposition.
It can then be shown that, for a given D(p)-brane, the relation (6.316) is solved by the
gluing map

9
Pr=z ]_[ (L), 6.317)
i=p+2
being I' the chirality matrix. Thus we find two solutions. However in type IIB (which is the
setting we chose) & must have indices of the same chirality, namely & = ?/"aﬁ . Since every
I’ matrix changes the chirality, this implies that p must be odd. Hence we found a consistent
gluing condition for the supercharge only for D(2p — 1)-branes.
On the other hand, if we are in type IIA we have that the gluing condition is

Qu(2) = «@aﬁQﬁ(Z), forz=z, (6.318)
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and the gluing map has indices of opposite chirality (i.e. # = Waﬁ ). This implies that p inside
9’; is even and hence we have a consistent gluing condition for the supercharge only for
D(2p)-branes.

What we just found teaches us that in type IIA or type IIB we have charged D(p)-branes
preserving half of the spacetime SUSY. The general gluing condition for the supercharge is

Q(z)=2Q(z), forz=%, (6.319)

with

9
P =z ]—[ (L,D). (6.320)
i=p+2

The =+ inside 2* distinguishes between D(p)-branes and ITp)-branes. This fact gives us a
geometrical intuition which can be grasped us follows. Let us recall that the difference between
D(p)-branes and D(_p)-branes is the sign of the R-R charge. Its value is related to the integration
on the worldvolume M, ; of the p-dimensional D(p)-brane of the corresponding R-R potential
c®*D, But since C?*V is a volume-form for the manifold M p+1, it defines an orientation:

co+1) >0 = positive orientation = D(p)-brane,
— P

Moo <0 = negative orientation = D(p)-brane.

p

Hence a D(p)-brane is just a D(p)-brane with opposite orientation, and this is consistent with
the & ambiguity inside Wpi.
We can then talk about preserved SUSY. We have that

* a D(p)-brane preserves Q + Qpé,
* a D(p)-brane preserves Q — gpé.

They are both 1/2 BPS because they preserve only half of the supersimmetry.

If we have many D(p)-branes (or many D(p)-branes), SUSY is still preserved. On the other
hand, a D( p)—lTp) branes system breaks SUSY completely (in fact the system is unstable with
a tachyon, with consequences discussed in 6.4.2.2).

Finally, let us consider a D(p) — D(q) branes system. Here there is a certain number of
Neumann-Dirichlet (ND) directions, along which a twisting in the boundary conditions occurs.
From what we have just seen we have that

* the D(p)-brane preserves Q + Wpé,

* the D(q)-brane preserves Q + Q’qé, which can be written as

Q+%6=Q+(9p9p—1)g¢qé=q+9p(]_[ ri)é. (6.321)
iEND
Therefore the preserved supersymmetry must satisfy

Z7'2,Q=Q, (6.322)

which requires that the matrix Q’p_l,@q has some eigenvalues equal to 1.
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Since (T;T;;;)? = —1, the matrix I}T;,; has eigenvalues =i, which is not good. We thus see
that the only possibility to have the proper eigenvalues is to have a difference between the
number of Neumann directions on the two branes that is 4 or a multiple of 4, namely

p—q=4n, withneN. (6.323)

These systems preserve 1/4 of SUSY and therefore are called 1/4 BPS. Different combinations
(for example the D(p) — D(p + 2) system) break SUSY completely.

6.6 Effective superstring theories

There are 5 superstring theories in 10 dimensions, having space-time supersymmetry. We only
studied the Type II A and Type IIB. There are however 3 more perturbative string theories that
can be constructed. The list of the 5 superstring is as follows

* Type IIA:

— closed and open strings (D-branes) in d = 10;
— 32 supercharges;

— 2 real Weyl spinors (left+right) in d = 10.
¢ Type IIB:

— closed and open strings (D-branes) in d = 10;
— 32 supercharges;

— 2 real Weyl spinors (left+left) in d = 10.
e TypeL:
— Unoriented closed and open strings in d = 10;

— 16 supercharges;

— 32 space-filling D9-branes whose RR charge is annihilated by an orientifold making
the string unoriented.

e Heterotic SO(32):

closed strings in d = 10.

16 supercharges;

no D-branes

S0(32) gauge symmetry realized through a self-dual compactification

* Heterotic Eg x Eg:

closed strings in d = 10.

16 supercharges;
— no D-branes

— Eg x Eg gauge symmetry realized through a self-dual compactification

We can take a low energy limit of each one of these superstring theories. This will give rise to
an effective theory (+a’ corrections).
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low energy

* Type IIA —— Type IIA SUGRA:

- 164 + 16 SUSY:
- effective action given by eq. (6.167);
- related to Type IIB SUGRA by T-duality.

low energy

* Type IIB ———— Type IIB SUGRA:

- 16¢ + 16 SUSY;
— effective action given by eq. (6.168);
— related to Type IIA SUGRA by T-duality.

low energy

* Type I ——— Type I SUGRA:
- 16 SUSY;
- coupled to d = 10 super Yang-Mills with SO(32) gauge group.

low energy

* Heterotic SO(32) —— Type [ SUGRA:
- 16 SUSY;
- coupled to d = 10 super Yang-Mills with SO(32) gauge group.

low energy

* Heterotic Eg x Eg —— Type I SUGRA:

- 16, SUSY;
— coupled to d = 10 super Yang-Mills with Eg x Eg gauge group.

Moreover for type I supergravities we have that

heterotic _ 1
8 typel’
&s

(6.324)
which means that the heterotic weak coupling is the same as the type I strong coupling. This
is a duality between a perturbative regime and a non-perturbative regime. As we will see later
on, this is called S-duality. This relation between the heterotic and the type I superstring will
be part of the M-theory picture (see fig. 7.1).

222


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

7 Introduction to string dualities

7.1 Circle compactification and T-Duality

7.1.1 Compactification on a circle

When we perform a compactification on a circle, it means that we shift from a R4 spacetime
to a M54 spacetime defined as

MM =RM xS (7.1)

where S}% is a circle of radius R.
If we call y the coordinate on the circle (and x* the coordinates on R, with u =
0,1,...,d —1), we have that the periodicity on SI% turns into the following condition:

y~y+27R. (7.2)

7.1.2 Compactification of a scalar

Let us consider, on the compactified spacetime M4, a scalar field ¢ (x*,y). If we choose it
to be massless, it will satisfy the massless Klein-Gordon equation

O¢(x",y)=0, (7.3)

withO=0, + 3},2. We can Fourier expand the field in harmonics on the circle as

S, y) = D pulxe™, (7.4)

nez

and the reality of the field ¢ (x", y) turns into the condition

¢r (xH)=¢,(x"). (7.5)
The EOMs are then
w n? 1yeink
O¢ (x ,y)zn;;(mx—ﬁ)@l(x )e!"R =0. (7.6)

The ¢,(x*) fields can be seen as oo scalar fields in R¢~! whose EOMs are:

n2
(Dx—ﬁ) ¢.(x")=0. 7.7)
Therefore they have a mass:
2
2 _ n

We thus found that we can consider a massless scalar field in the compactified space R4 x S}%
or, equivalently, an infinite tower of massive scalar fields (of increasing mass) living in R>4~1,
which are called Kaluza-Klein fields.
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7.1.3 Compactification of a gauge field

The story becomes more interesting when we consider the fate of spacetime fields having a
non-trivial tensor structure. Think for example of an Abelian gauge field A,;(x*,y). Upon
compactification the vector index M will split into (u, y) and therefore the R¢~! observer
will perceive a gauge field A, with its KK tower, i.e.

Ay, y) = A (x) + ) AL (x)e™ /R, (7.9)
n#0
plus a scalar ¢ = A, with again its KK tower, namely
Ay, y) =A2(x) + AT (x)e ™R (7.10)
n#0

If we only focus on the KK zero mode n = 0 we can see that the electromagnetism in R14~1 x S}%
becomes precisely electromagnetism in R4~ plus the action for a scalar field ¢ (x) EA()),(X)

1 1 .
-2 f dixdy FynFMN = -2 J d4x (F,,F*"+ 8, 0" ¢ + KK fields) . (7.11)

It is not difficult to see that, by the same mechanism, a p-form field A,... M, will give rise to a

p-form field A together with a (p — 1) form field B =A,

(R M1 tp—1 17 Mp—1,Y "

7.1.4 Compactification of gravity

The circle compactification of General Relativity is even more interesting, although a little bit
more technical. Without entering in the explicit computation let us give the main result. Upon
circle compactification, we can express the total metric tensor g,y in R¢~! language as

— 29 2¢
_ [ 8uv—e AHAV e Au
EMN ( 62¢A'u ez¢ . (712)

Then it is a classic result that, in the zero mode KK sector the Einsten-Hilbert action in d + 1
dimension becomes Einsten-Hilbert in d dimension, coupled to electromagnetism and a dilaton

like field ¢

1
J dixdy RU+Y = f d?x (R(d) — Zrez‘i’FWF’”—26_4’|:1e¢7 + KK ﬁelds) . (7.13)

7.1.5 Closed bosonic string

It is now time to see what happens when we compactify string theory on a circle.

7.1.5.1 Momentum and winding

Let us now consider the bosonic string theory. If we perform the compactification (7.1), the
free boson gets split into

* a free boson X*(w, w) living in R>4~! (with u =0,1,...,d — 1),

* a free boson Y (w,w) living on the circle SI%.
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In order to implement the periodic constraint (7.2), we set

Y®(w,w) =Y (w,w) +Ac, (7.14)
where Y is the un-compactified free boson. Then we fix A so that
o — o+2n — y — y+2nRw, (7.15)

where w € Z is called winding and counts how many times the string wraps around the circle
S}%. It's immediate to see that we have to impose

A=Rw. (7.16)
Going to the usual complex coordinates on the complex plane
z=ce", w=t+io, (7.17)
and hence
Y(5,5) = Yo - '(P, +Rw/a’)1 i (P, —Rw/a)logz ill 7.18
(z,2) = O_Ea y +Rw/a ogz—za » —Rw/a")logz + (oscillators). (7.18)

The Rw terms are the only parts that make this Y boson different from the usual free bo-
son. Moreover, the center of mass momentum P, along the compactified direction has to be
quantized as

Py=z., withnez. (7.19)
Therefore the final solution is
Y(2,2) =Yy — ia/ (E + R_o)) logz — ia’ (E — R_co) logZ + (oscillators), (7.20)
2 R o 2 R o

with
o = Kaluza Klein momentum (with n € Z),
* Rw winding (with w € Z).

It is convenient to split Y (z, ) into its left and right-moving parts:

Y(z,2) =Y (2) + Yr(2), (721
Y, (z) = Yo i (a/" +Ra)) logz + l\/—Zm;AO m 2 i (7.22)
Yr(z )—Y°+C—£( 'R —Rw 1082+l\/_2m7é00:n__m' |

Then we consider the usual U(1) current as

](z)—l\/ZHYL(Z)—ZmeZ mz " (7.23)
](Z)ZL\/;aYR(Z)—ZmeZd%'%_m ' |

and

a%’ ZmJ(z)_ (R %/pL;
S V2 2 2 (7.24)
Ay = 27:1](2)_ V2 ___’ =Y 2 Pr-

The compactification process does not affect the OPEs, but it only changes the definition of
the zero-modes in the compactified direction.
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We define momentum and winding operators as

s 1
P= — (a) +a)), (7.25)
. 1

W= Worri (a)—ay), (7.26)

where the winding has been normalized to have the same dimensions as the momentum. The
states that carry momentum are called momentum (or Kaluza-Klein) modes and are plane

waves of the type
2 ) = el 2) o)

R > (7.27)

z=2=0

with

P

2)-3)

The states that carry winding are called winding modes and are “twisted” plane waves of the

type

%Q> = ¢! & (5,2 |0) s (7.29)
with
A %{>:%{ %> (7.30)
It is like we had two position operators, i.e. Y; + Yy and its dual Y; — Y,
Y(z,2) =Y(2)+ ¥r(2)
=Y, —i%Plogzz —i%LWlogZ + i\/gzm#o (%z‘m + fn—’y"i_m) , 7.31)

Y(z,2) =Y,(2)—Ya(2)
=C—i%Wlogzz—i%Plog? +iy/% Dm0 (%z_m — %é_m) .

Let us now consider a generic state having both momentum and winding. Its vertex oper-
ator can be written as

. Rw
Vyol2,2) = el (2,2) - el ¥ (2,2)

= (i) gy (- )z, (7.32)

We can then evaluate

. a (n Rw)? -
[Lo,Viw(z,2)] = Y (E + 7) Vio(2,2), (7.33a)

_ _ a (n Rw)? _
[Lo, Vn,w(ziz)] = Z (E - ?) Vn,o)(z’z) . (733b)

7.1.5.2 Spectrum

We just saw that the Hilbert space of a compactified free boson Y is the same as the non-
compactified exception made for zero-modes, that carry momentum and winding. The com-
pactification radius R defines a 1-parameter family of string backgrounds, since for every R we
have a different Y-CFT.

If we then want to look at the spectrum of the whole X + Y free boson, we first have to
study the Virasoro constraints, which are the following.
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¢ The mass-shell is

Lo+Lo= (a0+a0)+N+N

/P2 / 2 "R 2 .
+Z )+3(}2) +N+N, (7.34)
2\ o

where P is the momentum along the non-compactified u directions. Using the dispersion
relation in the uncompactified directions

N Nlr—\

a’p? a’'m?
=— , (7.35)
2 2
we get the mass-shell condition
2 Ro\*  2(N+N 4
m? = (E) (_co) + 2N+N) 4 , (7.36)
R o o lod
~—— ~—~—
Kaluza-Klein winding oscillators zero point
momentum energy
with n, w € Z are momentum and the winding.
* The level matching is
- 1 . .
1 0 2
25(((10 (ao) )+N N
1/ o' nRw .
=—(4—=—|+N—-N
2 2R a
1 -
=3 (2nw)+N—N, (7.37)

since only compactified zero-modes give contribution to a%—&%. Therefore the constraint
is

nwo=N—N. (7.38)

Notice that the simultaneous presence of winding and KK momentum in a state results
in an unbalance of the oscillator level.

In the following we analyze the closed bosonic string spectrum at the massless level.
B Generic radius
For a generic radius R, in order to have a massless state we have to impose n = w = 0 (and

hence in this case we will not find anything peculiar). If we denote the global spacetime index
as M = (u, y), we can write the generic massless state as

Gyn(P)aM aN |0,P) . (7.39)

Since the effect of the compactification is

SO(1,d) — SO(1,d—1), (7.40)
| G —
u
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we can split the polarization tensor as

G
Gun — G
G

uv>

G (7.41)

py> Tyvo
yy-

If we now recall from ( 3.125) that the field content of this state is made of a graviton h, a
Kalb-Ramond B and a dilaton ®, we have that the compactification effect is the following:

hyn — hyy, Ay = huy(and A,=hy,), ¢p=h,,, (7.42a)
Byn —> By, B, =B,,(and B,=B,,), (7.42b)
P — P, (7.42¢)

Since A, and B, are gauge bosons, we find a gauge symmetry U(1) ® U(1) of the Yang-Mills
type.

B Self-dual radius
If we look at the mass formula (7.36) we see that something special happens when

1 R
—==, 7.43
R ( )
The radius that satisfies this equation is called self-dual radius:
R=+Va'. (7.44)
It is the radius such that the compactification scale is the same as the string scale.
At the self-dual radius, the mass-shell becomes
am?=n’+w?+2(N+N)—4. (7.45)
We find new massless states, the simplest of which are the following.
* Scalar massless states with N = N = 0 and
n==x2, w=0,
(7.46)
n=0, w==x2.

They are scalars because there are no oscillators and thus there is no Lorentz index.

* We can get extra massless vectors with

n==x1, w==1,
(7.47)
n==x1, w==F1.
The level matching imposes
1=N-—-N, N=1, N=0,
. == . (7.48)

So the total state will contain an unpaired oscillator. The Y part of the states will be
written as

2

_ xdly
[+1, £1) =e ¥« "(2)]0)
z=0 (7.49)

+-20
|£1, F1) =e ﬁYR(2)|0) L:

We hence have purely holomorphic or purely anti-holomorphic plane waves.
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In total we can build the following massless vectors.
- In the holomorphic sector
0) .u> iP- —
AP 17 e (2,2),
2y
AT jHe VT P (3, 5)
_ Ay, .
A(L,Lj“e Voo RetPX (g ).
- In the anti-holomorphic sector
0) .yv= iP- -
AR 3 e (2,2),
2y o
A eV et X (3,5,

N 2y .
A%)Le«/7 ket X (g 7).

(7.50a)
(7.50b)

(7.50¢)

(7.51a)
(7.51b)

(7.51¢)

For generic values of the radius we only had (7.50a) and (7.51a), and the arising gauge sym-
metry was U(1) ® U(1). Now that, at the self dual radius, we build 3 + 3 massless vectors, we
have a gauge symmetry given by SU(2); ® SU(2)z. This can be understood as follows. If we
define

0=, (7.52a)
.4 2_iYL
j T =e a , (7.52b)
«— _LYL
jT=e V&, (7.52¢)
and
1
.1 . .—
=—(j*+ = +/2cos(2Y), (7.53a)
=7 (G +i7) 27)
1
i2=—(j*—j7) = +v2sin(2Y), (7.53b)
=7 (*=i7) (2Y)
j3 — jo’ (753C)
we find the algebra
.a .b ab . ab jC(ZZ)
J4(21))7(22) = ——; +1e%, ) (7.54)
1 (z1—2) (21 —22)

which has an additional term than the usual OPE (4.126). The structure constant of SU(2)
% _appears. This is a non-Abelian current algebra called Kac-Moody algebra. This mechanism
of symmetry enhancement is the same that generates the non-Abelian gauge symmetry in the
heterotic string.

7.1.5.3 T-duality

Let us look at the constraints that generate the spectrum

2 2 v
{mzz(%) +(*fx—‘;)) +2(NTTN)—%, (7.55)
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-n
lﬁY

NS

‘Rw
If we also consider the momentum modes e'Z? and the winding modes e' « ¥, we realize that

there is a symmetry between momentum and winding:

a/
R >
n — w, (7.56)
Yy — V.

R —

This is called T-duality and its meaning is that the string cannot distinguish between a com-
pactification on the circle S}% or on the circle S;/ R

In QFT in order to understand which is the compactification radius it is sufficient to mea-
sure the masses of Kaluza-Klein modes (see eq. (7.8)), but strings also have winding modes
and the theory cannot discriminate between the two.

It is also clear why we called “self-dual” the radius R = v/a’: under T-duality it is mapped
to itself.

As a final remark, we notice that in QFT we could, in principle, compactify on a circle
of radius R = 0. However, in string theory “small” compactifications of R < v/a’ are dual to
“bigger” ones of R > +/a’. Thus the inequivalent compactifications can be taken to be the ones
having R > v/, and the string is thus (again) protected from the quantities smaller than the
string scale.

7.1.6 Open bosonic string and D(p)-branes

Under T-duality we have that

~ YL - YL 5
Y->Y = (7.57)
YR - _YR .
Let us then take a free compactified boson Y with boundary condition
() =a0j(z), forz=2, (7.58)

where the gluing map is the usual one (see eq. (6.225)).
Under T-duality the gluing condition turns into

7 (2)=—0Uj(z), forz=%. (7.59)

Therefore the effect of T-duality on the boundary conditions is

T-duality .
Neumann «——— Dirichlet. (7.60)

This means that

K i 1 T-duali
D(P.) bralne wrapping around S (_ty) D(p — 1)-brane transverse to Sl//R
(i.e. Sz with Neumann BC) *IR>

D(p)-brane transverse to S}lz T-duality

«— % D(p+1)-brane wrapping around S?,
(i.e. S} with Dirichlet BC) P+1) pping @R

7.1.7 Superstring

Let us now consider, for example, a type IIA superstring theory. We may compactify X7 =Y
(and hence M = (u, y) with u =0, 1,...,8). Its supersymmetric partner is 1>, with

{5SUSYV 2/a'Y =7,

. (7.61)
Osusy¥” =Jj7 .

230


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.90

SC|| SciPost Phys. Lect. Notes 90 (2025)

This implies that under T-duality we have that

T-duality - T-duality -
G = N =

both in NS or R sector. In particular, in the R sector

- T-duality -
Yy N Yy
'llJ 0 _1/) 0°

In the R sector have considered the world-sheet fermion-counting operator
(—]_)F = f‘lle_inanl Yonhn X
Therefore, remembering that 1/)‘5 ~ T* we have

f‘lle_inanlJJ—n"J]n m _f‘ll(_l)_iﬂanllﬁ—n‘lﬁn_

(7.62)

(7.63)

(7.64)

(7.65)

So the net effect of T-duality is to change the chirality chosen by the GSO projection of the
anti-holomorphic R sector. This means that, when compactified, Type-IIA and Type-IIB are, at

the end of the day, the same theory:

type 1A T-duality type IIB
compactified on Sy > compactified on S

//R °
Let us now study how T-duality affects the R-R potentials. Since

9 T-duality 9

XR — _XR B

T-duality is a parity operation on Xz’ (the anti-holomorphic sector).
Moreover, under parity spinors transform as

ga T-duality (1_‘111_‘95)0“

and therefore a fermionic bilinear transforms as

STCFjS T-duality STC{'jFQS 5 for ] 75 9,
sT¢s, for j=9.

Therefore we have that

FPD for9e{u,...,uo},
FOD - for 9 ¢ {uq,..., o}

F@)gT Tk § _T-dﬁli_tz) {

This leads to

type IIA/B type IIB/A

T-duality
_

po+1) (i.e. Ft-Hp9) r) (i.e. FH-Hp)

FO=D (i FH1-Hp1) T-duality, FPHD (e, F-#p-19)

If we have a D(2p)-brane in type IIA:

if the D(2p)-brane was

wrapped around S,
if the D(2p)-brane was not

wrapped around S!.

T-duali D(2p —1)-brane
D(2p)-brane e, (2p—1)
D(2p + 1)-brane
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Moreover it can be shown that T-duality transforms the dilaton as follows:

-duali /
e ? ﬂ e ¥ =e? R s (7.72)
/ a/
and hence at the self-dual radius the dilaton is also self-dual.
For the string constant we thus have that
T-duality va’
gs = e((b) —_— g; = gs R , (7.73)

which tells us that the perturbation theory under T-duality stays the same, up to a constant
factor (given by the compactification radius) that however does not change the topological
series expansion. This means that T-duality is a perturbative duality, which maps perturbative
amplitudes into perturbative amplitudes. As we will see this is the only string duality that is
perturbative on both sides.

T-duality can be extended to more complicated compactification geometries. For example
a rather straightforward generalization is to consider toroidal compactifications. A much less
trivial generalization is to consider compactifications of the ten dimensional superstrings on
the so-called Calabi-Yau manifolds which are six dimensional, and thus give rise to EFT in four
dimensions. Just as a circle of radius R is dual to a circle of radius a’/R, every Calabi-Yau
has a dual and the generalized T-duality between the two compactifications is called Mirror
Simmetry.

7.2 S-duality

The so-called S-duality relates the weak coupling regime (where there is a worldsheet descrip-
tion) and the strong coupling regime (where we cannot perform the perturbative topological
series anymore, and thus we have no worldsheet description).

Let us start from the effective theory of type IIB superstring, i.e. with the type IIB SUGRA,
whose action is (recall eq. (6.168))

1
- 2
2K10

S 1B

fdlox J—_G{e_zq’ (R+4(8<I>)2—%|H(3)|2)+...}. (7.74)

Let us then perform the following field redefinition on the metric:
Gy = €3Gy, (7.75)

where the E stands for “Einstein frame”, while the s stands for “string frame”. Doing this we
get

e 2
Sup = 1 Jd10x1/—G(E) {R— aHTa T _llG(3)| %|F(5)|}

2K, 2(m(0))?  21Im(t)
L | L 6. AGsAT (7.76)
8ik2, | Im(r) W77 TEr ‘

where

* 7 is a spacetime scalar in d = 10 defined as
T=Cy+ie?, (7.77)

with Cg) the R-R potential that couples to the D(—1)-brane and & the NS-NS dilaton,
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* G(g) is defined as

Gy = Fg)—ie *H), (7.78)

where F(3y = dC(y) is the R-R field-strength that couples to the D(1)-string, while
H(3) = dBy is the Kalb-Ramond field-strength that couples to the F(1)-string (i.e. the
fundamental string already mentioned above, see eq. (3.154)),

* F(5)=dCy) is the field-strength that couples to the D(3)-brane.
This effective action Sy is invariant under SL(2,R) transformations, i.e. maps of the type

at+b

T —> .
cT+d

(7.79)

This is a global field transformation which also comes with the following map:

C(Z) a b)(C(Z))
(3(2)) (C dJ\Bz)" (7.80)

If we select the specific map (which we will call S) such that

1
S: T— —, (7.81)
T
and if we choose a background where C) = 0, recalling that (see eq. 5.140) and that
T=Cp+ ie”®, we can write
1
S: g — —. (7.82)
&8s
We can now conjecture that this is a symmetry of the full Type IIB String Theory. The first step
is to understand how the other string theory parameter () is transformed by S-duality. This

can be obtained by noting that under the S transformation we have
By > —Cy, (7.83)
Cy— Bs. (7.84)
Since C, couples to the D1 brane in the same way as B, couples to the fundamental F1 string,

this strongly suggests that under S duality a D(1)-brane should turn into a F1-string. Let us
remember that the tension of a D(p)-brane is given by

1 1Y)}? _pfl
T = — A .85
== (5:) @) (7.85)

We now demand that under S-duality the tension of the D(1)-brane becomes the tension of
the fundamental string

1 s 1
T, = . 7.86
b 2rng.a’ 2na’ ( )
This is realized if and only if

S: a — g (7.87)

Let us then see what happens to the other objects of IIB string theory

 If we look at the D(3)-brane we find that it is self-dual:

D(3) —— D(3), (7.88)
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since
1 S g 1
- = = Tp(3)- 7.89
b = g (@) erpga?  @org@r e )
This is perfectly consistent with the fact the the 5-form is also self-dual
s
F(s) — F(5) . (7.90)

+ Ifwelook at the D(5)-brane we have that it is exchanged with the NS(5)-brane,*! namely

D(5) LR NS(5)-brane, (7.91)
since
T _ 1 S 1
PO anysg () (2m)g2(a’’
The NS(5) brane is the magnetic dual of the fundamental string, just like the D(5) brane

is the magnetic dual of the D(1)-brane. Therefore it makes perfect sense that under S-
duality the D-string is sent to the F-string and the D(5) is sent to the NS(5).

(7.92)

The S-duality conjecture is the answer to the question of how to characterize the strong cou-
pling limit of type IIB superstring. Indeed, when the string coupling constant is not infinites-
imal, string perturbation theory breaks down and we don’t know anymore how to compute
amplitudes. The situation is similar to QCD where, when we go down in energy, the coupling
constant grows and non-perturbative physics enter the game. S-duality is telling us something
quite astonishing: at strong coupling the d.o.f. of string theory reshuffle and reorganize in
such a way as to form the same theory at weak coupling, where perturbation theory is again
valid!

7.3 M-theory
Let us now talk about the strong coupling limit in type IIA superstring. We may start consid-
ering a D(0)-brane, whose tension (and mass) is
o 1
0 _ .
D(0) g Jo

The D(0)-branes are R-R charged (under F(,)), they do not decay nor they interact with one
another. Thus we can take a bound state of n € N coincident D(0)-branes, whose tension is

(7.93)

TnD(O) = nTD(O) . (7.94)
The mass? of this object is
2
2 _ n
(Mup))” = (gs W) , (7.95)

which resembles the Kaluza-Klein tower:

m? = (g)z . (7.96)

“IThe NS(5)-brane is a gravity soliton, i.e. a non-perturbative object. To be more precise, its origin lies in a
(5+ 1)-dimensional Kalb-Ramond-charged black brane solution of type Il SUGRA (where such a black brane is the
higher-dimensional analogue of a charged black hole). Since the Kalb-Ramond field and the graviton constituting
this solution are in the NS-NS sector, we call it NS(5)-brane.
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We immediately see that (7.96) equals (7.95) for

R=gVa'. (7.97)

This means that looking at the type IIA spectrum we find a Kaluza-Klein tower, which reveals
the presence of a compactified dimension. This calls on the d = 11 SUGRA, whose action is

1 1 2
S =—— d”xV—G(R—— dA )
d=11 2K121 2| (3)’
1 1
+——==) | Ay AFyAF. 7.98
2K121( e)f 3) N Fiay A Feay (7.98)

The type IIA SUGRA is the compactification of the d = 11 SUGRA on a circle:

M =RYxS;. (7.99)
We have that
K}, =2mRK;,, (7.100)
since
J dix
I
compactification: M? =RM2x Sl
N~ ~—
X X yV
l
f dix = f dd_lxj dy = 2an d?x, (7.101)
and hence

1
K_gfddx(m)
l

27R
z Jdd_lx(---). (7.102)
K

d—1

If we look at the metric in d = 11 we have that

Guy(u,v=0,1,...,9), d=10 metric in type IIA (NS-NS),
Gun — § Guio — Cu, vector in type IIA (R-R),
Gio10 — €22, scalar in type IIA (NS-NS).

Moreover, we have a potential with 3 indices in d = 11:

Apvp (U, v,0=0,1,...,9), d=103-formintype 1A (R-R),

Aynp — :
Auvio = Buys Kalb-Ramond in type IIA (NS-NS).
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What we are saying is that the strong coupling limit of the type IIA superstring is the UV-
completion of the d = 11 SUGRA:

Weak Coupling Strong Coupling
uv Type IIA Superstring M-theory?
a — OJ ?I
IR type ITIA SUGRA d =11 SUGRA

compactification on S;

This M-theory is the hypothetical UV completion of the d = 11 SUGRA (whose coupling con-
stant is the Plank mass in d = 11, i.e. m;;), but not much is known about it.

The fact that there is a 3-form, which couples to something that has 2 dimensions, suggests
the existence of a 2-dimensional object that we may call M(2)-brane. It is the fundamental
object of M-theory and its tension should be naturally expressed as

(my1)°
Th(2) = ﬁ (7.103)
It is possible to show that
(4ma’)?
Kijg=—F7¢;, 7.104a
1 (21>
K2 = 2nRK% = — (—“) . (7.104b)
4m mqq
Thus we find that the 11-th dimension is compactified on a circle of radius
Ry =gV, (7.105)
and that the Plank mass in d = 11 is
-1 1
mi1 = gs 3\/—_/. (7.106)
a
These are the two scales of M-theory, which are mapped into the two d.o.f. of string theory,
i.e.a’ and g,:
/ 11131 Ry :
a =—, gS = (—) 5 (7.107)
Ry I

where [;; = m;ll is the Plank length. If we increase the coupling g, R;; grows and the
compactified dimension unfolds.
Therefore the M(2)-brane tension is

1 1 1

————— = Tp), (7.108)
(2m)2 g, (a’)% D(2)

Ty =

which means that the M(2)-brane is a D(2)-brane at strong coupling.
Moreover, in d = 11 with a circle-compactified dimension the M(2)-brane can wrap S;
and for a 10-dimensional observer it will look like a string of tension

1

_—, 7.109
2na’ ( )

Ty(2)/s, = 2mRTy(2) =
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which is the tension of the fundamental F(1)-string. Thus from M-theory we obtained the
fundamental objects D(2) and F(1), and also D(0) as the Kaluza-Klein modes of the circle
compactification. However there are still D(4), D(6) and NS(5) missing. We can recover
them as follows.

The M(2)-brane is coupled to the 3-form A®). If we consider F*® = dA®), we can take its
Hodge dual and get

FO) = 4 F® = 4A® | (7.110)

This A® form couples to the “magnetic” counterpart of the M(2)-brane, i.e. the M(5)-brane,
whose tension is naturally given by

m6

11
TM(S) = W (7111)

This expression is not just natural, but it is dictated by the Dirac quantization condition

21

P (7.112)
2
2K7;

TM(z) TM(S) =

as one can easily check. In string theory variables, the tension of the M(5)-branes becomes
the tension of the NS(5)-brane

my 1 1 1

Tar(s) = = — =T )
BT N 2 CO L

(7.113)

Moreover, if we wrap the M (5)-brane on the compactified dimension, we get the D(4)-brane:

1 1 1

—— =T, . (7.114)
@n)ig (@) P

Tu(s)/s, = 2mRTy(s) =

Finally, the D(6)-brane can be recovered as a “Kaluza-Klein monopole”, the magnetic dual of
the KK-momentum modes, which have been identified as the D(0)-branes.

All in all, the only parameter of M-theory is m;;, namely the Plank constant. The theory
is therefore inherently strongly coupled and does not have a natural small parameter to do
perturbation theory. When we compactify, the radius can be the small parameter and a pertur-
bative window opens up. This perturbative window is in fact the Type IIA superstring. There
are other ways to connect M-theory with the five superstring theories and this is summarized
in figure 7.1.
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T T
Heterotic Type IIA
Eq X Eg P
Supergravity
(d=11)
Compactification
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Figure 7.1: M-theory represented as a (yet unknown) land where some patches are
the known superstring theories (related to each other by the T and S dualities and
the orientifold operation Q) and the d = 11 supergravity, which under a circle com-
pactification reduces to type IIA superstring.
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A Spinors in d (even) dimensions

Let us consider d directions, where d is even. We can group them in pairs that identify mutually

orthogonal planes:
(0,1),(2,3),...,(d—2,d—1).

We can label these planes as follows:

d
1=0,1,...,5-1=(0,j), withj=1,..,

Consider now the Grassmann odd operators " (withu =0,1,...,

obey the Clifford algebra
[Y*, 9" T=n"",
where as usual [+, -] is the graded commutator. We now define

£40)

2 = (v$
(wg] + 11/)2”1) .

ﬂl HI

s
Uk

We then have that

[viy7]=61y,
[y 7] =

Exercise A.1

Prove egs. (A.5).

(A.1)

d

——1. A.2
5 (A.2)
d —1 Lorentz index) which

(A.3)

(A.4a)

(A.4b)

(A.5a)
(A.5b)

Therefore, VI we have that 2,2} generates a two-dimensional space, namely

Y*|+1/2) =0,
YT I+1/2) =1-1/2),
Y~ |-1/2) =0,

(A.6a)
(A.6b)
(A.60)

where the basis {|+1/2),|—1/2)} generates the two-dimensional space: |+1/2) is the highest
weight state and v is the raising operator, while |—1/2) is the lowest weight state and v~ is

the lowering operator.

Therefore, for a generic even value of d, the representation space of the Clifford algebra

space has a vacuum of the type

|0) =|+1/2)® |+1/2)®---® |+1/2) =|+1/2,+1/2,...,+1/2), (A.7)

~~

d ..
7 times

and the generic state is

d .-
7 times

la) = |£1/2) ® |£1/2) ® -+ ® |£1/2) = |£1/2,+1/2,...,£1/2). (A.8)
4 times 4 times

The label a counts how many of these states one can build. In d (even) dimensions we have

that

(A.9)
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The state |a) is thus a spinor in d = 2n dimensions (for n € N), and its related spinor space
will have dimension 2".
Let us now consider (recalling eqgs. (A.5))

[, g ]=vivy + gt =600=1. (A.10)

Hence we can write
1 + - + -
_lpgw(l) = ) (1/’0 +y ) ("‘/’0 _"‘ljo)
1
=3 (Yovs—vivy)

_ 1
=i =5 (A11a)

. 2j 2541 -1
—iplap " =¥¥; -3 (A.11b)

We then define

me {:ﬁ%ﬂi?“ ii; z? xr= ‘/’?‘/’?—%, (A.12)

and we find that
xr1+1/2) =y — % |+1/2) = (1 — %) |+1/2) = % 1+1/2) (A133)
0 1-1/2) =T 5 1-1/2) = (0—2) +1/2) == 1+1/2) (A13b)

This makes clear why we used the notation {|+1/2),|—1/2)} for the basis vectors: we labelled
them with their eigenvalues with respect to y;.
We can finally define the chirality matrix (which in d = 4 is commonly called I'®) as

n—1
r=2"[ [z =—(=r'ror! ... ren-2ree-n, (A.14)
I1=0

where T'* = v/2#. If we then define

|a) = |(even # of —1/2)), (A.15a)
|&) = |(odd # of —1/2)), (A.15b)

the action of the chirality matrix I' on the spinor states is

I'a)=+]a), (A.16a)
Tla)=—|a) . (A.16b)

We will then say that |a) has a positive chirality, while |&) has a negative chirality. They are
two irrepses of SO(1,d — 1). Indeed the Lorentz group acts on spinors through the matrix

™ =[T* 1], (A.17)

and since
[T#",T]=0, (A.18)

the two chirality representations transform independently of each other under the Lorentz
group SO(1,d —1).
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B Dedekind 7 function

During the computation of the closed string 1-loop vacuum bubble we have defined the
Dedekind eta function:

o0
i(m)=q#] [A-d), with g=e", |qI<1. (B.1)
=1
We will now provide a simple proof of its modular property

M (—%) = v—itn(1). (B.2)

If we take the logarithm of n(7) and expand log(l — qk) in its McLaurin series, convergent in
the domain of 1, we get

oo

1 1 1
EITCT—IOgT}(T)— lzlllog 1 q" —kz E _qu—k—l . (B.3)
Doing the same computation for n(—1/7) and using (B.2) we also obtain
in 1 in o 1 1
————1lo —= =————1 ——1 =) —— . B.4
127 gn( T) 127 °8 ogn(r) = — e 1 B4

Then if we take the difference between (B.3) and (B.4), we see that to prove the modular
property of 1) it suffices to check that

i 1y 1. 17 A1 1 1
E(T—F;)—i_ilog?_;E[e—z’“’kf—l_ezm"/f—l]' ®:5)

To do so we consider the function g(z) = cot(z)cot(z/7) and the following meromorphic
family:

1 1
f,,(z)z;g(vz), v=(n+5)n (n=0,1,...). (B.6)
The function f,,u(z) has simple poles in 2z, = wk/v and z;; = £rk7 /v with residues
1 k 1
Res, (f,) = —-cot n_ Res,-(f,) = — cot kT, (B.7)
k nk k nk
for k € Z. In addition there is a third order pole at z = 0 with residue
1 1
Resy(f,) =—= (T + —) . (B.8)
3 T

Let C be the contour of the rhombus with vertices 1,7,1,—7 as shown in fig. B.1.
Then, integrating over C, by the residues theorem we get

m
12 f fo(2)dz = Z (cot kT + cot mk/T)
1 1 1
= Z E I:e—ZnikT -1 - e2nik/t _ 1 :| : (B.9)
k=1
On the other hand, as n — oo the function g(vz) is uniformly bounded on C and has on the
four sides, excluding the vertices, the limit values 1,— —1. Hence

111n J fr(2)dz = (J J J f ) d _ = 4log— (B.10)

which gives the desired result.
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05+

0.0+

—05)

-2 -1 0 1 2

Figure B.1: Plot of f.(2) for T = 1/2+i and n = 1. The white spots represent
the poles of the meromorphic function. For n — oo the number of poles inside the
contour C goes to infinity.
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