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DiMITRI P. SKLIROS, DOCTOR OF PHILOSOPHY

VERTEX OPERATORS FOR COSMIC STRINGS

SUMMARY

Superstring theory posits that as complicated as nature may seem to the naive observer,
the variety of observed phenomena may be explained by postulating that at the funda-
mental scale, matter is composed of lines of energy, namely strings. These oscillating lines
would be elementary and would hence have no substructure. They are expected to be in-
credibly tiny, their line-like structure would become noticeable at scales close to the string
scale (which may lie anywhere from the TeV scale all the way up to the Planck scale)
and would appear to be point-like to the macroscopic observer. Internal consistency then
also requires the presence of higher dimensional objects, namely D-branes, all of which
conspire and combine in such a way so as to give rise to the observable Universe. Advances
in cosmology suggest the early universe was much hotter and denser than is the Universe
at present, that the Universe has expanded and continues to expand (exponentially in
fact) at present. This in turn has led a number of theorists to point out the remarkable
possibility that some of these strings or D-branes were also stretched with the expansion.
The resulting macroscopic strings, the so-called cosmic strings, would potentially stretch
across the entire Universe.

Cosmic strings make their presence manifest by oscillating, scattering off other struc-
tures, by decaying, producing gravitational waves and so on, and this in turn hints at
the available handles that may be used to observe them. Before we can hope to observe
cosmic strings however, the first step is then clearly to understand these properties which
determine their evolution. A number of approximate (classical) descriptions of cosmic
strings have been constructed to date, but approximations break down, especially when
potentially interesting things happen (e.g. close to cusps, i.e. points on the string that
reach the speed of light) and can obscure the physics. Thankfully, one can go beyond
these approximations: all properties of cosmic strings can be concisely and accurately
contained or encoded in a single object, the so-called fundamental cosmic string vertex
operator. In the present thesis I construct precisely this, covariant vertex operators for
general cosmic strings and this is the first such construction.

Cosmic strings, being macroscopic, are likely to exhibit classical behaviour in which
case they would most accurately be described by a string theory analogue of the well
known harmonic oscillator coherent states. By minimally extending the standard defini-
tion of coherent states, so as to include the string theory requirements, I go on to construct
both open and closed covariant coherent state vertex operators. The naive construction
of the latter requires the existence of a lightlike compactification of spacetime. When the
lightlike winding states in the underlying Hilbert space are projected out, the resulting
vertex operators have a classical interpretation and can consistently propagate in non-
compact spacetime. Using the DDF map I identify explicitly the corresponding general
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lightcone gauge classical solutions around which the exact macroscopic quantum states
are fluctuating. We go on to show that both the covariant gauge coherent vertex operat-
ors, the corresponding lightcone gauge coherent states and the classical solutions all share
the same mass and angular momenta, which leads us to conjecture that the covariant and
lightcone gauge states are different manifestations of the same state and share identical in-
teractions. Apart from the coherent state vertices I also present a complete set of covariant
mass eigenstate vertex operators and these may also be relevant in cosmic string evolution.
Finally, I also present the first amplitude computation with the coherent states, the grav-
iton emission amplitude (including the effects of gravitational backreaction) for a simple
class of cosmic string loops. As a byproduct of the above, I find that the fundamental
building blocks of arbitrarily massive covariant string states are given by elementary Schur
polynomials (equivalently complete Bell polynomials). This construction enables one to
address the aforementioned questions concerning the properties of cosmic strings, their
cosmological signatures, and may lead to the first observations of such objects in the sky.
This in turn would be a remarkable way of verifying Superstring theory as the framework
underlying the structure of our Universe.
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Chapter 1

Introduction

The search for a complete physical theory or framework which can account for all observ-
able phenomena is at least 2500 thousand years old, some of the first written accounts of
such an attempt being attributed to natural philosophers such as, Pythagoras of Samos
(582-496 BCE), Heraclitus of Ephesus (535-475 BCE), Parmenides of Elea (510-440 BCE),
and Democritus of Abdera (460-370 BCE). Our understanding of nature has increased im-
mensely since then, and it seems that it is indeed possible that only a handful of concepts
or principles (such as the relevance of symmetries, consistency and possibly also eleg-
ance) are required to account for observable phenomena. A very rich and profound such
framework or proposal which has been used to assemble these ingredients or principles is
the so-called Superstring Theory. At least from a perturbative perspective, Superstring
Theory posits that as complicated as nature may seem to a naive observer, the variety of
observed phenomena may potentially be explained by postulating that at the fundamental
scale matter is composed of line-like structures of pure energy with no substructure, oscil-
lating lines of energy, strings. The traditional view is that these strings would be incredibly
tiny, that their line-like structure would become noticeable at scales of order 10~3% metres.
Advances in cosmology however that have been taking place since the late seventies early
eighties suggest the early universe was much hotter and denser than is the Universe at
present, that the Universe has expanded and continues to expand (exponentially in fact)
at present. This in turn has given rise to the remarkable possibility that some of these
strings that populate the Universe were also stretched with the expansion, leading effect-
ively to macroscopic strings that would potentially stretch across the entire Universe —

cosmic strings.

Although the possibility that superstrings of cosmological extent was initially discarded
[1] as a viable way of observing strings in nature, the discovery of dualities [2] and D-branes
[3, 4] in the mid-1990’s (this epoch is referred to as the second superstring revolution)
opened up a huge range of possibilities and the issue of cosmic strings had to be reexamined.
The study of cosmic strings, see e.g. [5, 6, 7, 8, 9, 10], subsequently flourished. In the post
second superstring revolution era, it was discovered [11] (but see also [12]) [13, 14, 15] that

such objects may be produced in string models of the early universe, thus providing an
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observational signature for Superstring theory [16, 17, 18].
For an overview of cosmic strings in the pre- and post-"Second Superstring Revolution"
era see [5, 6] and [7, 8, 19, 20, 21, 22] respectively, and for an excellent review which also

contains many of the computational details associated to the latter see [23].

1.1 Brane Inflation

These new developments opened many new avenues for model building [24] and string
cosmology, such as the brane inflation scenario [25, 26, 27, 28, 29, 13| in the context
of large extra dimensions [30, 31, 32], where macroscopic strings have been found to be

produced [11, 14, 33, 17, 12] with string tensions in the range,

10712 < Gu <1076,

L' In these brane

Here G is the 4-dimensional Newton’s constant, p the string tension.
inflation models it is difficult to obtain a sufficient amount of inflation [34, 35] and in
[35] this problem is evaded by considering instead a warped compactification [36, 37|, a
concrete example of which is the well known KLMT scenario [38, 35], where all moduli
are stabilized [24]. It has since been realized [16] that it is possible in these theories to
construct macroscopic non-BPS as well as BPS strings which are stable [39] and potentially
observable.

Unfortunately, no completely satisfactory string model of the early universe exists
yet: although all moduli are stabilized in the KLMT brane inflation scenario [38, 35], it
suffers from a reheating problem where all the reheating energy arising from the D3/D3-
annihilation goes into a massless U(1) gauge field that lives on the stabilizing D3-brane
instead of going into the standard model fields, for an overview see e.g. [21]. Furthermore,
in the context of large extra dimensions there is no known mechanism to stabilize the
moduli. Nevertheless, these drawbacks may be specific to the models considered to date
and it is plausible that in more general constructions these problematic features are absent.

A rough picture of a general D/D-brane inflation scenario (without referring to expli-
cit details of any particular model) is as follows. Cosmological inflation is driven by the
attractive interaction potential associated to two stacks of parallel D- and D-branes which
approach each other in the higher dimensional bulk space. These two stacks eventually
collide and annihilate via tachyon condensation, see e.g. [40]. Due to the Kibble mech-
anism [41] any gauge theory with a U(1) gauge symmetry that becomes broken during
the evolution of the universe will produce cosmic strings. The crucial observation of [14]
was that the low energy string dynamics at the end of brane inflation is described by U(1)
symmetry breaking in the tachyon field, and therefore one expects the formation of defects

(lower dimensional branes) which are seen as cosmic strings by observers on the (or one

"When it is ambiguous, we will explicitly write G4 or G4 for the 4- or d-dimensional Newton’s constant

respectively instead of G. Note that Gap is dimensionless and that [G4] = L42. 1In string theory,
p=1/(2mra").
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of the) remaining higher dimensional branes. It has been argued that the production of
other defects such as monopoles and domain walls is suppressed [13]. These defects are
identified [42, 43] with D1-branes, which follows from computing the conserved charges.
Both D-strings and F-strings are expected to arise [44, 17, 16] in this process, even though
the standard language of string creation associated to a spontaneous breaking of a U(1)
symmetry is not appropriate for F-strings (unless g5 > 1). The standard model particles
of strong and weak interactions correspond to open string modes confined to a remaining
D-brane with 3 large non-compact dimensions, and the closed string modes associated to
the graviton, radions and massive excitations all correspond to bulk modes.

The presence of cosmic strings is likely to be a fairly generic feature of any string model
of the early universe and in the current document I shall assume that such a model can
be found and focus instead on the cosmic strings themselves. I will focus in particular on
the fundamental cosmic strings which have an exact perturbative (in the string coupling
ge = €? and the fundamental string length squared o) description in terms of vertex

operators.

1.2 Cosmic String Evolution

The basic properties which collectively determine the evolution are string inter-commutations
and reconnections [45, 46, 47, 48, 49], quantum or classical string decay [50, 51, 52, 53, 54,
55, 56, 57, 58, 59, 60] and the presence of junctions [61, 62, 63, 64, 65, 66], and possible in-
stabilities [1, 53, 16]. Collectively, these properties and cosmological considerations (such
as the expansion rate of the universe, density inhomogeneities, and so on) determine the
various observational signatures from cosmic strings.

An initial distribution of long strings is formed via the Kibble mechanism, the shape
of any one such string resembling a random walk. The expansion of the universe stretches
these strings which intercommute and reconnect producing kinks (i.e. points on the string
at which the spacetime embedding tangent vectors associated to left and right-movers
are discontinuous). Any one of these kinks then separates into two kinks running along
the string in opposite directions. When left- and right-moving modes meet on any given
section of a string gravitational radiation is produced. There will also be long strings
that self-intercommute and produce loops which subsequently are expected to decay into
smaller loops via gravitational radiation.

There is general consensus on the large scale evolution of cosmic strings. Here the
string network evolves towards a scaling regime, a regime in which the characteristic
length scale of the configuration evolves towards a constant relative to the horizon size
[5, 6]. Recently, there has also been some progress in understanding the small scale
structure [67, 68, 69, 70, 21, 71, 72]. Here one of the most important questions is: what
is the typical size at which loops are produced from long string. There has been large
disagreement in the literature with estimates differing by over fifty orders of magnitude

[73]. This is an important question and further investigation is required. Another very
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important question which is also related to the previous one is: what is the importance of

gravitational backreaction on the evolution of cosmic strings, see also below.

1.3 Observational Signatures

Signals from cosmic strings have to date not yet been detected. There is a wide range of
constraints from gravitational waves [74, 75, 76, 77, 78, 79, 80, 81] (classical gravitational
wave emission from loops and infinite strings has been computed in [82, 83] and [84,
85, 86, 87, 71] respectively and from strings with junctions in [88]), strong and weak
lensing from strings without [89, 90, 91, 92, 93, 94] (but see also [95]) and with [95, 96,
97] junctions, and the CMB [98, 99, 100, 101, 102, 103, 104, 81, 105]. Future missions
searching for a polarization B-mode in the CMB will provide even stronger constraints
[106, 107, 108, 109, 71]. Signals from cosmic strings may also show up in ultrahigh-energy
cosmic rays [110, 111], radio wave bursts [112], and also diffuse X- and ~-ray backgrounds
[111]. There is also the potential to obtain constraints on the underlying compactifications
[113]. Even though cosmic strings can only account for a small contribution to the CMB
power spectrum, they could instead be the main source of its non-Gaussianities and are
expected to dominate over inflationary perturbations at small angular scales, see [22] and

references therein.

1.4 Vertex Operators as Cosmic Strings

Given the inherently quantum-mechanical nature of fundamental cosmic strings, the only
available handle on such macroscopic objects at present that is capable of accounting for
the evolution on the smallest as well as largest scales is given in terms of vertex operators
[114, 2] which completely characterize the string under consideration. For example, a
vertex operator description would be required for cosmic string configurations involving
a string theory analogue of cusps (i.e. points on the string that reach the speed of light
at discrete instants during the loop’s motion) and kinks, as presumably the effective field
theory or classical description would break down close to these points.

With a vertex operator construction of cosmic strings one can address various ques-
tions, such as what is the decay rate of a given cosmic string configuration, the inter-
commutation and reconnection probabilities, junction decay rates, emission of massless
and massive radiation and so on. The already existing quantum decay rate computations
carried out in [51, 52, 54, 55, 56, 57, 58, 59, 60] for instance make use of mass eigenstate
vertex operators (with only first harmonics excited) and it is not known at this point
whether these are appropriate for the description of cosmic strings. In [58] for instance it
was concluded that the spectrum of a particular mass eigenstate does not reproduce the
classical gravitational wave spectrum, and one might expect this to be the case also for
general mass eigenstates.

It is likely that cosmic strings being macroscopic and massive should have a classical
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interpretation. If this is the case the appropriate vertex operators are expected (from our
experience with standard harmonic oscillator coherent states) to have coherent state-like
properties, and so we should be searching for coherent state vertex operators, which from
the standard coherent state properties would be expected to have a classical interpretation.
The analogous computations to the ones described above with coherent states instead of
mass eigenstates would be more desirable and would probably represent a much more
realistic description of cosmic strings (pure quantum states are rarely if ever found in
nature).

A quantum-mechanical approach to computing the decay process for macroscopic and
realistic cosmic string loops is highly desirable as one must also check the usual assumption
that the process is classical. Furthermore, the classical computation is not well understood,
as calculations based on field theory and the Nambu-Goto approximation differ (a nice
discussion of this issue it given in [70]), and gravitational back-reaction is not taken into
account which is included very naturally in perturbative string theory.

Finally let us mention that it is very important to find tests which distinguish funda-
mental strings from solitonic strings; a major difference is the quantum nature of F-strings
which leads to a reduced probability for the reconnection of intersecting strings [47] (see
also [115] for an alternative approach).

In the current thesis I construct a complete set of covariant vertex operators, i.e. ver-
tices for arbitrarily massive (closed and open) strings, for both mass eigenstates and open
and closed string coherent states. We also discuss the corresponding lightcone gauge
realization and provide an explicit map from these to general classical (lightcone gauge)

solutions.

1.5 Gravitational Radiation and Backreaction

Cusps are generic in loops [116] and are expected to lead to very strong gravitational wave
signals [75, 76], although the presence of extra dimensions is likely to weaken the detected
signal. In [117, 118] the effect of extra dimensions in cusp formation was studied, as well
as the corresponding gravitational waves produced. It was found that the effect of the
extra dimensions is to effectively round off cusps, thus decreasing the emission amplitude.
It will be interesting to study more carefully the effect of the finite size of the extra
dimensions. Cusps on strings with junctions have also been argued to be generic in [64].
Recent evidence [119] suggests that kinks on strings with junctions also provide a very
strong gravitational wave signal — the signal from kinks on closed strings with junctions
is found to be stronger than the signal due to cusps. Note however, that creating a loop
with a junction is a higher order process that creating one without a junction, and so the
number of such loops in the observable universe may be small. It is very important to
test the robustness of all these computations to gravitational backreaction effects. In fact,
it is likely that gravitational backreaction can be important for even order of magnitude

estimates [120], and developing the necessary tools that enable one to study this problem
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systematically has been one of the main purposes of the present thesis — in perturbative

string theory backreaction effects can be taken into account very naturally.

1.6 Massive Radiation

Apart from the possibility of gravitational backreaction playing a significant role in string
evolution, a string theory computation is also required when there is the possibility of
massive closed string states being emitted — this might be expected to occur close to cusps
and kinks and this massive radiation would presumably be invisible or difficult to calculate
in the effective field theory.? That massive radiation may dominate over gravitational
radiation was suggested in [121, 122], and this was motivated by the observation that loops
seemed to be produced at the smallest scales, see also [123, 124], namely at the numerical
simulation cutoff scale which is identified with the string width, although their conclusions
relied on extrapolation of numerical results beyond the region of validity. Whether a
significant amount of massive radiation is emitted is still an open question — this can be
addressed in the vertex operator construction of the current document which is expected
to give a definite answer to this question. If one is interested in the emission of arbitrarily

massive radiation one may proceed along the lines of [51, 52, 54, 55, 56, 57, 58, 59, 60].

1.7 Classicality of Cosmic Strings

Let us now say a few words concerning the classicality of quantum-mechanical string
vertex operators. Consider first mass eigenstates. These are specified by certain quantum
numbers, the relevant one here being the level number N, and a necessary (but not
sufficient) condition for classicality is that these take large values. This dates back to
Niels Bohr who used this argument when he postulated that any quantum-mechanical
system should satisfy the correspondence principle. Typically the quantum numbers of
interest in a given quantum system appear in the combination (N#) thus showing that
the classical limit A — 0 is related to the large quantum number limit N — oo with
the combination NA held fixed. For example, this can be seen in the energy spectrum
of the hydrogen atom, Ey ~ const./(NA)?2, the harmonic oscillator, Ex ~ const.(Nh),
and also the string spectrum,? Ey ~ const.\/m . Vertex operators present in the large
quantum number limit may in some sense therefore be referred to as being quasi-classical.
Mass eigenstates however are nevertheless not truly classical in the sense that they are not

expected to have classical expectations values with small uncertainties [125], and one does

2T would like to acknowledge an important discussion with Andrew Strominger concerning the relevance
of a vertex operator formulation of cosmic strings as opposed to an effective low energy description.

3h is usually set equal to 1 but can be re-introduced by examining the path integral fDXe%S, with
S =t J d*20X - 0X. Taking z to be dimensionless, £5 the string length and [X] = L it is seen that

2mwa’

2w =02 /h.
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not expect the spectrum of gravitational radiation to match the classical computation [58]
— this is an important issue and deserves further attention.

Coherent states on the other hand, see e.g. [126] and references therein, are expected
to possess classical expectation values with small uncertainties, e.g. (JH*) = J4", (X#) =
XM

cl

worldsheet into spacetime) and it is likely that these should be identified with fundamental

(with J# the spacetime angular momentum and X* the target space map of the

cosmic strings. There are subtleties however concerning the naive classicality requirement
(X*) = X/ (with X!] non-trivially obeying the classical equations of motion, 90X/ = 0)
and it turns out [125] that this requirement (in the closed string case) is not compatible
with the Virasoro constraints (when states are invariant under spacelike worldsheet rigid
translations). Suffice it to say here that this is a gauge problem and says nothing about
the classicality of the underlying states. We elaborate on this in detail later where we
also propose a solution: an alternative to the (X*) = X 5 classicality condition which is
compatible with the string symmetries. We will also see that it is possible for closed string
(coherent) states to satisfy (X*) = X/ in lightcone gauge when the underlying spacetime
manifold is compactified in a lightlike direction, X~ ~ X~ +27R~, with X ™ non-compact,

because this compactification breaks the invariance under spacelike worldsheet shifts.

1.8 Vertex Operator Constructions

Various prescriptions have been given for the construction of covariant vertex operators,
e.g. the construction due to Del Giudice, Di Vecchia and Fubini (DDF) [127, 128, 129,
130] but see also [131], the path integral construction based on symmetry [132, 133, 134]
and factorization [135, 136, 137] and operator constructions [138, 139] among others. A
powerful method which applies in general backgrounds is given in [140], (although explicit
results for high mass states are notoriously difficult to obtain in more general backgrounds).
To carry out the map from classical solutions to covariant vertex operators we shall make
use of the DDF construction. The power of the DDF construction lies in the following: it
generates the entire physical Fock space, and it can be used to translate light-cone gauge
states into the corresponding covariant vertex operators, where the standard technology
for amplitude computations [114, 141] can be used. This is clearly very useful indeed
given that in the construction of vertex operators for cosmic strings we would like to
know what the corresponding classical state is, but explicit general classical solutions are
best understood in lightcone (not covariant) gauge — the DDF construction provides the
appropriate bridge between classical lightcone gauge string solutions and covariant vertex
operators.

We also give some explicit results for a number of physical covariant quasi-classical
vertex operators (i.e. with large quantum numbers) which lie beyond the leading Regge
trajectory without making use of the DDF formalism. Explicit results for high mass ver-
tices are sparse, some notable exceptions being Weinberg’s vertex operator construction

[132] and also the approach of Sato [133]. In [132] one can find explicit results concerning
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monomial massive vertices and in the present document we derive an explicit representa-
tion for general polarization tensors which are appropriate for these vertices. In [133] one
can find more general, in particular polynomial, vertex operators where constraints on the
polarization tensor and other physical state conditions are derived explicitly. A subclass
of these vertices has been obtained by Aldazabal et al. [135] by considering the factoriz-
ation of the tachyon-tachyon amplitude. We here discuss the construction of monomial
vertex operators, vertex operators produced in tachyon-tachyon, tachyon-massless* and
massless-massless scattering and give explicit representations for all polarization tensors.
The DDF construction which can be used to generate a complete set of states is essentially
identical to a certain factorization of a scattering amplitude with an arbitrary number of

massless vertex operators inserted and a tachyonic vacuum.

1.9 Thesis Outline

In Sec. 2 we present a brief overview of the field of cosmic strings. We start with an
overview of topological defects in classical field theory. We then go on to discuss type
ITA /TIB superstring theory, concentrating in particular on tachyon condensation and the
most common topological defects found in string theory. We then describe a cosmological
scenario where such objects may be produced, the so called KLMT scenario. This then
leads to a discussion of classical string evolution in Sec. 2.3. We next focus on the problem
of taking gravitational backreaction into account (Sec. 2.4) and the associated implications,
while emphasizing the importance of doing so. In Sec. 2.5 we discuss flat background
evolution and discuss phenomenologically interesting features on cosmic strings, such as
cusps. In Sec. 2.6 and 2.7 we present conventions that will be used in the main sections
of the text associated to closed and open string mode expansions. This is followed by
a section (which is central for cosmic string evolution) on the scaling solution of cosmic
strings and a discussion of energy loss mechanisms, namely Sec. 2.8. Finally, in Sec. 2.9
we present an overview of a classical gravitational radiation computation for a string with
cusps, that will set the scene for the chapters on the perturbatively exact vertex operator
descriptions of cosmic strings and the corresponding graviton emission amplitude.

In Sec. 3 we introduce the necessary material (perturbative string theory) in order to
discuss the vertex operator construction of cosmic strings. In particular, in Sec. 3.1, we
define conformal field theories, the corresponding Virasoro algebra Sec. 3.2 and represent-
ations in Sec. 3.3. We then go on to discuss string amplitudes in Sec. 3.4, and two-point
functions in Sec. 3.5. Many details which are omitted from the main text have been
included in the Appendices.

In Sec. 4 we discuss the general construction of mass eigenstate vertex operators in
bosonic string theory. In Sec. 4.1 in particular, we discuss an explicit construction of
monomial covariant vertex operators which lie beyond the leading Regge trajectory and

give explicit representations for the polarization tensors for general states. The construc-

“Here massless means graviton, dilaton or antisymmetric tensor vertices.
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tion is based on the considerations of Weinberg [132] and de Alwis in [142], see also
[143, 144, 134, 141]. We find a limitation which arises in this approach given that here
polarization tensors have the symmetries of Young tableaux: when the polarization tensor
transforms under real representations of SO(25) there is a maximum order of harmonics
that can appear in the state (because the order of worldsheet derivatives appearing is

always associated to particular a row of the tableau in this approach).

In Sec. 4.2, we expand on the work of Aldazabal et al. [135] and Sato [133] and discuss
the construction of vertex operators via factorization of tachyon-tachyon, tachyon-massless
and massless-massless scattering processes. Here we emphasize the importance of element-
ary Schur polynomials (equivalently Bell polynomials) which can be used to write down
these vertices very concisely. The importance of Schur polynomials in the construction of

vertex operators was identified in [145], as very briefly mentioned in [146].

In Sec. 4.4 we discuss the construction of a complete set of normal ordered mass eigen-
state covariant vertex operators using the DDF formalism, which can be used to translate
light-cone gauge states into fully covariant vertex operators. The Virasoro constraints are
solved completely and the resulting vertex operators are physical for arbitrary polarization
tensors that correspond to irreducible representations of SO(25). In the process we show
that all covariant vertex operators can naturally be written in terms of elementary Schur

polynomials.

In Sec. 5 we show that the construction of physical covariant coherent states becomes
clear in the DDF formalism. We construct both open and closed coherent states. These
fundamental string states are macroscopic and have a classical interpretation, in the sense
that expectation values are non-trivially consistent with the classical equations of motion
and constraints. We present an explicit map which relates three classically equivalent
descriptions: arbitrary solutions to the equations of motion, the corresponding lightcone
gauge coherent states, the corresponding covariant coherent states. We gain further evid-
ence supporting this equivalence by showing that all spacetime components of the angular
momenta in all three descriptions are identical. We suggest that these quantum states

should be identified with fundamental cosmic strings.

In Sec. 6 we discuss the graviton emission amplitude for a coherent state. The par-
ticular coherent state that we will be interested in is also the simplest: a closed string
coherent state with first harmonics excited. This computation includes the effects of grav-
itational backreaction which is always neglected in the classical computations, and which
is also believed to be the missing link in understanding the small scale structure of cosmic
strings. Depending on the choice of polarization tensor, this vertex operator can for in-
stance represent a collapsed rotating double line (a folded rotating string), but also other
configurations. Nevertheless, this computation will be somewhat incomplete because we
do not compare the findings with the corresponding classical computation where backre-

action is neglected [83], and this will have to await a future publication.

Finally, the Appendices contain extensive overviews of numerous computations, the

knowledge of which is taken for granted in the main text. The purpose of these has been
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to make the thesis self-contained and to set the conventions that are used in the main
text.

We restrict my attention to bosonic string theory and it is likely that all results gen-
eralize to the superstring. As long as one is able to isolate the tachyonic contribution this
should not be too much of a drawback. We always have in mind the superstring when

carrying out computations.

The majority of the new work that is presented in this thesis is in Sec. 4.4, 5 and 6.



Chapter 2
Cosmic Strings

In this chapter we discuss cosmic strings, to establish conventions and provide some ne-
cessary background. It has been known for many years now [147] that there exist classical
field theories which allow for the formation of vortex lines whose equations of motion
are governed approximately by the equations of motion of the Nambu-Goto string, see
e.g. [5, 6]. The cosmological relevance of such objects was hypothesized just a few years
later [41]. As discussed in the Introduction, the study of cosmic strings developed in par-
allel to the development of string theory, but there was initially only minimal interaction
[1] between the two fields. Until the second superstring revolution twenty years later, it
was thought that macroscopic fundamental strings would either not be realized in nature,
or they would be unobservable [1]. Nevertheless, it has since become clear that macro-
scopic fundamental strings can be realized, in the sense that they appear to be produced
quite naturally in string models with large extra dimensions and warped compactifica-
tions. Such objects lead to a number of observational signatures, and may hence provide

a phenomenological handle on string theory.

Before giving an overview of these developments, we discuss how cosmic strings arise as
topological defects in a simple field theory realization, in order to motivate and facilitate
the discussion of the corresponding string theory realization of cosmic strings. We will
then show how the field theory defects are related to classical string evolution, and discuss
among other things the production of classical gravitational radiation. In the process we
will discuss phenomenologically relevant features in the classical evolution of strings, such
as cusps and kinks, which lead to very strong gravitational wave signals. The classical
evolution however is expected to break down at small scales, where inherently stringy
physics is expected to become relevant. Furthermore, in these classical computations the
effects of gravitational backreaction are almost always neglected and this can be important
for even order of magnitude estimates [120]. This will then motivate the following chapters,
and will lead to the main theme of the current document, namely a perturbative string
theory description of cosmic strings, the construction of the cosmic string vertex operators,
that may possibly be thought of as a perturbatively (in the string coupling, gs = e?, and

string length Vo) exact description of cosmic strings.
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2.1 Topological Defects in Classical Field Theory

Topological defects arise as topologically stable solutions to classical field equations in a
variety of models with spontaneous symmetry breaking.

Consider a theory with a gauge symmetry group G, under which a multiplet of scalar
fields ¢ transforms, ¢(z) — g(z)p(z) with g(x) € G. We define the vacuum manifold, M,
by all possible vacuum expectation values, (¢) = ¢, where the associated potential V(¢)
is minimized. When the symmetry is broken, ¢ — ¢g € M, there will generically remain

an unbroken subgroup, H, namely the little group of G,
H:{hGG : h¢0:¢0},

and so the vacuum manifold is identified with the left coset of H in G, M = G/H.

The type of defects that can exist in the broken phase depends on the topology of M
and in particular on the homotopy groups m, (M), which arise from homotopically equi-
valent classes of mappings from the n-sphere into the vacuum manifold M. Specifically,

in a spacetime with D spatial dimensions, a non-trivial (D — p — 1)* homotopy group,

Tp—p-1(M) # 1,

is necessary for defects of dimension p to exist — that is, when (D — p — 1)-spheres cannot
be contracted to a point. Notice that it is the codimension of the defect that determines
which homotopy group is the relevant one. However, this does not guarantee that the
defects will be stable; one must also ensure that the energy functional has a minimum
under scale transformations, x — Az [148]. For instance, in D = 3 dimensions, domain
walls (p = 2) can exist if mo(M) # 1. This will be the case when M is associated to the
breaking of a discrete symmetry, that is if M has disconnected components. Similarly,
strings (p = 1) can exist if 71 (M) # 1. This will be the case if there exist loops, S!, in the
vacuum manifold that are not contractible to a point. In turn, monopoles (p = 0) can exist
when 79(M) # 1, that is if there exist surfaces, S?, that cannot be contracted to a point.
The elements of mp_,_1(M), or more precisely the conjugacy classes of mp_,_1(M), in
turn classify the admissible types of dimension-p defects [6].

Let us concentrate on linear topological defects in particular, namely strings. For
example, if M ~ S', then the admissible types of strings are characterized by an integer,
n, (an example is given below) given that m(S') = Z. Strings can also form in models

with a sequence of phase transitions,
G — H1 — HQ,

where defects can exist if 71 (G/H) and m1(H;/H2) are non-trivial, but will be topologic-
ally unstable for instance when 71(G/Hz) =1 [53].

In a cosmological setup, symmetries are expected to dynamically become broken during
the expansion of the universe, in both string theory and field theory models of the early

universe. In field theory language, as the universe expands, the temperature decreases
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and this leads to phase transitions. The higher symmetry phase is often associated to
the high temperature phase of the model, and the symmetry breaking is identified with
a phase transition. The production of topological defects is then described by the Kibble
mechanism [41]. The universe starts off in the symmetric phase and as it expands and
cools below some critical temperature, 7., the symmetry is broken and the associated
scalar field ¢ rolls to a point in the degenerate vacua of the theory. For example, in a
scalar field theory with potential %(|¢|> — 7#?)? the vacuum manifold is M ~ S! where
¢ = ne’X. Here G = U(1) and H = 1. The phase y will be chosen randomly and in
different regions of physical space it will (if the two regions are not causally related) take
a different value. In a universe with Hubble parameter H ~ 1/t, causal processes can
only occur within a sphere of radius H~!. In other words, at largely separated distances
the field will in general roll to different vacua, characterized by different phases, x, so the
symmetry breaking will be frustrated. Given that m1(S!) # 1, values of ¢ around some
loop in space will generically form an incontractable loop in M. Therefore, ¢ must leave
the vacuum value ¢g in the interior of the loop, and so one or more cosmic strings must
have formed in the symmetry breaking.

In order to discuss the production of topological defects, we will consider the simplest
scalar field theory with spontaneous symmetry breaking and a local U(1) symmetry,

namely the Abelian-Higgs model, characterized by the following spacetime action [147],
1 17
S04 = [ dav=G{ - {FuP" + D) (D' - V(D). (2)

where, focusing on the flat spacetime case, G, = 7,,, the covariant derivative reads
D, = 0, +ieA, and the field strength F,, = 9,4, — 8,A,. The quantity ¢(z) is a
complex scalar field and A, the gauge field. The local U(1) symmetry acts on the fields

according to,

$(@) — ND(a), A, — A, — éaﬂA(;ﬂ), (2.2)

with A(x) a real single valued function. V'(|¢|) is the so-called "Mexican hat" potential,

V(o) = pA(9P — )’ (23)

with A, n constants, related to the mass of the scalar field, and the mass of the vector boson
(which is dynamically generated by the Higgs mechanism after spontaneous symmetry
breaking). That vortices may be produced in the Abelian-Higgs model follows from the
indirect fact that the vacuum manifold, M ~ S' = {¢ : |¢|*> = 7?} is not simply

connected, the associated non-trivial fundamental group being,
(S = Z.

Nevertheless, let us also see this more directly.

Lof course, one should not confuse G = det(G,,, with the Newton’s constant. When this is ambiguous

we shall write G4 for the d-dimensional Newton’s constant.
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The equations of motion are,
O, F" = 2eIm[p(D"¢)'],

2.4
DZ¢+%>\(I¢I2—02)¢=0, 24

and these define a conserved current j¥ = 2elm [gb(D”qﬁ)T].
The presence of strings can be detected by encircling them with a closed loop. The

total spacetime flux through an area C' that is bounded by a loop 9C' is given by,

o= [F=¢ 4
c ocC

with F' = F,,dxt A dz” and A = A,dz". Let us write ¢ = |¢|e’X. From the equation of
motion for A* it then follows that [147],

v Lo g
2¢? |¢|?

Let us consider the case when the boundary dC' is at asymptotic infinity. At infinity we
require the field ¢ to vanish and therefore, j = 0, along 0C. Substituting A” into the

above, and requiring that ¢ be single-valued as one traverses dC, leads to,

2
p= 2
€

with n € Z. This reflects the fact that an integer number of strings can pass through the
area C, either one of which is composed of an integer number of flux quanta, 27w /e. In
traversing the path in physical space, it is possible for the scalar field to wrap once around
the circle of minima and develop nontrivial winding, Ax = 2x. If one now attempts
to shrink the loop OC, the location of the vortices may be determined more accurately
because the loop cannot be shrunk to a point if it contains vortices. At the vortex cores
however, the phase is no longer well defined and the phase jump can only be resolved
continuously if ¢ rises to the top of the potential where it vanishes, ¢ = 0. The top of the
potential however must be associated with a non-zero energy density, ~ %)\774, and this is
in turn identified with the energy density of strings.

The stability of such a vortex with n flux quanta depends on the ratio
B=(myt/msh)?,

(with m, and ms the masses of the vector and Higgs scalar bosons respectively) and in
particular on the range of the two associated forces. If lines of magnetic flux approach to
within the associated Compton wavelength, m. ! ~ (\/Xn)*l, they will repel each other.
On the other hand, the scalar field produces an attractive force that becomes relevant at
the associated Compton wavelength, m; ' ~ (en)~! (because it is energetically favorable
to minimize the area over which the energy density is non-zero). It is therefore clear
that if 8 > 1 the n flux quanta will repel each other and the vortices will only be stable
if they carry a single quantum of flux, 2r/e. When on the other hand 5 < 1, vortices
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with arbitrary flux 27n/e are stable. The integer n classifies the various possibilities,
nem 1(5 1) =7.

To identify the above topological defects with strings, one needs to show that they
are governed by a string action, which at least in a certain limit should coincide with the

Nambu-Goto action,
SvIX] = =t [ VR,
b

with h the determinant of the induced metric, the metric induced by the embedding of the
string into spacetime, see below. That is, the effective string action should be proportional
to the area of the 2-dimensional worldsheet, ¥, swept out by the string motion. That this
is approximately the correct action that reproduces the cosmic string dynamics associated
to the Abelian-Higgs model can be seen as follows [6].

If the curvature radius, R, of the string is large, compared to the width of the string,
6, then an appropriate starting point is a Lorentz boosted version of static cylindrically
symmetric solution to the equations of motion (2.4). With the gauge choice, Ag = 0, they
will be of the form [147],

r X é,

o(r) =" f(r),  Ar)= a(r), (2.5)

r

with €, a unit vector along the z-direction, r a 3-vector, r the radial coordinate, and
|A(r)| = a(r). The appropriate boundary conditions (for a string of finite energy and
regular at the origin) are f(co) = a(co) = n and f(0) = a(0) = 0. The string thus lies
along the z-axis and ¢, A; depend only on the polar coordinates (r,6), with r2 = 22 + 32,
Suppose we parametrize the worldsheet by the coordinates (7, 0), so that at a given point
(1,0) there will exist two orthogonal vectors, J,X* with ¢“ = (7,0), that are tangent to
the worldsheet; here 0, = 9/00® and a = 0,1. In 4 spacetime directions there will then
exist two vectors nﬁ with A = 1,2, that are orthogonal to the worldsheet, n - 9,X = 0,
while satisfying G*” n;‘nf = 648, Then, a point close to the worldsheet can be mapped
into spacetime by,
(0%, p%) = XP(0%) + pAn (o),

with the second term measuring the transverse distance from the worldsheet, r? = p - p.

We next rewrite the Abelian-Higgs model in terms of the new coordinates z'* =
(o9, pA). To do so, we will require that these are single valued and well defined, which
amounts to requiring that § < |r — X| < R. The Nambu-Goto approximation assumes

that the string width, 6 — 0. The measure, d*z/—G is invariant under diffeomorphisms,

d*z\/—G(z) = d*od*p /-G (z!)

oxP O0x°
= d20d2p\/—det<WWGpo(x)> (2.6)
0XroXe r

We may then substitute the measure (2.6) and solutions (2.5) into the action S[¢, A]. When
r/R < 1 the integrand will only depend on the coordinates p?, with the ¢® coordinate
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dependence being only through the above determinant. We may then integrate out p and

arrive at the effective description,

Seﬁective [¢7 A] ~ Sy [X]

The integral over p fixes the overall normalization of the Nambu-Goto action, which in
turn determines the string tension p in terms of the underlying field theory quantities.

The metric,

hap(0) = 0 X 05X" G (X),

that appears in the Nambu-Goto action is called the induced metric. It is via the Nambu-
Goto action that the correspondence with string theory is normally made. This is because,
as explained below, the action that defines string theory, namely the Polyakov action, and
the Nambu-Goto action are equivalent classically; although their quantum equivalence is
obscured by the highly non-linear dependence of Sy[X] on X, which makes it difficult to

quantize.

2.2 Branes, Tachyon Condensation, and Cosmic Strings

Up until the mid 1990’s, it was thought that superstring theory is a theory of maps from a
two-dimensional worldsheet into spacetime. The worldsheet can be thought of as a string,
namely a fundamental string or F-string, that sweeps out a two-dimensional surface as
it propagates in time. Five consistent such theories were known, all of which require the
number of spacetime dimensions to equal ten — namely, the type I superstring, a theory
of open and closed strings; and four closed string theories, namely the type IIA and IIB
superstring, and the two heterotic string theories, differing in their gauge groups: Fg x Ejg
and SO(32).

The possibility that superstrings of cosmological size may have been produced in the
early universe was first contemplated by Witten [1] who (based on current knowledge of
the time) concluded that had they been produced they would either (i) not be observable
(they would be produced before inflation and diluted away by the cosmological expan-
sion), (ii) they would be unstable (they would disintegrate into smaller strings long before
reaching cosmological scales in the case of Type I strings, or in the case of Heterotic String
theory would arise as boundaries of domain walls whose tension would cause the strings
to collapse), and in any case (iii) they would nevertheless be excluded by experimental
constraints, requiring string tensions, Gu ~ 1073, while it was clear that strings with
Gy > 107° had already been ruled out.?

During the mid-1990’s, a period that is referred to as the second superstring revolution,
it was realized that these five seemingly different string theories were different manifesta-

tions of a single much larger theory, referred to as M-theory [2]. This conclusion was based

2@ and p are are defined on p. 2.
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on the fact that various dualities were found to relate these five theories.? Furthermore,
in addition to the fundamental strings, a number of higher dimensional objects were dis-
covered, and in particular Dirichlet branes or simply D-branes [3, 4], as well as a number
of additional string-like objects: namely, D-strings and higher dimensional D-; NS- and
M-branes partially wrapped on compact cycles. Therefore, although fundamental strings
of cosmological size were discarded as a plausible possibility [1], the second superstring
revolution opened up a large window of opportunity for model building, and the possibility
that cosmic superstrings may exist was revived. In what follows we shall attempt to offer
a glimpse into these developments, while making contact with the results of the previous
chapter that was based on a field theory realization of cosmic strings.

String theory, being a first quantized theory, is more akin to quantum mechanics than
it is to quantum field theory. In particular, the spectrum of one-particle states arises from
quantizing the vibrational modes of a single string. If we consider energy eigenstates, every
such state is characterized by its energy and momentum, among other quantum numbers.
Carrying out this quantization for the bosonic string leads to the realization that the
theory contains a negative mass-squared state, namely a tachyon, as well as massless and
an infinite tower of massive states. The presence of a tachyon was seen as one of the main
motivations for going beyond the bosonic string, to consider the superstring. A negative
mass square indicates an instability in the theory, and in particular of the vacuum around
which the system has been quantized perturbatively. In the corresponding low energy field
theory, this tachyonic excitation gets promoted to a field, say T'(z) with 2 the zero mode of
the target space map, X : ¥ — M, of the string into spacetime, and the interactions and
couplings in the field theory are determined by computing n-point functions in the string
theory from which the field theory descended. Alternatively, one may consider a sigma
model associated to the graviton, G, (X), dilaton, ®(X) and tachyon, T'(X'), among other

fields,
1

e

S[X] /E d*2 0, X"0: X" G (X)
(2.7)

1 1
+— | d®2R®(X)+ — /E d?2T(X),

81 Jx ige"
with R(y) the worldsheet Ricci scalar and z,z complex worldsheet coordinates, see Ap-
pendix B. The normalization of the bosonic fields X is such that the coefficient of the
first term is identified with the string tension, 1/(27’), when the correspondence with
the Nambu-Goto action is made, which is proportional to the area of the worldsheet, S =
52— Area. The normalization of the dilaton, ®(X), is such that when ®(X) = ®; = const,

the coefficient is an integer and equal to the Euler characteristic, x(X) = % / szR(Q), of

the Riemann surface. This choice in turn enables one to identify the quantity, gs = e®,

3For example, if one compactifies the type IIA on S' x R? it can be seen that type IIA at radius R
is equivalent to type IIB compactified on S* x R® but with radius o/ /R (with v/a’ the string length) —
such an equivalence under spatial inversion of radii is referred to as T-duality. There is also an S-duality
which acts instead on the string coupling constant, gs < 1/gs, and interchanges the type I superstring
with heterotic SO(32) string theory. It was found that all five theories are related by T- and S-dualities of

this sort.
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with a coupling constant, the significance of which is described below (3.22). The normal-
ization of the tachyon term is conventional. Here the requirement of conformal invariance?

amounts to requiring that the g-functions vanish, see e.g. [149, 150],

Ba = B = Br = 0.

These conditions can be interpreted as equations of motion for the zero modes G, (z),
®(x) and T'(x) and so computing the effective action amounts to computing the action
(which may not be unique) that gives rise to these equations of motion. In this manner, the
tachyon effective action can in principle be computed, as can be the corresponding tachyon
potential, say V(T"). Clearly, there will be a maximum at 7' = 0, where VN(O) < 0. This is
somewhat akin to the maximum of the "Mexican hat" potential (2.3) that we encountered
in the abelian Higgs model above. One might then wonder whether there exists a stable
minimum in the vicinity of T' = 0, just like in the abelian Higgs potential. Unfortunately,
the answer to this question is not known; the tachyon couples to the infinite tower of
string modes making it difficult to study the tachyon in isolation, and the |mass?| of the
tachyon is of the same order of magnitude as that of the massive string modes, and so one
cannot integrate out all the heavy fields and work with a low energy effective action in
the usual manner (one would have to also include massive modes in the effective action).
Many take the viewpoint that bosonic string theory is inconsistent because of the tachyon.
Thankfully, there exist a number of closed superstring theories which are free of tachyonic
excitations where perturbation theory can be carried out consistently.

In addition to closed strings, there also exist superstring theories with open strings,
where the string endpoints are defined to live on hypersurfaces referred to as D(irichlet) p-
branes. These are p-dimensional extended soliton-like objects, and in a relativistic theory
one would hope that they are also dynamical. This is indeed the case [151] with the open

string vertex operators, for instance,

j{GnX“AM(X),

being interpreted as fluctuations in the shape of the D-brane (n is normal to the worldsheet
boundary, the integral is over the woldsheet boundary, and A,(X) is a gauge field). In
the presence of N branes of possibly different dimensionality, the gauge field A,(X) can
take different values on each of these surfaces. Open strings are oriented and so there can
thus exist N? different types of open string states, corresponding to the number of ways
of attaching the two open string endpoints to N surfaces.

Although superstring vacua (around which a perturbative theory exists) are tachyon-
free, there are certain cases when the spectrum of open strings does contain a tachyon, in
superstring as well as bosonic string theory. In bosonic string theory there is always a ta-
chyon in the spectrum for any p-dimensional D-brane, whereas in type ITA /IIB superstring

theory a tachyonic excitation exists only for odd/even dimensionality p. On the other hand,

4Conformal invariance is of paramount importance in string theory. Conformal symmetry is carefully

discussed in Appendix D and conformal field theories are discussed in Sec. 3.1.
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Dp-branes with p = 0,2,4,6,8 in the type IIA superstring and p = —1,1,3,5,7,9 type
IIB superstring break half of the 32 supersymmetries — they are therefore BPS states [2]
and carry conserved Ramond-Ramond (RR) charges [3].> That is, the worldvolume of a

Dp-brane naturally couples to a (p 4+ 1)-form RR potential,

Mp / Cp+17

(the integral is over the Dp-brane worldvolume) where p,, is the conserved Dp-brane electric
charge, fsm_p_g *Fpi2, and Fj 10 = dC(,1 1) is the associated field strength.® The presence
of a conserved charge ensures that Dp-branes are stable with only positive or vanishing
(mass)? states appearing in the open string spectrum. The BPS D-branes of either type

ITA /TIB theory have mass per unit p-volume, or tension, given by [2],
jp, = (Qﬂ)—pa/f(up)/?gs—l’ (2.8)

when the RR scalar, C, is set to zero; gs the closed string coupling constant and v/a/ the
single dimensionful constant of the theory, the string length. D-branes therefore become
very heavy in the perturbative limit where g — 0, in which case they can be treated
as rigid objects, and one need only consider the dynamics of the fundamental strings
perturbatively. These D-branes are oriented, and a BPS Dp-brane of opposite orientation
is referred to as an anti-Dp-brane, or Dp-brane. That is, the open string endpoints carry
a multiplet of charges transforming under representations A, A, of a compact Lie group
G these are non-dynamical and are known as Chan-Paton degrees of freedom [2]. When
A ® A is in the adjoint representation of G, the lowest energy open string excitations are
precisely those of Yang-Mills gauge theory. For N oriented coincident Dp-branes, A* = A,
and the gauge group is G = U(N).”

Although a BPS Dp-brane does not have a tachyonic excitation, a string connecting
a Dp-brane-Dp-brane does have a tachyonic mode when the branes are coincident [152],
when the length of the open strings is zero. The tachyon is projected out of the ground
state in the Neveu-Schwarz (NS) sector [2] by the GSO [153] projection when both open
string endpoints lie on either a Dp-brane or a Dp-brane, in which case the lowest mass
excitations are the massless states.® However, for a coincident Dp-brane-Dp-brane system,
the GSO projection is opposite and so the NS ground state remains in the spectrum, giving

rise to a tachyonic mode with,

(mass)? = —1/(2).

5The case p = —1 is special and corresponds to a D-instanton. These may be thought of as point-like

defects that appear at an instant in time.
5Note that n = D —p — 2 is the dimensionality of the n-sphere that is required to completely surround

a Dp-brane in a D-dimensional spacetime.
"There also exist un-oriented strings for which A = A in which case G = SO(N) or Sp(N).
8The GSO projection in the path integral language corresponds to a sum over all spin structures [154]

with certain weights that are determined from modular invariance (invariance under large diffeomorphisms
on the worldsheet).
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According to the above counting, for oriented open strings there will in fact be two ta-
chyonic modes (corresponding to the two orientations of the open string), which can be
combined into a single complex field T'(x). There was a U(/N) symmetry that was associ-
ated to a stack of N BPS Dp-branes; in the case of N + M coincident Dp-branes and N
coincident Dp-branes the U(IN) gets promoted to a U(N + M) x U(N) gauge symmetry.
The tachyon field 7T lives in the (N + M, N) (bi-fundamental) representation of the gauge
group.’

Given that there exists an instability associated to a stack N + M BPS Dp-branes
coincident with a stack of N BPS Dp-branes, and that this instability is associated to
a complex tachyon field with a potential in the effective theory such that V"(O) < 0 at
T = 0, one may wonder whether there exists a stable minimum away from 7' = 0. Let us
take the simplest case where N = 1 and M = 0, which is relevant for a Dp-Dp-brane pair.
Here the massless degrees of freedom are comprised of two U(1) gauge fields and 2(9 — p)
transverse scalars which are associated to the transverse coordinates of the branes. We
consider the effective action, Seg(7, ... ), which is formally obtained by integrating out the
positive (mass)? fields, and "..." denote the massless bosonic fields; when the massless

fields have been set to zero, the proposed action is of the form [40],

&ﬂT%z—/ﬁ“%Wﬂﬁ¢1+wme@T

The potential V(T') will have a maximum at 7' = 0 as appropriate for a tachyonic mode.
Let us choose the additive constant in V(7T') such that V(0)=0. V(T) is found that the

effective action has a phase symmetry, 7' — €T, and a family of global minima [40],
T =Ty e,

At these minima the sum of the tensions of the original Dp-brane-Dp-brane pair is exactly

cancelled by the negative contribution of the potential [40],
V(TQ) + 2MDp =0.

This implies that the total energy density at the minimum of the potential vanishes; and
since the Dp-brane-Dp-brane pair does not carry any RR charge this should be identified
with the vacuum, where there is no D-brane and hence no physical open string excitations.

Nevertheless, the equations of motion derived from the effective action do have non-trivial

9Dp-branes with p = —1,1,3,5,7,9 in the type ITA superstring and p = 0,2, 4, 6,8 type IIB superstring
also exist, but they have a tachyonic mode and are therefore unstable. These are non-BPS Dp-branes, and
can be constructed [155] from an orbifold of either type IIA/IIB theory, the discrete group being generated
by the spacetime fermion number associated to left-moving degrees of freedom on the string, (—)FL.10
Non-BPS Dp-branes have a mass per unit p-volume given by, fip, = \/5(27r)_pa’_(l+p)/2gs_l, and are
unoriented; that is, there is only one way of connecting an open string to a non-BPS Dp-brane and A = A.
Therefore, the corresponding tachyon field, T'(x), is now real, and can be identified with a particular linear
combination of the two tachyons of the Dp-brane Dp-brane system that survived the orbifold projection.
There is still an infinite tower of massive open string states. Note furthermore that non-BPS Dp-branes

are uncharged under the RR (p + 1)-form potential Cpy1.
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time-independent classical solutions, and it has been conjectured [42], and subsequently
verified [156], that these should be identified with D-branes of lower dimension, and in

particular a codimension-two soliton; that is,
BPS Dp—brane — BPS Dp—brane — BPS D(p — 2) or D(p — 2)—branes. (2.9)

Note that one would expect D(p—2) and D(p—2) branes to be produced in approximately
equal numbers (given that one differs from the other by an overall rotation of 180°). The
same remark holds for the more general cases below. Such processes are referred to as
tachyon condensation [40]. Since the tachyon is a complex field, it can wind around a
codimension-two locus of the potential and non-zero winding will lead to lower dimensional
D-branes, just as we described for the abelian Higgs model in Sec. 2.1. A simple example
of a solution to the equations of motion is a vortex solution, where 71" is only allowed to

depend on zP~! and 2P say,
T(pa 9) = TOf(P) ew’

where, say p? = (2P~1)? + (2P)%, and 0 = arctan(aP?/2P~1), and the f(p) is such that
floo) =1, and f(0)=0.

The potential energy vanishes at infinity, p — o0, and the accompanying gauge field
enforces the covariant derivative of the tachyon to decrease sufficiently rapidly that most
of the energy density is concentrated around the p = 0 region. Clearly, when p = 3 the
D3-D3-brane pair annihilates into a D1-brane, or equivalently a D-string. This is just
a simple example of a more general principle, that D-brane annihilation can give rise to
lower dimensional D-branes, and in particular macroscopic D-strings.

More generally, recall that on N coincident BPS Dp-branes and N coincident BPS
Dp-branes there is a U(N) x U(N) gauge symmetry. This system annihilates into a stack
of BPS D(p — 2k)-branes (with k € ZT) (or a BPS D(p — 2k)-brane),

N Dp — Dp—brane pairs — BPS D(p — 2k)—brane, k<N (2.10)

The resulting D(p — 2k)-branes will carry a U(NN) gauge symmetry, and so in particular
when the branes annihilate the U(N) x U(IV) gauge symmetry becomes broken,

U(N) x U(N) — U(N),

and the tachyon develops an expectation value. The vacuum manifold of the resulting

configuration is thus,
U(N) x U(N)
U(N)

Therefore, according to the general discussion of Sec. 2.1, defects of codimension 2k are

M = ~ U(N).

supported, as advertised in (2.10),

Tp—(p—2k)—1(U(N)) = Z, for k < N.
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The first subscript in the homotopy group indicates the dimension in which the condensa-
tion takes place, namely p, and the second indicates the dimensionality of the defect that
is supported, namely p — 2k.

As an example, consider D5-D5-brane annihilation where N = 1, with the D5 and
D5-brane wrapping a 2-cycle and the remaining 3 dimensions large and non-compact.
According to the above this will lead to the formation of a D3-brane. This may either
wrap a 2-cycle and be extended in one non-compact dimension (in which case it should
be identified with a macroscopic string); it may wrap a l-cycle inside the 2-cycle (in
which case it would be identified with a domain wall); or, it may be extended in all three
non-compact directions.

We would like to identify extended one-dimensional objects with cosmic strings and to
do so one needs to take a number of steps. Primarily, one needs to incorporate D-brane
annihilation into a cosmological model. Secondly, it must be checked that the Kibble
mechanism applies and that cosmic strings can be produced in the early universe. One
must also make sure that other defects, such as domain walls or monopoles are either
suppressed or not produced, as these would over-close the universe. Omne then needs
to determine whether the resulting strings are stable [16], and what the corresponding
cosmological signatures are [21]. Finally, one should check that their presence has not
been excluded by experimental constraints.

Thankfully, there exists a very natural implementation of D-brane-D-brane annihila-
tion in such a context, and this is referred to as brane inflation [25, 26, 27, 28, 29, 13].
Brane inflation models came out of attempts to embed inflation into string theory. In-
flation in turn is a desirable feature of a fundamental theory, because it offers a natural
explanation for the homogeneity, the isotropy of the universe, and the observed spectrum
of density perturbations, see e.g. [157].

A rather natural initial condition for the early universe is to start off with a multitude,
or a gas, of D-branes of various dimensionalities. The branes of higher dimensionality will
annihilate first and produce lower dimensional branes and branes that are present today.
In the most concrete (almost viable) scenario, namely the KLMT scenario [35], one studies
the relative motion of a remaining D3-brane and D3-brane, which are initially separated
by a distance r in the transverse space separating the branes in a throat of a Calabi-Yau
(CY) three-fold.!! The picture we have in mind is that we have compactified type 1B
superstring theory on a CY manifold in the presence of flux. The key point here is that
the flux induces an inflationary warped throat where the motion of the aforementioned
D-branes occurs. The attraction of the two branes will inflate away any other remaining
lower dimensional branes, such as domain walls or monopoles. Furthermore, the standard
model region on the CY where the standard model particles live, is sufficiently separated
from the inflationary throat, so that the D3-D3-brane annihilation does not interfere with

the standard model processes (although the manner in which the moduli stabilization

"This is a compactification of the 6 extra dimensions which has certain desirable features, such as N = 1

supersymmetry and a potentially realistic gauge group and fermion spectrum.
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and standard model fields are introduced does affect the nature/existence of the resulting

cosmic strings [16]). All moduli are stabilized. The spacetime metric is of the form,
ds?® = eQA(y)anx“dx” + e AW g dy™dy",

with ¢® the coordinates on the compactification manifold with g,,, the associated CY
metric, 7, a Minkowski metric. That is, the four-dimensional spacetime is scaled by a
factor depending on the position in the internal space. The warping, e24®) is induced by
the three-form fluxes F3, Hs [35]. For the D3-D3 system, supersymmetry is broken and
there is a net attractive force due to gravity and RR fields. If the D3-brane is initially
located at r; and the D3-brane is located at g, then annihilation will occur in the region
of large gravitational redshift where min e24W) = ¢24(r0) « 1, if ¢24() is normalized to
be O(1) in the bulk of the CY. This large gravitational redshift has the effect of bringing
both the string scale and the inflationary scale, as measured by a ten-dimensional observer,
close to the four-dimensional Planck scale, whereas the energy scales as measured by a
four-dimensional observer are suppressed by a factor of e2(m0) [21].

The D3-D3-brane pair will eventually annihilate when the distance r becomes of order
the string scale and according to the above discussion a tachyonic instability will develop,
and defects or D-branes and in particular D-strings will be produced.'? In particular, the
tachyon will acquire a vacuum expectation value, T, and since the vacuum manifold is non-
trivial it will randomly take different values at different regions in space, especially when
these regions are separated by distances greater than the Hubble horizon, H~'. Therefore,
the Kibble mechanism applies and defects will be produced. It is important to notice
that the Kibble mechanism cannot operate in compactified directions, and in particular
the codimension must lie in the uncompactified dimensions. Although we examined the
case of D3-D3-brane annihilation, there are clearly also more general possibilities. From
the above we know that the codimension in type IIB string theory is always even, 2k,
(otherwise the defects are unstable and decay rapidly). Therefore, given that there must
be three remaining large non-compact directions (which are to be associated with our
perceived spacetime dimensions), only D-branes of codimension-2, i.e. cosmic strings, will
be produced by the Kibble mechanism [13, 14]. In particular, the production of monopoles,
or domain walls will be heavily suppressed.

During tachyon condensation the open string F-states on the annihilating D-branes are
expected to become resonantly excited, and so become large and macroscopic [44]. These
can subsequently decay into closed strings or get squeezed into a network of flux tubes,
and so we might also expect to find a network of cosmic F-strings as well as a network
of D-strings at the end of the phase transition [44, 17]. Furthermore, although F-strings
do not have a classical description, they are related by SL(2,Z) duality to D-strings, and
so in the dual picture correspond to topological defects and so must be produced in the

same manner [16]. It has also been argued [16] that although only one of the two pictures

12This is somewhat akin to the familiar hybrid inflationary models where inflation ends when an in-

stability develops where a mode becomes tachyonic [158].
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can apply at any one time, the Kibble argument depends only on causality and so should
be valid for both D- and F-strings.

Given the existence of both D- and F-strings, there will also exist (p, ¢)-strings [2],
namely bound states of p F-strings and ¢ D-strings [159], with an associated mass per unit

length, or tension,

Hp,q = ﬁ\/@ - Cq)? + g5 °¢?,
where C is the RR scalar and g, = e® the closed string coupling evaluated at the location
of the string [16]. As one would expect, the above result reduces to up, = 1/(27a’) and
ip, in (2.8) when respectively (p,q) = (1,0) and (p,q) = (0,1) and we set C' = 0. When
strings of type (p,q) and (p/, ¢') meet, they can form a new string of type (p +p’,q +¢').
Furthermore, from (2.8), the triangle inequality, and the fact that the F-string tension is
pur, = 1/(2ma’), we learn that,

Hp,g < PHF, + qUDy s

as one would expect for a bound state. (p,q)-strings can also form junctions, at which
there is the charge conservation condition, > p; = 0 and ) ¢; = 0, giving rise to a wide

range of possibilities for cosmic superstring networks [61, 62, 63, 64, 65, 66].

2.3 Classical String Evolution

The fundamental or F-strings that define the string theory perturbatively are inherently
quantum-mechanical and do not have a classical definition. There is a heuristic definition
however, and in a later chapter we shall develop and propose a path integral definition of
classicality. The heuristic definition of classicality is to study the action and its associated
equations of motion and constraints without reverting to path integral computations.
There are a number of terms in the string theory action that are not defined in this sense,
because they break conformal invariance, which is of course restored at the quantum level.
In order to make progress in this section we will therefore have to drop these terms.

Let X be a Riemann surface of genus h, with b boundaries and n points at which local
functionals (equivalently operators/insertions) are inserted, V'(z;, z;) with ¢ = 1,...,n,
which are to represent asymptotic states. The theory is defined perturbatively by a path

integral, a sum over inequivalent embeddings of Riemann surfaces, ¥, into spacetime, M,
X3 - M,

and a sum over all metrics on X. Denote the space of inequivalent metrics (the moduli
space) that leave the vertex insertion points invariant by My and the space of em-
beddings of the worldsheet into spacetime by &}, p. Schematically, a definition of string
theory is then provided by a path integral or scattering amplitude of the form [141],

(VO ymy =3 [ DPgDX SNy V™ The finite dimensional meas-
Mp p®Ep b
ure associated to integrals over the location of the n vertex insertions, is implicitly con-

tained in V(Y ... V(™ That all information about asymptotic states can be shrunk to
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local points on the worldsheet, which in turn allows for the definition of the local func-
tionals V(z, z), is a manifestation of conformal invariance. The sum over h,b reflects the
perturbative nature of the above definition; in Sec. 3.4 and Appendix F we will make these
statements more precise.

In the case of bosonic string theory, the action S[X,g] is the unique Poincaré and
diffeomorphism invariant action (on the worldsheet and in spacetime) with a conformal
symmetry on the worldsheet. There are a number of terms that comprise the action, see
Appendix A, depending on the particular set-up of interest.'® The term that will be of

prime interest throughout is the Polyakov action,

1
4ol

SqlX,g] = /Z d*o/=g Vo X, (o) VX (o). (2.11)

Two metrics appear here — the indices o« = 0,1, associated to the coordinates'® o =

(Tm,0), are contracted with the worldsheet metric g,3, and the indices p = 0, ..., 26,
associated to the spacetime coordinates X*(o), are contracted using the spacetime metric
G, (X). Note that d?c = do A dry. The X# (o) are scalars from the worldsheet point of
view and so the covariant derivative V,X = 9,X.

A worldsheet and spacetime interval between two neighboring points respectively read,
dsz = gap(0)do®do”, and ds?, = GW(X)(%X“(?@X”dJO‘dJB,
which leads us to identify an induced metric, hqg,
hap(0) = 0 X*03 X" G (X),

i.e. the metric induced by the embedding of the string into spacetime. This can be used
to construct the diffeomorphism invariant (in both a worldsheet and spacetime sense)
quantity v/—h d%o, with h = det hag- It is also conformally invariant with respect to g.g,
and so it satisfies all symmetries of bosonic string theory (see Appendix A); of course, it
is not conformally invariant with respect to either h,g or G\,. Physically, the quantity
V/—h d?c has the interpretation of an invariant area from the spacetime point of view.

This suggests an action principle,

1
2ma’

SN[X] = /Z d?o/—h, (2.12)

whose classical trajectories, 05y = 0, (with appropriate boundary conditions) characterize
oscillations or perturbations around a surface of minimum area. This 2-dimensional surface
represents a string that sweeps out a 2-dimensional surface in spacetime. The quantity

Sy is known as the Nambu-Goto action. There are two notable differences between Sg

13We will ultimately make the choice of background (A.10). As described in the Appendix both S and
Sy break conformal invariance at the classical level and so (given that we wish to study the theory at the
classical level in this section) we will have to drop these two contributions and concentrate on the Polyakov

contribution, Sg, in the current chapter.
The subscript on 7v is meant to signify that we are on a Minkowski worldsheet, the corresponding

FEuclidean worldsheet being reached by the replacement, 7 = 75 = iTm.
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and Sy: (a) Sg is a functional of X and g whereas Sy is constructed solely from X;
(b) S¢ is quadratic in X, whereas Sy is highly non-linear in X. The two actions are
nevertheless equivalent classically but their quantum equivalence (if at all present) has
remained obscure, due to the highly non-linear dependence of Sy on X. That they are
equivalent classically follows from the constraint associated to the variation of Sg with

respect to g,s which gives Einstein’s equations. Since the Einstein tensor vanishes in 2

dimensions,
1 1
Top = == (0aX - 95X — 5 90 X - 9X) =0, (2.13)
a
with (the dimensionless quantity) Tpg = —%(S‘gs—fﬁ the energy momentum tensor on the

worldsheet. T,,5 is covariantly conserved and traceless in 2 dimensions,
VT3 =0, and 7<%, = 0. (2.14)

From T3 = 0 it follows that h,g = %gagg“/‘shw;. Taking the determinant of both sides
hozB _ Yap

V-h V=g’
this into S gives Sy, thus proving that they are classically equivalent. We did not use

and solving for g“"sh,ﬂ; enables us to rewrite this constraint as, Substituting
the equations of motion for X to prove this equivalence; these may be derived from either

action and are given by,
AgX7 —T9,,0°70,X"03X" = 0, (2.15)

with I'7, , the Christoffel symbols associated to G, and Ay X = _ﬁaa(* /__ggaﬁaﬁ X )
Note that Ay, = A(g), see Appendix B, where the subscript indicates that it acts on

worldsheet scalars. Note that we could just as well have written,
ApX7 =T, ,h*P0,X"03XP = 0, (2.16)

with Ap X = —ﬁ@a (\/ —hho‘ﬁﬁﬁX), given that h,g and g,g differ by a conformal factor
which drops out of the equations of motion — classically, the induced and worldsheet metrics
are indistinguishable. This equivalence is broken by quantum effects, the phenomenological

implications of which (in the context of cosmic strings) are not yet understood.

2.4 Gravitational Backreaction

In this section we present a brief overview of the set of equations that need to be solved in
order to determine the evolution of a macroscopic string when the effect of gravitational
backreaction is included, following [120]. Here the crucial observation is that the string
itself is a source of the gravitational background in which it propagates, and which in turn
determines its motion. More generally, gravitational (and more general) backreaction is
the effect due to which the cosmic string decay products (radiated gravitons or massive
states) in turn affect the motion of (or backreact on) the radiating cosmic string. It
is due to backreaction that a radiating cosmic string can never truly exhibit periodic

motion. Even though backreaction is neglected in classical computations, in quantum
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computations the amplitudes associated to cosmic string decay vanish unless backreaction

is taken into account. That is, the amplitude for the process
Ves — Vi + decay products,
with Vs and V, the initial and final cosmic sting states respectively, vanishes unless:
Ves # Ve

We define backreaction to be the effect due to which Vs # V..

It is possible that gravitational backreaction can significantly affect the evolution of
string, especially close to singular points such as cusps and kinks. In particular, although
cusps seem to survive gravitational backreaction, they are weakened. It would be very
interesting to determine what happens in string theory when quantum fluctuations are of
order the string width and loops may be chopped off (this is further discussed in Sec. 2.8).
Non-selfintersecting trajectories with only a few modes excited remain so. Furthermore,
and most importantly, it has been suggested [160, 120, 85] that gravitational backreaction
sets the scale for the smallest relevant structures in cosmic string evolution, as well as the
long sought-after loop production scale — see Sec. 2.8 for further discussion of this import-
ant topic. It is therefore of vital importance to understand gravitational backreaction and
develop the necessary tools where such questions can be addressed most naturally. In the
present section we look at this problem from a classical viewpoint, and it will become clear
that this is computationally a highly non-trivial task. This in turn is the reason as to why
it is always neglected in the computations of gravitational radiation from cosmic strings
(82, 83, 84, 85, 75, 76, 86, 87, 71, 88]. We will argue that in the corresponding quantum
computation the effects of gravitational backreaction can be included very naturally, and
possibly more easily. This is already seen in a number of massive string decay computa-
tions [161, 54, 55, 56, 162, 58, 59, 60] which have been carried out, although it is likely
that the vertex operators that characterize the states in these references do not resemble
macroscopic classical strings and so their identification with cosmic strings is obscure.

The spacetime energy-momentum tensor associated to the Nambu-Goto action (2.12)
is,

1

/

Tﬂy(m) - 2mo

- (0:X) 0, X10, XY — (0, X - 0,X) (0: X0, X" + 0, X410, X*) |,

d?ov/=h 64 (zH — XF (0, 7)) {((%X)Q o-X1o X"

the contractions being taken with respect to the spacetime metric G, (x). Define the
lightcone coordinates, v = 74+ 0, v = 7 — 0, in terms of which the constraints read,
(auX )2 =0, and (&,X )2 = 0. In worldsheet lightcone coordinates the energy-momentum

tensor reduces to,

TH (z) =

S / dudv 6% (" — X" (u,v)) (8, X 0, X" + 0, X" 0, X"), (2.17)
T

whereas the equations of motion (2.16) take the form,

0,0, X" +TH 9,X"0,X° = 0; (2.18)
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these preserve [120] the above gauge choice, 0, (&LX)2 =0y ((%X)2 = 0.
The first simplification is to study the backreaction problem perturbatively. That is, we
expand the background metric around a flat Minkowski manifold as G ., (z) ~ 1, +hu (),

such that |k, ()] < 1. Then, the equations of motion reduce to linear order in hy, () to,
1
0u0p X" + 57#‘” (Oohup + Ovhop — Ophuo ) (1) 0, X" 0, XP = 0, (2.19)

and the Einstein equations determine the dynamics of h,,(x), which in the linearized
approximation read:

1
82<h,w - 577Wh> (@) = —167Gy Ty (). (2.20)

We have chosen a harmonic gauge where, 0*h,, = %&,h“ " and Gy is the d-dimensional
Newton’s constant, so that § = ﬁ f d%v/GR + .... One can invert the Einstein
equations using the retarded Green’s function technique. This leads to solutions of the

form,

8Gy
hW(x) - 2ma’

/dudv 0(z° — X%)64 ((x = X)?) (2.21)

% (0uXu0u Xy + 0, X,,0uX, — 00, XP0,X,).

If we assume an appropriate compactification of d — 4 of the spacetime dimensions with
volume of compactification V4, then (from the associated dimensional reduction of the
low energy effective theory) it follows that G4 = G4V;_4 (and note that [G4] = L9~2). The
parameter Gyu = % is dimensionless and is therefore the appropriate small parameter
that one Taylor expands in. As noted in the introduction typical string models imply that
the relevant range is 10712 < Gupu < 1076,

The backreaction problem is then to plug this solution for h,, () into the equations
of motion (2.19), and to determine the solutions X*(u,v) which describe the evolution of
string, in the presence of a background metric that is itself produced by the string. In
[120] these equations are solved iteratively for various initial string trajectories, and the
results were compared with computations where the corresponding backreaction effects
were neglected.

Let us now discuss how to compute the gravitational radiation from a cosmic string.
To make contact with the standard approach [82, 83], let us consider the change in the
d-momentum vector during a single period of oscillation; call this quantity AP#(t). The

total d-momentum of the loop is related to the energy momentum tensor (2.17) by,
PH(t) = /ddle“O(t,x), (2.22)
and the corresponding change during a period is [120],
APH(t) = % / dudv 9,9, X", (2.23)

Here the integral is over a single period (in worldsheet time 7) of oscillation; that is, u,v

range from 0 to 1, which is inherited from the intervals o = [0, 1] and 7 = [0,1/2]. Note
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that 7 and ¢ cannot be set equal to each other (as is done in temporal gauge in flat space)
given that the backreaction effect is to shrink a period in real time ¢ with the worldsheet
period remaining constant (and equal to 1/2).

Clearly, in the absence of gravitational backreaction both energy and momentum are
conserved, given that in this case the free wave equation governs the evolution, 9,0, X* =
0, and the right-hand side of (2.23) vanishes. Let us consider the timelike component, AP?
the non-vanishing of which implies that energy is not conserved.'® This non-conservation
of energy is precisely due to the fact the an oscillating string radiates gravitational waves
which in turn carry away the missing energy. In particular, the total energy radiated by
an extended moving object with energy-momentum tensor T (x) is given by the standard

expression [163],

& 1

AE = 2Gy / W 2dwd Qg <T;V(l<:)TW(k) - 5|T*;(1<;)|2), (2.24)
0

where TH (k) = %fOT dt [ d'xTH (z)e=** and k* = w(l,n). Using the equation of

motion (2.19), the solution for the perturbation (2.21), and the fact that [ d?ké(k?)2k%€(k°)

Jd™ 'k =2 [;° w2dwdQq_, it can be shown [120] that,

AP = —_AE

)

and this proves that energy lost by the string is radiated into space. From the above, one
may compute the power in gravitational waves of frequency w, = 4mn/L per unit solid
angle in a direction k, due to a source T (k),

dP, ded72

o (Tiv(k)T“"(’f)—%IT‘;(k‘)IQ), (2.25)

where, writing P = dE/dt, the total power in gravitational waves is given by,
P=> P, (2.26)
n

L is the dimensionful invariant length of the closed loop.

Given an arbitrary solution to the equation of motion, X*(u,v), the above expression
gives the corresponding power radiated in gravitational waves. If the solution includes the
effects of gravitational backreaction, so will the gravitational wave computation. Clearly,
this is a complicated problem in general and non-trivial explicit solutions that accommod-
ate backreaction effects have only been obtained numerically [120]. However, if it is the
gravitational radiation that one is interested in, and not the final state of the cosmic string
then the above approach may not offer the most efficient approach. In string theory, given
an initial string state one can ask what the probability is for this to emit a graviton, or

any other string state for that matter, without knowledge of the final state of the string.

5The corresponding spatial components of (2.23) can be used to study the rocket effect, whereby the
center of mass momentum of the loop changes due to the emission of gravitational waves. We will not
consider this here.
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This can be achieved by means of the optical theorem where the imaginary part of the
forward scattering amplitude is linearly related to the cross section for the given initial
state to emit a graviton and go into anything. Therefore, the corresponding string theory
calculation may also be more tractable than the above classical approach. In particular,
analytic results can be obtained as we demonstrate in the final chapter of this thesis, where
we compute the graviton emission amplitude of a macroscopic cosmic string loop with first
harmonics excited, including the effects of gravitational backreaction. This is one of the
many motivations for studying cosmic strings quantum-mechanically. That perturbative
string theory can address the gravitational backreaction problem of the classical cosmic

string theory, was first pointed out in [161].

2.5 Flat Background Evolution

Let us next consider the case of flat Minkowski background, where I'” uw = 0, neglecting
the effects of gravitational backreaction, and present some standard material on flat space
string evolution.

We may use our freedom of choosing two functions, v%(¢) and v!(s), in order to
eliminate 2 components of the metric, g,3. Given that g.s is symmetric, a convenient
choice is conformal gauge, where gyg(0) = ew(")nag. Invariance under the conformal
rescaling (A.4) further implies that we can locally set ¢(o) = 0; in this section, where we
consider only the classical theory, we do not worry about global obstructions to choosing

such a gauge.'©

The (o, 7\)-coordinate system

Here the gauge gn3(0) = 103 and the parameterization 0 = (7\, 0) is convenient. The
Polyakov action takes the form, S¢[X,n] = —12 |5 d?0(—X? 4+ X?), the constraints

(2.13) and equation of motion (2.15) respectively reduce to,

X-X=0, X?24+X2=0,

, (2.27)
Xr - Xr=o,

with X = Ory X and X = 9,X. The string therefore evolves according to the free wave
equation subject to the above constraints. The first of the constraints implies that we
should choose a parameterization such that lines of constant ¢ are perpendicular to lines

of constant .

For closed strings on a worldsheet of constant curvature, suffice it to say that we may choose a globally
flat worldsheet, R(;y = 0, only when it has the topology of a torus, h = 1; for worldsheets with the
topology of the sphere, h = 0, or higher genus surfaces, h > 1, the globally well defined choices are a
metric of positive constant curvature, R(2y = +1, and a metric of constant negative curvature, R = —1,

respectively.
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The (u,v)-coordinate system

Although the above parameterization is common in the cosmic string literature, it is often
more convenient to work instead in the lightcone coordinates, u = 7 + 0, v = ™\ — 0,
and by convention 9, = (9, + 5), Oy = 3(0, — 05). The Polyakov action here reads,
SclX,n) = =527 [0,X - 9,X (with [ = [ du A dv), while the constraints and equations
of motion (2.27) respectively now read,

(0.X)?=(0,X)?=0, and  9,0,X* =0. (2.28)

The general solution is,”

XH(u,v) = XP(u) + XP(v).

From the above equations it is clear that we are still free to perform transformations of
the form v — f(u) and v — g(v). We can fix this remaining gauge invariance by lining up
the worldsheet and spacetime timelike components; this is referred to as temporal gauge.

Writing X* = (X°, X), the general solution and constraints read respectively,
XO(u,v) = ()L, X(uyv) = X(u) + X(v),

and

(0.X)? = L? = (0,X)%. (2.29)

For agreement with the standard closed string mode expansion, see Sec. 2.6, one is to take
L=ap’)2.

The (w,w)-coordinate system

In the corresponding Fuclidean coordinates (where 7 = 15 = iny), w = 0 + i, W =
o — iT, the worldsheet corresponds to the complex w-plane, with worldsheet time flowing
along the imaginary axis and the spacelike distance o flowing along the real axis. Here,
Op = %(80 —10;), Og = %(60 +40;) and d*w = idw A dw, the Polyakov action reads
SqlX, 8] = 5= i d*w0, X -0 X, and the constraints and equations of motion respectively,

2wal

(0uX)? = (05X)> =0, and 90 X" =0. (2.30)

The (z, z)-coordinate system

This is the coordinate system mostly used in the thesis. It is the Euclidean worldsheet
coordinate system on the complex plane. The parameterization (z,z) is conformally re-

lated to the (w,w) coordinate system by z = e~™ and z = ¢ (in Appendix D we discuss

17T am using the conventions of Polchinski ch. 2 [114] where the same letter is used to denote the left-
and right-moving modes. In the following chapters we rotate to Euclidean space and the corresponding
quantities X (z) and X (Z) will refer to the left- and right-moving modes respectively, so that X1,(z) = X (z)
and Xgr(zZ) = X(2), with 2 = 0 +i7g, Z = 0 — it and 7§ = i7m. Furthermore, 9.X = 9.X(z,z) and
similarly for the antiholomorphic sector, 0: X = 0:X(z, Z). For onshell statements of course, 0. X (z, z) =

0.X(z), on account of the equations of motion.
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conformal symmetry in more detail). The action,

1
SG[X, (5] == % Zde(?zX . agX,

with d?z = idz A dZ, constraints and equations of motion, respectively,

(0.X)? = (0:X)>=0, and  0.0:X" =0, (2.31)
take the same form as above. The worldsheet metric, ds?> = 2g.sdzdz, and see also
Appendix B for other related conventions and definitions. Infinite past, 7 = —oo is

mapped to the origin, z = Z = 0 and spacelike curves are characterized by |z|?> = const,
see Fig. 3.1. Open strings live in the upper half plane under the identification z ~ z,
with their endpoints or the worldsheet boundary identified with the fixed point of the
identification, z = Z. Closed strings live in the full complex z-plane. The equation of

motion has the general solution,
XH(z,z) = XH(2) + XH(2).

For easy reference we note that i0, = 20, — 20z, 0; = 20, + 20; and 27 = In |2|2.

We next discuss these solutions in terms of mode expansions, first for the closed string
and subsequently for the open string. The expressions will also apply in the quantum
theory where the quantities appearing with a hat are to be interpreted as operators in
the canonical approach. We will then consider a particularly interesting class of non-
self intersecting loops that was classified by Burden [83], which exhibits cusps at discrete

instants during the loops’ motion.

Cusps and the Kibble-Turok Sphere

Consider the (u,v) coordinate system, as discussed above in temporal gauge. The vectors
0uX, 0,X describe curves on a sphere of radius L and are periodic under o — o + 27 (for
closed strings),

(0,X)? = L? = (0,X)?, (2.32)

with the X = (X1',..., XP) all spacelike, with D = 25 for the bosonic string and 10 for
the superstring. L can be thought of as representing the size of the string loop. The
constraints (2.32) therefore lead to the notion of a Kibble-Turok sphere S™"*2 [116]. The
three-dimensional version S? is shown in Fig. 2.5, for the particular case when the two
vectors traverse great circles.

The velocity at a given point on the worldsheet is dX/dX° = (9,X + 9,X)/(2L), and

therefore if two curves on the sphere intersect, that is if,
3UX(UQ) = 8UX(U()), (2.33)

at a given instant (ug, vo) then (dX/dX°)? = 1, which corresponds to a point on the string
moving at the speed of light, a cusp.
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Figure 2.1: The S"*2 Kibble-Turok sphere, in the particular case when there are no extra
dimensions, n = 0. The two great circles are parametrized by the three-dimensional
vectors 90X (z) and 0X(z) and intersect at two points. The angle between the two circles
is set by .

The prototypical example of string solutions with cusps is a class of non-selfintersecting
classical closed string solutions, that was identified by Burden [83], building on the work
of Kibble and Turok [116]. These solutions exhibit cusps at discrete instants during the
loops’ motion. We will neglect the motion in the extra dimensions which will be a good
approximation when the extra dimensions are sufficiently small and fluctuations in the
extra dimensions are negligible.

In this case only three components of the vectors 9,X, 9,X will be non-vanishing, the
case of interest when the string moves in three large spatial dimensions. The solutions
of interest in particular correspond to the case when these describe great circles on the
Kibble-Turok sphere.'® In the (w,w) coordinate system (see above), this leads to the

following class of solutions which was identified by Burden [83],

OX(w) = L(cosnwx + sinnw y)

(2.34)
X (w) = L[ cos mwx + sinmw(cosy y + sin1p z)].

Here n and m are relatively prime. In the (z, z) coordinates, where we conformally trans-
form from the cylinder to the plane w — z = e™™, w — z = ¢?, the OX(w) and IX(w)

have conformal dimension (1,0) and (0, 1) respectively, and so the Burden solutions take

the form,
i L
0X(z) = el (5 e f*zfnfl)
V2
i (2.35)
5X 7)) = = ’Emfl + 7*27m71 ’
(2) =5 )
with polarization tensors, &, ¢ (and their complex conjugates), defined as
1 - 1
= —=(x+1y), {=—=(—%x+icosey +isinyz), (2.36)

V2
with the properties €2 = €2 =0, £- 6 =1, -6 =1, ¢ € = —%(1 + cosqp), £-&F =

—%(1 — cos®). The simplest solution exhibiting a non-degenerate cusp corresponds to
(n,m) = (2,1) and this is exhibited in Fig. 2.5 for the case ¢y = w/4. Also the case
(m,n) = (1,1) is of interest although here the cusp is degenerate; the string can here for

example take the form of a rotating double line which classically is expected to produce

¥ More general solutions of (2.32) which may also be of interest can be found in [164].
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Figure 2.2: Simulation of a Burden loop solution with 2"? harmonics on the left-movers
and 1%* harmonics on the right-moving modes. Notice the formation of two cusps at

discrete instants during the loop’s motion.

infinite radiation [83]. The corresponding quantum calculation is expected to give a finite
answer and can be determined from the amplitude calculated in Chapter 6.
Gravitational radiation from cusps has been shown [75, 76] to contribute significantly
to the gravitational emission from cosmic strings and their detectability prospects. The
analysis was done in 3 large dimensions, and the effects of the extra dimensions was
neglected. An interesting generalization of these results has more recently appeared in the
literature [117, 118] where cusps in the presence of extra dimensions were discussed. It
was found that the presence of the extra dimensions significantly damps the gravitational
wave signal and has the effect of rounding off cusps. In order to reach these conclusions
it was assumed that there are no preferred loop configurations on the KT S™*2 sphere
and that all configurations are equally likely. It was also pointed out that when the string
width is close to the size of the extra dimensions then the motion in the extra dimensions
should be irrelevant. This is an important issue and it would be interesting to study the

effects of the finite size of the extra dimensions more carefully.

2.6 Closed String Mode Expansion

Consider a worldsheet cylinder with coordinates 0 < ¢ < 27 and —oco < 7 < 00, and the
identification & ~ o + 27. In the coordinates on the complex plane, z = e 4+ and
i(o—iT)

zZ=c¢e , where the string at asymptotic infinity 7 = —oo is mapped to a point at the

origin, the closed string mode expansion for the position operator then reads,

/ /

1/2 1
X0(e,9) = i i G =i e +i(5) U L (e a s, (o)
n#0

with 2 = #{'+24, total momentum p* =  (p} +pf ), and winding vector @ = 3 (p}'—pl ).
If we define dz = dz/(2n), =4/5 pL and af = %’]ﬁ‘f{, the dimensionless mode

expansion operators are given by [114],

ah =1/ = jédz@X“ " and ap = —\/— Y{a‘zaX“ z"

with (ak)" = o”,, and the zero modes are given by [137],

2k :%( = dz )X“(Z,Z), and  pH = éyf (a‘zaX“—a‘ZgX“).

2miz 2miZ
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The angular momentum operator reads,
A 2 _
Jm = = f{ (a‘zXWaxvl - a‘zXWaXV1>,
«

the integrals being along a spacelike curve, e.g. [2|> = 1, and al*] = L(a#” — a*). These
are equivalent to the quantities defined in a general coordinate system in (A.9) in the case
of closed strings. All the above can either be interpreted classically as well as quantum-
mechanically. We have placed hats on the various operators to make this manifest.

In the quantum theory the solution to the equation of motion, i.e. the factorization of
the position operator, X#(z,z) = X*(z) + X*(2), can be carried out formally, but needs
to be handled with care due to the presence of zero modes. On account of the commutator
interpretation (3.12) discussed in Sec. 3.1, one can show that the standard commutation

relations arise,

v

[aﬁ, am] = 0" 6ptm,0, [X“(z),@TX”(z')] =n"§(o—o’), and [xH, p"] = int,
(2.38)

and similarly for the corresponding antiholomorphic quantities.

2.7 Open String Mode Expansion

We label the spacetime directions tangent to the Dp-brane by lower case latin letters from
the beginning of the alphabet, X%, with a = 0,...,p, and directions transverse to the brane
by upper case latin letters from the middle of the alphabet, X!, with I =p+1,...25. In
lightcone coordinates and assuming the associated lightcone directions satisfy Neumann
boundary conditions we may define,

XF = 2o (X £ XP).

This is necessary [165] in order to establish the correspondence between covariant and
lightcone gauge: recall that in lightcone gauge X+ = 2d/pTry (with T = TRuclidean =
i TMinkowski = ¢7M ), which is compatible with Neumann and not Dirichlet boundary condi-
tions, see (2.39). A general spacetime direction is as always labelled by Greek lower case

letters, X*#. In summary,

X ={X* x4}, with  A=1,...,p—1,

X' ={x4 x1}, with  IT=p+1,...,25,

X = {X*, X},
with the scalar product of two general vectors in components being, UFV,, = —U~ VT —
UtV— +UAVA + UV, The directions, X4, therefore satisfy Neumann boundary con-

ditions, whereas directions transverse to the brane, X/, satisfy Dirichlet boundary condi-

tions. In the Euclidean worldsheet coordinate!® z = e=/@+7) 7z = ¢/e=7) with ¢ € [0, 7]

¥0ur conventions are mostly in agreement with Polchinski [114].
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and 7 € (—00,00), (considering only the case of NN and DD strings) Neumann and Di-

richlet boundary conditions read respectively,
9o Xos,, =0 (N) and 0, X'|pn,, =0 (D) (2.39)

It is useful to note furthermore that, d, = i(z0 — z0) and 9, = z0 + z0. In the (z, 2)
coordinates the open string physical worldsheet, ¥, is conformally mapped to the upper
half plane with the identification, z ~ z. The fixed point of this identification (the real

line, z = Z) defines the open string boundaries,
X1 ={z]z=¢€",—00< T < 0}, and Yo ={z|z2=—€",—00< T <00}
In the open string conventions, the general solution to the equations of motion, 00 X* =
0, is given by X#(z,z) = X*(z) + X*(2), with

I

XHt(z) == —zapflnz—i—u/ Z—az,
z

~ L

[a &
XH(z) = aly —id/plyInz 4 Z—ZZ,

and the momentum is half that of the closed string, aff = vV2a/p{, &) = V 20/]5‘é. If we

define the total momentum and winding vectors respectively by,

1 1
p'=gntrg)  and o wh = S(pf - pR), (2.40)
it follows that the boundary conditions (2.39) require,

w® =0, ay 4+ a, =0, and p' =0, ay —apy =0, (2.41)

reflecting the fact that open strings cannot wind in the Neumann directions and that the
centre of mass momentum in the transverse directions vanishes. Therefore, the string

mode expansions take the form,

[of — ap 1 1
N: X*E(2,2) = 2% —id/pFn|z|? +i Z “ _n+§_n>’

n#O

1
) A/ = A 2
N : X(2,2) = 2% —id'p™In|z| +1\/ g —+ 2n>, (2.42)
D: x! =2l —id'w'In 2 ,/ § — - —)
(2,2) = 2l —idlw n —i—z z"

n;ﬁO
with the two string endpoints located respectively at (switching back to a Minkowski

worldsheet, 7 = 15 = inm),

a .
X%(z, 2)’321 =z + (2a,)pa7—M +iv2a/ Z %e_mTM7 XI(Zv 2)‘321 = xlv
n
n#0
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and
X%z, 2)|os, = 2+(2))p*rn+iv2 E )" o e~ X1(2,2)|ox, = 2T —(2a)w!n.
n
n#0

With the definition dz = dz/(27), the dimensionless mode expansion operators are as in
the closed string [114],

2 _
ah =1/— fdzaX“ " and dﬁ:—\/—/}{déﬁX“Zn,
«

with (ah)t =
holomorphic quantity, o, only. The zero modes and angular momentum are given by
[166],

: 1 2
- 7{( dz__ dZ_)X“(z,E), P = —jfdzaX“, and JH = —fde[MaX”},
2miz  2miZ o o

# ., and using the open string constraints (2.41) one may work with the

and we have used the doubling trick [114] so that the integrals are along a spacelike curve,
eg. |22 =1, and al® = L(a® — a*). The physical worldsheet is in the upper half
plane — one identifies antiholomorphic quantities in the upper half plane with holomorphic
quantities in the lower half plane and therefore one may just as Well work with holomorphic
quantities only in the full complex plane. For example, p* 2 77 . cy (dz OXH—daz0X “) =
T./(fc+ +fc, )dz O0X* and fc+ +fc, = ¢, so that Cy represents an open spacelike
contour in the upper half (stretching from o = 0 to ), C_ represents the corresponding
quantity in the lower half plane (stretching from o = 7 to 27), and C represents a closed
contour, C' = C_ U (L.

2.8 Scaling and Energy Loss Mechanisms

An important quantity to consider during the evolution of a string network is the typical
length scale or correlation length that characterizes the network, &. This will be such that
in a randomly chosen box of size £3 the average total length of string will be &. Therefore,

if 14 is the energy per unit length, the total density of string is,

Ps ™~ M/SQ-

During the initial stages of cosmic string evolution, the energy density of ordinary matter
will initially be only slightly less than the energy density inside a string, and so the string
motion will be heavily damped. The regions on the string with high extrinsic curvature
will tend to straighten out and, were it not for the expansion of the universe, the total
length of string would decrease. The expansion of the universe will however stretch the
strings and increase their length. During this friction-dominated stage, the typical length
scales that characterize the string network, &, will grow slightly faster than the Hubble
horizon, H~! ~ t, and in particular, & ~ t>/* [167].

Given that regions in space cannot be correlated over distances greater than the horizon

length, H~!, there is an upper bound, ¢ < ¢, and so ¢ cannot grow faster than the H~!
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indefinitely. Indeed, when £/t becomes of order one, the friction-dominated stage will come
to an end and strings will thereafter evolve freely. Analytical [168, 169] and numerical
[160, 170, 171, 124] work then suggests that the string network will evolve into a scaling
regime, where the typical length scales that characterize the network grow linearly in
Hubble time, & ~ t. Here the energy density of the string network, pg, tends to a constant
fraction of the radiation or matter density, and correlation lengths of long strings scale
with cosmic time ¢. In particular, let us write & = ¢, with v < 1. The total density of the

universe, which is assumed to be flat?’, is p = %, and therefore in the scaling regime,

ps _ &Gy (2.43)

p 3viy?
with v equal to 2/3 or 1/2 during the matter or radiation dominated epochs respectively,
H = v/t. Clearly therefore the string tension, and in particular the dimensionless combin-
ation G, is a phenomenologically important quantity. That the network evolves towards
a scaling regime where ps/p = const can be understood as follows. If the density of string
becomes large, then strings will intercommute and reconnect more often, leading to the
production of loops which in turn decay. Therefore, a surplus of energy in the network
will be removed in this manner. If, on the other hand, the density becomes too low, then
strings will not meet often enough to produce loops and their density will grow, thus
leading asymptotically to the constant fraction (2.43).

3 ~ %, and so

Notice that the comoving volume of the universe increases as V ~ «a
if the long string was just being stretched by the expansion then the correlation length
would increase as £ ~ a ~ t¥ and strings would come to dominate the energy density of

the universe,

Ps 8nGu 122,

p 32
Therefore, in order for scaling to persist, energy must be continuously removed from the
network and it is thought that loop production, and/or massive radiation [121, 122, 70],
is responsible for this, more about which will be said below.

A very important question that has remained open for many years now is, what is the
scale at which loops are produced [67, 69, 70, 21, 71, 72]. This scale in turn determines
the frequency and amplitude of the subsequently emitted gravitational wave signal, as well
as (at least in the case of solitonic strings) the fraction of energy going into ultra high
energy cosmic rays. As a network of string evolves, a typical long string has the shape of a
random walk with step length of order the Hubble radius. Portions of the string network
will then intersect with other string, thereby creating kinks, and self-intersections will
produce loops. If the loops are large they will oscillate and carry away much of the energy
via gravitational radiation. Although their angular momentum will generically tend to
prevent a loop from shrinking, the loop’s tension and the corresponding loss in energy due

to its coupling to gravity should carry away some of the loop’s energy, thereby leading to

20We are neglecting the cosmological constant which should become important only at later stages of

the evolution.
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a decrease in its size. The frequency of emitted gravitational radiation is expected to be of
order f ~ L~ for a loop of size L and so the frequency will increase as the loop shrinks.

The lifetime of a loop can be estimated to be of order

L

T~ —
Gu

and the corresponding power of gravitational radiation can be estimated from the quad-

rupole formula [82], P, ~ GM2L* f5,

P, ~ G2, (2.44)

with p = M/L the string mass per unit length, the string tension. String loops however
generically have cusps, points on the string that reach the speed of light. At cusps the
string overlaps onto itself and the overlapping region can therefore annihilate and leave
behind its energy in (possibly massive) radiation or, in the case of fundamental strings, tiny
loops. These tiny loops may either be massive or, in the limit of zero radius, correspond
to massless states. If the standard model particles are identified with open string modes
associated to strings confined to a "standard model brane", then the tiniest such loops will
correspond to bulk modes, namely gravitons, dilatons (if they have not acquired mass),
antisymmetric tensor modes B(y) and RR fields. In the simplest scenarios the tiniest loops
produced in this manner should therefore be identified with gravitons.

An Abelian-Higgs field theory simulation suggests the size of the chopped off piece of
string is of order [172, 173] V0L, with 6 the string width, and this result also takes Lorentz

contraction into account. The power associated to cusp annihilation is therefore expected

5
P.~ u\/;- (2.45)

Cusp annihilation modifies the behaviour of cusps and changes their shape, producing

to be of order,

many daughter cusps but of smaller magnitude [173]. The string overlap will occur when
the Lorentz y-factor reaches the value [87] v ~ /L/j. In [87] small scale structure was
introduced onto the strings and the corresponding effect on cusps was studied. It was found
that under most circumstances the presence of small-scale structure close to cusps leads
to the formation of loops at the size of the smallest scales. A parameter ¢ was introduced
and defined as the ratio of the characteristic wavelength of small-scale structure to the
corresponding amplitude of oscillation. It was shown that backreaction is likely to become

significant and change the form of the cusp if,
€= é

~ VL

As discussed above the tiniest loops are, in string theory, identified with gravitons or
B(3) modes. An alternative scenario has been suggested in the corresponding field theory
process [121, 122, 70]. When a loop has radiated away its energy and shrunk to a size
of order the effective string width, it has been suggested that it may also give up its
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remaining energy in a burst of particle emission, that may show up as cosmic rays in
experiments. There is however disagreement in the literature as to whether the typical
initial loop size is large enough for most of the energy to be emitted during the initial
stage of decay, namely the gravitational radiation stage. In [121, 122] it was found that
the typical scale of loop production is of order the string width, in which case (it was
argued) the dominant energy loss mechanism would be particle production, although this
conclusion relied on extrapolation of numerical results beyond their range of validity. In
the string theory context, it is conceivable that loop production at the tiniest scales, as
discussed above, would still be identified with gravitational radiation, and massive modes
need not be produced. Close to cusps, it may be that massive loops are produced but
these are expected to decay rapidly into gravitons, unless there is a conserved quantity
(such as angular momentum) that forbids this from occurring. Nevertheless these are all
very important issues and need to be studied in more detail.

Another very important issue, where there is a lot of work that remains to be done, is
on the effect of extra dimensions. The effect of extra dimensions on cusp formation has
been recently studied in [117, 118]. It was found that the presence of extra dimensions has
the effect of rounding off cusps, thus significantly reducing the corresponding gravitational
wave amplitude. Here it would be interesting to study in greater detail this effect as a
function of the size, among other things, of the extra dimensions. I suspect that it will
also be important to take into account the fact that most of the string will be in the large
dimensions.

With the vertex operators that I present in the current document, all these questions
can be addressed analytically, and definite answers are within reach.

Another pressing open question of interest is whether [174] loops scale with cosmic time
[170] or not [160, 123, 124], as well as how or whether this is related to the long sought-
after backreaction scale [160]. Here it is harder to consider the corresponding quantum
computation because vertex operators in curved backgrounds are highly non-trivial [140].
It may however be possible to proceed with the flat space vertex operators, and take into
account the expansion of the universe by constructing an appropriate phenomenological

model.

2.9 Gravitational Radiation

A very important energy loss mechanism from cosmic strings is the emission of gravit-
ational radiation. Both long string and small chopped-off loops are expected to radiate
gravitationally, and various features such as cusps and kinks on string may lead to a very
strong non-Gaussian contribution [75, 76] to the gravitational wave background. In this
section we provide a brief overview of some of these computations that have been carried
out in this direction, emphasizing in particular some shortcomings and the ways in which
these calculations can be improved using the tools developed in the current document.

In the current section we neglect gravitational backreaction, see Sec. 2.4, as is standard



2.9 Gravitational Radiation 41

in the classical calculations [82, 83, 84, 85, 75, 76, 86, 87, 71, 88]. It has been argued
[160, 120] that backreaction should play an important role on the scale of loop production
from long strings. On the other hand, the relation of the quantum computations [161, 54,
55, 56, 162, 58, 59, 60] to cosmic strings has remained obscure until the present day, given
that the wavefunctions or vertex operators that are required as input into the quantum
calculation were not available. We now believe that we have identified the vertex operators
that should be identified with cosmic strings and so this should open the door for many new
calculations. In the final chapter we present the first of these computations, a backreaction
computation for a cosmic string loop, using the coherent state vertex operators constructed
in Chapter 5.

Let us first look at the classical approach. Let us consider the case when a gravitational
wave is emitted by an arbitrary source and detected by an observer at a distance r from

the source, such that

A< r< H L,

with H~! the Hubble radius and X the typical wavelength associated to the perturbation.
A gravitational wave is here characterized by the Einstein equations, and is determined
by the energy momentum tensor of the source. In a linearized approximation, and when
the background geometry is flat, let us can expand the spacetime metric as follows, G, ~
Nuw + hyw with hy,, the perturbation, |k, | < 1. In harmonic gauge, G*T',, = 0, where
the Ricci tensor R, ~ %OQhW, the Einstein equation, R, — %GWR = —87GT),, (with G
4-dimensional Newton’s constant here), reduces to a wave equation with a source,

O?hy = —167GT,

e (2.46)

with l_”LW the trace-reversed metric perturbation, B;w = hyy — %nuyh. This equation can be
solved using the Green’s function method to find the inverse of the operator 2. Writing,

k* = (w,k) = w(1,n) and x = (¢,x) this leads to [76],

o () = % S e 0T, (k) + O(1/r?)

2G¢ : d (247)
~ T aw 7iw(tfr)T k
- It € NV( )7
with 7 = |x| the distance from an observer at x to the source at x’ = 0, and n a unit

vector in the direction of emission. In the second line we have taken a large frequency
limit; £ is the characteristic length scale of the radiating object and will be identified with
the length of the string. It will be more convenient to work instead with the logarithmic
Fourier transform (with respect to retarded time),

/
hyw (k) ~ |w| /d(t — ) et 26t / d e =T (K,

r 2T me
2GY
— | == Ty ()

(2.48)
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T, (k) is in turn the Fourier transform of the energy momentum tensor (2.17). For a

periodic source with fundamental period of oscillation T' = 27 /w = £/2,

17 :
T (k) = ?/0 dt/d?’erk'mTW(x)

= % / dudv (9, X" 0, X" + 8, X", X") e X () (2.49)

0 A ¢ A
& [ aud, e X0 [Caua,xve X0 4y
0 0

where in the last line we have used the solution to the equation of motion X*(u,v) =
XH"(u) + X*(v), and the worldsheet integral is over a sheet of worldsheet that is swept
out in one period. For closed loops 9, X (u + ¢) = 9, X (u) and 9, X (v + ¢) = 9, X (v) and
the period is ¢/2 because X (0 +¢/2,7 4+ £/2) = X (o0, 7) [82]. It is therefore convenient to
define the integrals

v

l ¢
IMk) = / dudy Xte FXW and  IM(k) = / dv 9y XV e~ kX () (2.50)
0 0

Let us focus on the gravitational emission from string loops with cusps. Recall from
(2.33) that in temporal gauge, where X°(u,v) = (u + v)L, the condition for a cusp is
OuX(up) = 9,X(vg). Therefore, a cusp will form if there exists a vector ¢# such that
F = 0, XH"(ug) = 0, X*(vg) with £2 = 0. The integrals I, I, will decrease exponentially
unless there exists a saddle point [76] such that 0,(k - X(u)) = 0 and similarly 9,(k -
X (v)) = 0. Given that both k*, 9, X*(u) and ¢ are null, there will exist a saddle point if
ko 9, XH* = ¢*. Given that 0, X*(u) = (L,X(u)) and k* = w(1,n) with (9,X)? = L?
and n? = 1 it follows that for k* = wl*/L there will exist a saddle point. Let us then shift
the worldsheet coordinates such that the cusp is located at (ug,vg) = 0 and X*#(0,0) = 0,

and perform a Taylor expansion around this point,
1 1
X“(u)zﬂ“u+§63X“u2+gagX“u?’—{—..., (2.51)

with similar expressions for the right-moving sector where u <+ v. From the constraints,
(0,X)? =0, and 9, X*(0) = ¢* it then follows that

k- X(u) = —— (92X (0))u®.

Bl

6L
Plugging these results into (2.50) it follows that the physical (i.e. non-gauge) contributions
are [76],

L w
1, —

¢
I (k) :BzX“/O duuexp( oL

with a similar expression for If(k) and 92X* = 92X#(0). Given that most of the con-

tribution to the integral comes from around the saddle point, u© = 0, we can extend the

u

(62X)2u3>, (2.52)

limits of integration of u to +co. Then, one finds,

I (k) = a?p(“(%(aixf)iw3 /

— 00

dy y exp (2 sign(w)y?’)

2.
_2/32misign(w) (2:53)

30(1/3)

= o2x" (k@2 x)?)
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The energy-momentum tensor, T (k) ~ LI I}, is then of order,
T (k) ~ p(EL)* o],

where we have estimated 92X ~ L/, which is consistent with the constraints (9,X)? = L?
and the mode expansion for X (u), and have dropped constants of order unity. Plugging
this into (2.48) and dropping dimensionless constants (such as ¢) we find that the amplitude

reads,

GMLQ/?’

Py (w) ~ |w|,1/3’ (2.54)

where the fall-off of the amplitude with frequency, h(w) ~ |w|~'/3, is characteristic of
emission from string loops with cusps.

It can be shown [76] that the effect of the expansion of the universe is, roughly speaking,
to take r — a(t)r and w — (1 4 z)w, with a(t) the scale factor of the universe and z
the redshift at which the cusp event takes place. If a(tp) is the scale factor today then
furthermore, a(tg)r ~ toz/(1 + z), which eliminates the r dependence in favor of the
experimentally measurable quantity z.

One then needs to make certain assumptions about the loop size, L, and in particular
about whether it scales with the expansion of the universe or not. If it does, that is if
L = at, then one would need to determine the z-dependence of ¢t and the parameter a.
This parameter is not known, but it is often assumed that a = e['Gu, with I' ~ 50 and
€ a dimensionless number that quantifies the uncertainty. As discussed in Sec. 2.4 it is
believed that «, which may be identified with the scale of the smallest structures on cosmic
strings, the scale of loop production, is set by the backreaction scale [160, 120, 85]; recall
that the effect of backreaction is to smooth the strings. A wiggly string would correspond
to € ~ 10710 and for a smooth string, ¢ ~ 1. Given that this uncertainty in the loop
production scale will propagate through to the experimentally measurable quantities, a
much better understanding of this issue is required to make sound predictions.

In order to complete the calculation, one needs to take into account the number density
of string loops in a redshift interval, (z 4+ dz) — z, the cusp burst rate and the isotropy
of emission. Omne also needs to make certain assumptions about the probability of in-
tersection and reconnection of cosmic strings [45, 46, 47, 48, 49]. Typical values for the
intercommutation probability for superstrings lie in the range 107° < p < 1, whereas for
field theory defects, the probability is essentially p = 1 [45]. Many of the above details are

explained in the original paper of Damour and Vilenkin [76].



Chapter 3
Perturbative String Theory

String theory is a theory of maps from a 2-dimensional open or closed Riemann surface,
the so-called worldsheet 3, into a 10-dimensional (26 for the bosonic string) manifold M,
which is identified with spacetime. The theory is conformal on the worldsheet (but not
conformal in spacetime) and so the language of conformal field theory in string theory
computations is natural. In the following section we introduce conformal field theories,
discuss the spectrum of states, how operators transform under conformal symmetries, and
finally what the relation to string theory states is. In the section following this, we discuss
string theory and in particular its definition via the string path integral. These overviews
will provide the appropriate grounding necessary for the chapters following, where we
construct complete sets of string vertex operators for both mass eigenstates and coherent
states. This is then followed by an amplitude computation involving coherent states, in

particular the graviton emission amplitude for a coherent state with cusps.

3.1 Conformal Field Theory

In this section we give a brief review of conformal field theory, with particular focus on the
computational techniques that are unique to d = 2 CFT’s and the constraints it places on
the spectrum of the theory and the associated vertex operators.

We start with a definition of d = 2 conformal field theory (CFT):

1. There exists a set of fields { A; } which is in general infinite and contains all derivatives

of all A;.

2. There exists a subset of fields {¢;(z,2)} € {A;}, termed primary, which transform
under local conformal transformations (D.20) as components of complex tensors, see
also (B.1),

0z, 2)(d2)" (d2)"" = ¢/ (', Z)(d')" (d2')" (3.1)

where h, h is the conformal weight of ¢(z,2). In general h, h need not be integers

and the spin of the field ¢ must satisfy h — h = %Z. The theory is covariant in the
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sense that the correlation functions preserve the tensorial structure,

(@1(21,21) - - Pn(z0s Z0)) (dz1) (d20) 0 .. (d2)™ gdzmhn
= (¢h (21, 21) - .. B2, ) (d2)) " (d2))™ .. (dz)) " (dz,

n»~n

Fields invariant also under the global conformal group are called quasi-primary or
SL(2,C) primaries. Correlation functions are in turn defined in terms of path integ-

rals,
(p1(21,21) - .. Iz, Zn)) = /DXeS[X’g]gbl(zl,zl)...gbn(zn,zn),

where it is to be understood that ¢(z, Z) can be expressed in terms of the canonical
fields X (z,Z). We do not normalize the path integral by dividing by the partition

function (1).

3. The remaining fields in {A;} can be expressed as linear combinations of primary
fields {¢;} and their derivatives.

4. There is a vacuum |0) invariant under the global conformal group.

In string theory the complex plane, C, we have been considering is identified with the
string worldsheet, . Consider a closed string sweeping out a 2-dimensional surface,
thus forming a cylinder parametrized by the coordinates o = (7,0), see Fig. 3.1, and
compactify according to o ~ o+ 2mw. Next define w = o441, w = 0 —i7, and conformally
map to the plane z = e, z = ¢ (corresponding to the diagram on the right in Fig. 3.1).
Therefore, the slice 7 = const corresponds to surfaces of equal time, infinite past! 7 = —oo
is mapped to the origin, z = 0, and infinite future, 7 = +o00, to |z| = co. Therefore,
dilatations, z — Az generate time translations, which as shown below (3.15) are generated
by Lo + Lo, which can therefore be regarded as the Hamiltonian of the theory. To build
the quantum operator and more generally the quantum theory of conformal fields on the
z-plane, we need to realize operators that implement conformal mappings on the plane.
We will consider the corresponding path integral quantization in the following section, and
here we take a canonical viewpoint — these two descriptions are complementary.

We use the Noether prescription to construct the generators. Recall that in d + 1
dimensions an exact symmetry has an associated conserved current, j#, with 0 -j = 0.

The corresponding conserved charge is constructed by integrating over a fixed timeslice,
Q= [ d's @),
which generates the corresponding infinitesimal symmetry variation of a field A,
I A = €]Q, Al (3.3)

Now, local coordinate transformations are generated by charges constructed from the

energy momentum tensor of the theory, T, a symmetric and divergence free tensor. In

!The analogous Minkowski space process is reached by taking 7 — 7.
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e — @

Figure 3.1: Radial quantization

CFT TH is also traceless, T ’L = 0, as can be deduced from requiring that 9 -j = 0
when j, is identified with the dilatation current, j, = 7,2 associated to z — Az.
For more general conformal transformations, © — z + €(z), the corresponding current is
j"(x) = T" € (x), and when €(z) is a solution of the conformal Killing equation (D.3) it is
conserved, 0 - j = 0. In two dimensions the remnant of this energy momentum tensor is,

T,., Tss, with T, = T5, = 0, from the tracelessness condition
wo_
T =0, (3.4)

where we have assumed the absence of a conformal anomaly — such anomalies always cancel
in critical string theory [141]. These are related to the original object by the coordinate
transformation, z = x'+ix?, Z = ' —iz?. On account also of the conservation law 0, =
0, see (2.14), it follows that the two components are holomorphic and antiholomorphic
respectively:
T(z) =T..(2), and T(z) = Ts5(2).
Given that in d-dimensions 9-j = 0 leads to the conserved charge Q = [ d?zj° (), with the
integral over a timeslice surface, one expects that in 2 dimensions, where j, = T'(2)e(z2),
and j; = T(2)€(2), the corresponding conserved charge is obtained (according to the above
discussion on constant time-slices on the z-plane) by the integral,
Q- % 740 (4=T(2)e2) + d=T(2)(2)). (3.5)
This is however formal and cannot be evaluated until the operators in the interior of C' are
specified. From the above and (3.3) one learns that the symmetry variation of a (primary)
field is,
Oee(w, M) = QLM }é |@=T(2)e(2), o(w,w)| + [dzT(2)e(z), olw, )] (3.6)
Recall that in the operator formalism one always considers time-ordered products of op-
erators, and in Euclidean space this translates into radial ordering. Define the radial

ordering operator, R,

A(z)B(w) if  |z]| > |w|

.7
B(w)A(z) if  |w| < |7 (3.7)

R(A(z)B(w)) = {
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with a minus sign for fermionic operators. This leads to the following interpretation of
(3.6),

5. e (w, ) = %( yfwlw - 7|i|<w|) (dze(:)R(T ()0, @) + dze()R(T(Z)o(w,m)) ).

and therefore one is to deform the contour around the point (w,w) where the operator

¢(w,w) is inserted,

e cp(w,w) = ! %dze(z)R(T(z)(b(w,w)) + —,j{dze(z)R(T(z)(b(w,w)). (3.8)

T 2mi

If the integrands are meromorphic then one requires the behavior of the integrands in the
limits z — w and z — w. Now, ¢(w,w) is a primary operator and so under w — w4+ e(w),

w — w + €(w), according to (3.1),
Secd(w, w) ~= (hde + €d) p(w, w) + (hd + €0) p(w, ). (3.9)

From (3.8), (3.9) and Cauchy’s formula we obtain an explicit representation of the radial
ordering operator, which is none other than a short distance operator product expansion

(OPE),
h 1

R(T(z)¢(w, w)) = mgb(w, w) + o waqu(w, w) 4 ...

_ . 1 (3.10)
R(T(z)p(w, w)) = m(b(wﬂﬂ) + o= 0ad(w,0) + ...

The dots denote non-singular terms that do not contribute. These two expressions can be
taken to define the quantum stress energy tensor in d = 2 dimensions. This can also be
taken to define the notion of a primary field and encodes its transformations properties.

In what follows we will denote OPE’s or radially ordered operator as follows,
R(A(2)B(w)) = A(z) - B(w), R(A(2)B(w)) = A(z) - B(w).

In practice, such operator products are computed using the Wick contraction rules with
the appropriate propagator.
As an example, consider a single free boson with action S[X] = % [0X A 0X,

energy momentum T'(z) = —2 : 9X(2)0X(z) : and propagator (X(z,2)X (w,w)) =
—%/ In |z — w|?. Carrying out the contractions and Taylor expanding one learns that
1 1

The corresponding contractions in T'(z) - 9X (w,w) vanish. The symbol :: indicates that
one should not include self-contractions, whereas the symbol = indicates equivalence in
an operator product expansion sense. We thus learn that 90X (z, z) is a primary conformal
field of weight (h,h) = (1,0). With this information one may immediately write down the

variation of X, under a general conformal transformation z — z + €(z). For example,

5. 0X(0) = 2%” Odz e(z) (Z—128X(0) + %52){(0)) (3.11)

= ElaX(O) + 6082X(0),
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where we have expanded €(z) = ) €,2". Therefore, 0X transforms nontrivially under
z — z+ e+ (Reey)z + i(Imep)z (that is translations, dilatations and rotations), and
is invariant under special conformal transformations, z — z + €222, see comments below
(3.15). The same comments of course hold for any conformal primary of weight (1,0).
We have shown how to interpret commutation relations of the form (3.6), when the
charge () of the theory is given in terms of a contour integral which encircles one or more
insertions. In a similar manner one can show that this procedure generalizes for arbitrary

operators of the form,

A jédza(z), and B - }[dwb(w),

and that there exists the interpretation, see e.g. [175],

[A,B|=2A-B= j{dwjé dz a(z) - b(w),
0
N (3.12)
[A,b(w)] =2 A-b(w) = 7{ dza(z) - b(w),
w
where now the meromorphy of the integrand has been made manifest, and the dot again
denotes operator product expansion (OPE). We make extensive use of (3.12) throughout.

The second relation has been proven above. In the first one needs to interpret the quantity

[A,B] = <j{dz/dw - }[dwjédz>a(z)b(w),

and proceed as follows. We fix w and deform the difference between the two z integrations
into a contour encircling the single point w. We then perform the z contour deformation
using the above radial ordering prescription, and are then free to perform the remaining

w integration. This leads to the first relation in (3.12).

3.2 Virasoro Algebra

In (D.21) we Laurent expanded €(z) in order to show that the d = 2 conformal group
consists of an infinite number of generators. Similarly, in the quantum theory we can

Laurent expand the quantum energy momentum tensor,

T(z) = Z 2" 2L, T(z) = Z 7" 2L,

nez nez

in which case the quantities L,, are themselves to be interpreted as operators. The expo-
nents of z, Z have been chosen so that L,,, L, have scaling dimension n; under z — Az,
we have L, — A"L,, because T(z) — A"2T(\z). Inverting this expansion, we can solve
for the generators,

1 . 1

_ n+1 - — n+l/=
L, = 5] dz 2" (z), and L, 57 dzz""T(2). (3.13)
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These expressions are to be interpreted as operator equations in the sense that they can
only be evaluated when the insertions inside the contours are specified.

The energy-momentum tensor itself is not a conformal primary, as can be seen in the
free boson example above, where T(z) = —24; : 0X(2)0X(z) :. Computing the OPE’s

leads to,

T(z) - T(w) = (2 c_/i)4 + (2 _Qw)QT(w) + > _1 w@T(w),
_ (3.14)
T(z)-T(w) = E _/1)4 + G _Qw)QT(w) + E_wéf(w),

For the free boson theory the central charge ¢ = 1 but for more general CFT’s the only
constraint is ¢ > 0 (from requiring (T'(2)T(0)) = (¢/2)/z* > 0) and ¢ — ¢ = 0 mod 24.
For the matter part of the bosonic string there are d = 26 free bosons, ¢ = 26. When
ghosts are added to the system (by exponentiating the Fadeev-Popov determinants in the
path integral measure associated to the space of Riemann surfaces) the central charge of
the total energy momentum tensor, T'(z, Z) + Tyn(2, Z), vanishes, ¢ = ¢ = d — 26 = 0 when
d = 26. We find it more convenient to work in the OCQ (old covariant quantization) [166]
formalism where the ghost contribution manifests itself as a restriction on the physical
Fock space of states corresponding to the Virasoro conditions (see below). Applying the
general expression (3.12) for the charges L, L,, on account of (3.14) ones learns that they

satisfy the algebra,

c
(L, Lin] = (n = m) Lpjm + E(ng —1)0n4+m.0,
(3.15)

_ _ C
[Ly, L] = (n—m) Lyt + E(n?’ — 1)0n4m,05

which is referred to as the Virasoro algebra, is closely related to the Witt algebra (D.24)
described above. The difference lies in the central charge term, a quantum-mechanical
anomaly. Recall that a conformal transformation is not just a reparametrization of the
coordinates, although there is an non-trivial overlap, see Appendix F, Weyl(X) x Diff(¥),
which is what allowed us to derive the conformal algebra in the first place; any sensible
theory should be diffeomorphism invariant. Conformal invariance is a diffeomorphism fol-
lowed by a compensating Weyl rescaling, and the central charge can be thought of as being
due to this Weyl rescaling [176]. The line element that is invariant under diffeomorphisms
gets rescaled under conformal transformations, ds> — Qds?. The two algebras coincide
on the global SL(2,C)/Zs subgroup spanned by the generators, L, Ly and L., Ly, see
(D.25).

Clearly, the energy-momentum tensor is not a primary field as it does not satisfy the
defining relation (3.10). If ¢ were zero one sees from (3.14) that 7'(z) would transform
as a (2,0) conformal primary. Instead, under conformal transformations it transforms
according to,

T'(2')(d)? = <T(z) + 1—025(2', z)> (d2)?,

with the Schwarzian defined as S(z/,2) = (032)(02') ™ — 2(0%2/)%(92')~2. An example

is the relation between the energy-momentum tensor in the w and z = e~* coordinate
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System,
c
Tcylinder(w) - _zZTplane(z) + E
In (2.14) it was seen that the classical constraints enforce the tracelessness of the
energy-momentum tensor. At the quantum level, conformal invariance is broken by the

presence of the central charge,
c
oy
(T%) = — i@

However, this need not worry us because when the Fadeev-Popov determinants are prop-
erly taken into account in the critical dimensions (d =26 or 10) conformal invariance is

always restored [141].

3.3 Representations of the Virasoro Algebra

Building on the above considerations, let us now study representations of the Virasoro
algebra, and in particular the constraints placed on the corresponding spectrum. The
operator that generates translations in time, namely the Hamiltonian, is constructed from
the Hermitian combination Ly + Lo, see Appendix D; that is, the charge associated to
dilatations on the complex plane. If one is interested in energy eigenstates one should in
particular be searching for eigenstates of Lo+ Lg. Because the Virasoro algebra factorizes,

such states will be eigenstates of both Lo and Lg. Suppose |¢) is such a state,
Lol¢) = hlé),  Lol¢) = hl¢). (3.16)
From the Virasoro algebra it follows that,
[Lo, Lp] = —nLy,

and so one may construct other eigenstates of Ly by acting with L,, Ly (Ln]¢>) = (h—
n)(Ln|<;5>) Therefore, generators with n < 0 raise the energy eigenvalue h by n units and
generators with n > 0 decrease the energy eigenvalue h by n units. If the energy of the
spectrum is bounded from below there must exist states that are annihilated by all L, g,

Ly,~0, and such states are called primary (the highest weight states of the algebra),
Ly|¢) = Ly|¢) =0  for all  n > 0. (3.17)

Representations of the Virasoro algebra are then built by acting on primary fields with
the raising operators L_,,, L_, with n > 0, and this generates a set of states called the
Verma module. These correspond to irreducible representations of the Virasoro algebra.
If the spectrum of primary states is known, so will be the spectrum of the entire theory.
The vacuum of the theory, |0), is invariant under as many symmetries as possible. That
is, it has A = 0 and obeys

Ly|0) = L,,~0]0) = 0.

Requiring that also L,<|0) = 0 would be inconsistent with (the central charge term in)

the Virasoro algebra. States constructed in this manner are not independent, there exist
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null states with vanishing norm, (¢pui|énun) = 0, and one should be able to identify and
isolate such states. Happily, this is accomplished in a very elegant fashion in the DDF
construction of Sec. 4.4 as we will show.

So far, we have presented the properties that representations of the Virasoro algebra
should satisfy, while focusing in particular on energy eigenstates. Now we would like to
relate these concepts to representations of the Virasoro algebra that may be identified
with spatially extended (in the background spacetime sense) objects, namely strings. To
discuss this link we will first elaborate on the state-operator isomorphism that will be
crucial in the following developments. The expression (3.13) for the Virasoro generators
suggests that for every canonical primary state |¢), there exists a local insertion on the

worldsheet, ¢(z, Z). That is, (3.13) suggests the isomorphism,?

~ 1 n+l . 0
L,|¢) = 57 Cdzz T(z) - p(w,w), (3.18)
= Ln ) (b(za 2)7

the contour C' being taken around the insertion ¢(w,w), and as discussed above the dot
denotes OPE’s.

Using our physical intuition let us consider a string worldsheet that is embedded into
spacetime and evolving in some unspecified manner without interacting with other objects.
(We will become more specific about how to analytically consider such a setup in the next
chapter when we discuss path integrals.) This object will generically be extended in
the spacetime sense, it will be non-local, and its state at any one point in time will be
specified by a wavefunction of the form |[¥(X(z, 2))), with X the embedding of the string
into spacetime, X : ¥ — M. Then, let us suppose that one may consider the initial state
of this string, and that this is a well defined possibility.> The conformal invariance on
the worldsheet then suggests that one can rescale any point on this worldsheet without
affecting any spacetime observables. Let us therefore rescale all points on the worldsheet,
such that this initial string state is shrunk to a point z,z. This state must be invariant
under the string theory symmetries; that is, it must be invariant under such worldsheet
rescallings and it must be diffeomorphism invariant (or covariant), in both the spacetime
and worldsheet sense. Therefore, given that the initial string state has been shrunk to
a point, it follows that there must exist a local worldsheet insertion, call it V(z, z), that
has precisely these symmetries which is in one-to-one correspondence with the extended
string in spacetime — we call this local insertion, V' (z, ), a string vertex operator. We take
this one step further and suggest that any non-trivial local insertion that has the string
theory symmetries and is composed of the string theory fields can be identified with a
string vertex operator. No single point on the worldsheet should be distinguished, and

therefore vertex operators V (z, z) should be integrated over,
V= /szV(z,z).

2See Polchinski [114] for a nice discussion of the state-operator map.

3This may not be possible in curved spacetimes (e.g. de Sitter space) where there are no asymptotically

free states.
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Given that d?z is a conformal primary operator of weight (—1,—1) it follows that vertex
operators V(z, Z) must be conformal primary operators of weight (1,1), so that the com-
bination V is conformally invariant, i.e. so that V' is a conformal primary with conformal
weight (0,0). The state operator map (3.18) and the physical state conditions (3.16) and
(3.17) then suggest the following definition of a string theory vertex operator:

Lnso-V(2,2)20, Lo V(z,2) = V(z,2), (3.19)

and similarly for the antiholomorphic sector,

Lpso-V(z,2) 20, Lo-V(z,2) 2V(z,2). (3.20)

In Sec. 4.4 we will explain how to solve these constraints completely and hence identify
a complete set of mass eigenstates. In the chapter following that we will construct the
corresponding coherent state vertex operators that will be identified with cosmic strings.

We have discussed CFT’s, we specified how operators transform under conformal res-
callings, and defined the spectrum of states and their relation to string states. In the
next section we present the path integral definition of string theory. We will only be able
to scratch the surface as this is a vast subject area. Many details can be found in the
Appendices and there are also many very good texts on the subject, e.g. [141, 150, 114, 2]
are extremely well written and focus on the quantum mechanical perturbative definition of
string theory that will be of interest to us (but see also [166, 176]) to name just a handful

of these with an approach closest to ours.

3.4 String Amplitudes

In this section we give a systematic overview of string path integrals and scattering amp-
litudes to set the scene for the vertex operators and scattering amplitudes that we con-
struct and discuss in the following sections. We restrict our attention to the simplest case
of bosonic string path integrals for closed strings, although most results carry over also
to the corresponding open string construction [177, 178], as well as to the corresponding
superstring [141].

Let us consider the scattering of N (in general distinct) vertices of the generic form
(4.1). We will be working at arbitrary genus for the main part of the computation until we
finally specialize to tree and one-loop perturbation theory where the measure associated
to metrics and the moduli space is better understood than the corresponding quantities
for higher loop amplitudes.

In the Polyakov approach to string theory [179, 180], one is instructed to integrate
over distinct worldsheet metrics, g, associated to a Riemann surface 3, and target space

embeddings of the worldsheet into spacetime,

XX - M.
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Throughout we will focus on the case of a flat Minkowski background, with an appropriate
Wick rotation to Euclidean space M = R?6. S-matrix elements then correspond to path

integrals, see e.g. [141], of the form,

(v vy 3 / DyDX e SloXly () y (), (3.21)
h=0 SXMh

where S[g, X] represents the action for the bosonic string [114]. This identification of the
path integral with S-matrix elements presupposes that vertex operators are normalized to
‘one string in volume Va5’ when we truncate space so that Vos = (27)%96%° (p’—p). Working
(in a locally flat Euclidean worldsheet metric) in conformal gauge,* ds? = g.:(dz®@dz+dz®
dz), in flat Euclidean spacetime®, G, (X) — §,,,, and assuming the dilaton has acquired
a constant vacuum expectation value, ®(X) — (@), the terms that will be relevant for the

thesis take the form,

Slg, X] = /EdQ,z@zX-@zX—i—,uQ/dez\/ﬁ—i—<<I>>X(E)—|—..., (3.22)

2ma!

where x(X) = 2 — 2h is the Euler characteristic of the genus h Riemann surface ¥. The
first term is the Polyakov action, Sg[g, X]|, the Euclidean flat space version of (2.11). The
second term vanishes classically, 2 = 0, but is required for the renormalizability of the
theory [181, 144]. The dots denote terms, see Appendix A, that are not relevant for what
follows.

The sum appearing in the path integral is over topologies which in the case of closed
strings is parametrized by the genus h of . We shall be interested only in closed string
scattering and hence only need consider closed Riemann surfaces. One is then instructed
to sum over surfaces (worldsheets) with the topology of the sphere, the torus, etc., thus
generating a perturbative expansion in e!®) | which is therefore identified with [114] the
string coupling constant,

gs = e(cb) .

In Fig. 3.2 this perturbative expansion is exhibited for the case of n arbitrary asymptot-
ically free (i.e. onshell) string states; we shall refer to these as vertex operators. The
asymptotic states we shall consider carry arbitrarily large quantum numbers, and will cor-
respond to arbitrarily excited states: the main theme of the current thesis is precisely the
construction of these vertex operators — vertex operators that we identify with fundamental
cosmic strings.

By confining oneself to a flat Minkowski (or Euclidean) (but also a more general con-
stant) background (which is what we shall do here), one is in turn effectively considering
the tree level term in a perturbative expansion in the (inverse) string tension o’. To see

this, one should write the bosonic string action (3.22) in terms of dimensionless fields

4We will throughout be using complex coordinates for the worldsheet where holomorphy when present

becomes manifest, see Appendix B.
5We assume that one may analytically continue back to Minkowski space at the end of the calculation

in a consistent manner.
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Figure 3.2: A diagrammatic representation of a perturbative expansion of an n-string interaction amp-
litude in the string coupling g.. We have conformally transformed the worldsheet in order to shrink
the asymptotic string states to local points. This enables us to define local functionals, V;(zi, Z;), with
Vi = fz: d?z; \/§V¢(zi, Z;), which are to represent the corresponding asymptotically free string states. As an
example, the one loop diagram represents the amplitude for, say, 2 strings to merge, create a single string

which in turn breaks into two and subsequently decays into n — 2 specified asymptotic states.

X and expand the spacetime metric G, (X) (in such a way that the symmetries are
preserved, e.g. in normal coordinates) inside the path integral (3.21) around a fixed back-
ground, which can be chosen to be Minkowski space 7,,,. The resulting expansion can
then be seen to be a perturbative expansion in the string coupling o’.

We was careful above to mention that the integral is to be taken over distinct config-
urations. It turns out [182] that to achieve this we may integrate over all embeddings, the

space of embeddings being denoted by &, and over moduli space, My, (see Appendix F)
M, = Met(2)/Weyl(X) x Diff (X).

One is in essence integrating over deformations of the worldsheet metric that cannot be
reached by a symmetry transformation, i.e. by diffeomorphisms and Weyl transformations
— these are assumed to be true symmetries of the theory at the quantum as well as the
classical level. This restriction to My, is thus to ensure no over-counting and is crucial
in the path integral approach to string theory. Using the Fadeev-Popov procedure, one
decomposes the measure associate to gauge and moduli (physical) deformations of metric,
Dg = JD(gauge)d(moduli), with J the associated Jacobian for the change of coordinates.
Notice that the measure associate to moduli deformations is finite dimensional. One
then determines the Jacobian, the coordinates on moduli space and drop the measure
associated to gauge variations. The resulting object Jd(moduli) is to replace the path
integral measure Dg in (3.21). Schematically, a gauge slice associated to the moduli
integration integral is shown in Fig. 3.3. This procedure is standard [183, 184, 182, 144,
185, 181, 186, 141, 187, 114] and a brief overview has been included in Appendix F, leading
to the gauge fixed form (F.33) of the path integral (3.21),

= _ vol(CKV)™! [/ 4rn2d/ —d/2
=> g, X» WP) det/ A~ ~> ‘A v yd)
g //\/th 3 ) detAy | det(y%, %) fz; d22\/§ det © << >>

(3.23)
with d(WP) denoting the Weil-Peterson measure on moduli space. Arbitrary smooth
metrics on X are (due to the uniformization theorem) conformally equivalent to constant

curvature Riemann surfaces. We may therefore, if one so pleases, choose a gauge slice
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Met(X) Weyl(X)
Gop(7.7) slice
Diffp(%) 7
\\\\ ,.«»/’/
Diff (%)

Figure 3.3: A gauge slice in the space of metrics paramterized by the moduli 7, 7. Notice the presence of
both global diffeomorphisms of the worldsheet 3, Diff (%), and diffeomorphisms connected to the identity,
Diffo(X).

such that we only integrate over constant curvature Riemann surfaces, and this constant
curvature gauge slice defines the Weil-Peterson measure; it is defined more explicitly in
(F.32). The quantities 1)* and 1% form a basis for conformal Killing vectors and vol(CKV)
is identified with the volume of the conformal Killing group.®. When the surface admits
no CKV’s, i.e. when h > 1, one is to set vol(CKV)™! = |det(?,v?)|, see (F.30). We
have found it convenient to define a correlation function associated to embeddings at fized
metric g, <<V(1) L V) >>, by the expression (the case of interest being d = 26)

4720/

(v vy = <W

We would next like to evaluate the path integral over embeddings, X, (with g fixed) and

/2
det’A(0)> / DxeSloX] y()  y) (300
£

discuss the various complications that arise when vertex operator insertions are included.
We would like to proceed without specifying the exact form of the insertions, and to
accomplish this we make the basic observation that mass eigenstate vertex operators can

always be cast in the form
Vi) = L/d%\/gpa(ax, *X,...;0X, X, ... ) X(=3)
\/2kOV,_¢

with P, (0X,0%X,...;0X,0%X,...) apolynomial in the arguments, with associated polar-
ization tensors appearing linearly. The couplings gs; and g. are a priori different coupling
constants. The former is dimensionless by definition, whereas the latter is determined by
requiring that there be ‘one string in volume V,;_1’, which leads to a unitary S-matrix
and is such that vertex operators are dimensionless; vertex operator normalization will be
discussed in detail later. Coherent states are in turn given by linear combinations of such
mass eigenstates, but because coherent states are not eigenstates of energy, the kinematic

factor will be different for these. These polynomials are given explicitly in Sec. 4.4 where

In particular, CKV’s are globally defined vectors of the form véyy = a®¥? with véigy € kerV(g_l)
(and véxy = a*? with végy € kervgl)). The range s € {0,...,dimc ke]rV(;l)}7 i.e. the number of
CKV’s admitted by the surface, depends on its genus h, see (F.13), and on the number of boundaries and

crosscaps for open string worldsheets. Furthermore, vol(CKV) = [ dFad"a.



3.4 String Amplitudes 56

we show that they may always be represented in terms of elementary Schur polynomials.
Alternatively, they may also reduce to single monomials as shown in Sec. 4.1, when the
polarization tensors have the symmetries of Young tableaux.

The task is then to represent the product of vertex operators appearing in a string
amplitude,” V) . V) in terms of an embedding independent operator, G4 (which

is to include the product of worldsheet integrals, polarization tensors and normalization

Je 9
V2KV 1 V/2kQ Va1
from the ‘one string in volume V,;_1’ normalization of vertex operators, we can write:

0 . - .
1 N_E: Il i [d?zJ(z,2)-X(z,2z
A €Ty HEA=E

constants). Omitting for notational simplicity the overall factor

provided we take J(z,Z) to have some specific form after we have integrated out X. For
example, for mass eigenstate vertex insertions, J(z,z) = Zgil 82 (2 — Za)k(q) With the
vertex operators V(O‘)(za, Zq) inserted at zy, Zo. We define the operator G4 and the index
set Z'} by this expression — the explicit form of 7'{ and G4 can be determined once a choice
of vertex insertions has been made. From the results of Sec. 4.4 or 5, extracting G4 for
arbitrary vertices is just a matter of algebra. The sum over (possibly multiple indices) A

is associated to series expanding the product of polynomials,

P...Py= ZQA‘ H (DIX(ZlaZl))a
A le1n
with the dot denoting spacetime index contractions. We also define the index set Z7} by this
expression. The differential operators D; appearing may represent arbitrary worldsheet

derivatives,

o

Dl )
0z

and are by definition completely determined by the index [ € Iiv . The total number of
terms in the index set IAV , denoted by

I=|zi,

is equal to the rank of the product of polarization tensors appearing in G4. The above

enables us to represent the path integral over X for arbitrary vertex insertions by,

<<V(1) e V(N)>> = Z QA<<D1X“1 (21,21) ... D X" (21, Z1) i [ d#2(22)X(2,2) >>
A

e (Dz - (il,zl)> <<6ifd2zJ(z,2)-X(z,2) >>

A €1

(3.26)

For the above construction to become possible, we use worldsheet point splitting [188].

An un-integrated vertex operator, denoted by V(@) (Zay Za ), corresponds to a local insertion

TOf course, certain vertex operators will be integrated over, others will be fixed if there are CKV’s

present — this is of no concern at this point.



3.4 String Amplitudes 57

on the worldsheet at z,, Z,. In the A™ term of the above series expansion, one splits the

n vertex insertion points into Z distinct points on the worldsheet,
{z1,21,...,2n, 28} = {21, 21, ... 21, 21},

where of course Z > N. Then perform various computations of interest (e.g. integrate out

X) and subsequently point-merge back to the original configuration of N vertex insertions,

{Zlazla---azl-,zf}_){Zlazla"'aZN,ZN}a

before integrating them over the worldsheet (or fixing them in the presence of CKV’s).
Any singular contributions that arise due to point merging are to be subtracted and this
is equivalent to requiring that the original vertex operators are normal ordered [114]. If
the original vertex operators are onshell and normal ordered, the metric g will not appear
in the vertex operators.

We next integrate out X in the presence of arbitrary vertex operator insertions. From
the second line in (3.26) and

<<eifd22J(z,2)-X(z,2) >> _ Z'(27T)d(5d(!]0)67% fszfdQZ/J(Z,Z)-J(z’72/)Gl(z,zl)’

see Appendix E, it can be seen that we need to compute a Gaussian derivative of arbitrary
order. This is computed in the Appendix with the result (E.14). From this follows the

general expression,

<<D1X‘“(z17 Z1)...DrX (21, 1) ot [ 22 (2,2)X (2,2) >>

|Z/2] k
:i(27r)d5d(Jo)Z Z H{77“”(2“”“”(2”Dn(zz_qu(m)G(Zn(zz_u,Zw(m))} (3.27)

k=0 meSz/~I=1

A
< 11 {Z/ dZZJ“"(”(ZaZ)Dn(q>G(Z7r(q),z)}e_%fdzzfdQZ/J(Z’Z)'J(Z/’Z/)G(Z’Z'),
g=2k+1

from which (after point merging) all scattering amplitudes can be derived. There is a sum
over permutations, 7 € Sz/~ with Sz the symmetric group of degree Z [189], with the
equivalence relation defined such that m; ~ 7; with 7;, m; € S7 when they define the same
element in (3.27). The notation [Z/2] in the sum over k indicates that the maximum
value of k saturates the inequality k < Z/2.

G(z,w) is the regularized scalar Green’s function, which on multi-loop compact Riemann
surfaces [190, 141, 150] reads (for z # w),

, w w
G(z,w) = —% In|E(z,w)|* + W@'Im/wl (ImQ); Im/wJ +... (3.28)

Here E(z,w) is the prime form, the wr are Abelian holomorphic differentials and Qp; is
the period matriz of the genus h closed Riemann surface. The definitions and a brief

overview of the properties of these objects is given in Appendix C. Suffice it to note
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here that F(z,w) is the natural generalization of a geodesic z — w on C, to a geodesic on
an arbitrary genus Riemann surface, and that it has a representation in terms of theta
functions (C.16). From the Riemann-Roch-Atiyah-Singer index theorem (F.12), it follows
that there are precisely h Abelian holomorphic differentials wy, and so I = {1,...,h}.
These form a basis for the first cohomology group, H'(3,C), and are defined by their

natural pairing with the Ay, By homology cycles of the Riemann surface,

% wJ=5[J, and % u)J:Q[J.
AI Br

Finally, the h x h period matrix, €277, characterizes the complex structure of the Riemann

surface, it is symmetric and has a positive imaginary part,
Qry =, ImQyy >0,

and reduces to the familiar complex modulus 7 = 71 +i75 at genus h = 1. See Appendix C
for further elaboration and references given therein.

If the vertex operators inserted into the path integral are not normal ordered, self-
contractions would have to be included, potentially leading to non-regular contributions
to the amplitude from lim,_,,, E(z,w). These divergences can be absorbed by a renormal-
ization of the string coupling, g. — introduce a UV cut off, |¢|, and in amplitudes replace

the Green’s function at coincident points by the regularized Green’s function,

/
Gr(z,2) = % (Ing. —Ine[?) + ... (3.29)

The regularization has been carried out in a diffeomorphism invariant manner: the invari-
ant distance on the worldsheet, ds?> = 2¢,-dzdZ, leads to the natural definition of a UV
cut off, lim, ., g.z| F (2, w)|? = |e|?,
z ~ w. Both G(z,w) and Ggr(z,z) are derived in Appendix G. The cutoff |¢| can be ab-

sorbed by coupling constant renormalization, g. — g¢., and the explicit metric dependence

where we have used the fact that E(z,w) ~ z — w for

in the first term in Gg(z, z) drops out for onshell external vertex operators.
The final expression for a general scattering amplitude follows from substituting (3.27)
into (3.26) (with d = 26 for the bosonic string),

e
\/QkOVd 1 /ijovvdfl
17/2)
ZQA > H{ “"(2’””"(2”Dn(zz—an(Qz)G(zn(zz_U,Zn(zz))}

k=0 meSz/~I=1

x H {z / d2 2 JH(@) (2,2) Dr()G (%) z)} o3 fd?zfd2z/J(z,z)-J(z/;/)G(z,Z/)’

q=2k+1

(v VY = 2m) 8 Jp)

(3.30)
and we have now re-inserted the kinematic factors and coupling constant associated to the
‘one string in volume V;_ 1’ normalization of vertex operators. When the vertex operators

are normal ordered one is to subtract self-contractions in the point merging procedure —
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otherwise the regularized Green’s function given above is required. In the particular case
when J(z,2) = 2N 6%(2 — Za)k(a) With ké‘a) the momentum associated to the vertex

operator V(@) the exponential factor in (3.30) reduces to,

exp{ Zk k(g) ﬂ'alm/wj (ImQ);; Im/wJ} H |E( Zmzﬁ)’al«a) k)

a<f a<f

The prime form and moduli dependence of the amplitude (3.30) can become manifest by

use of a generalization of the binomial theorem,

HA+B Z > HA II B, (3.31)

s=0 reS, /~ i=1 j=n—s+1

in the first and second braces in (3.30) with the explicit form for the Green’s function
(3.28). This holds for commuting objects A;, B;. The symmetric group S,, and the equi-

valence relation are as defined above.

3.5 Two-Point Functions

As an example, let us consider the two-point function. The imaginary part of the two-
point function for a cosmic string vertex operator will in a certain factorization limit yield
information about its decay rate and decay products [161, 54, 55, 56, 162, 58, 59, 60].
According to the optical theorem the total cross-section for the production of closed string

states in the bulk from an initial closed string vertex V(z, z) of mass m reads,
1
OTotal (M?) = — Im/ d22<VT(z, Z)V(ZI,Z')>, (3.32)
2m )

where, see Appendix F, e.g. at one-loop the two-point function is given by the dimension-

less expression,

drdr
B 47’2

<VT(Z,Z)V(2/,Z/)> = /M (471' ) 13|77 )|~ 48<<VT (2,2 V(ZI,Z/)>>. (3.33)
Due to the presence of one complex CKV the point 2/, z’ can be chosen at will. Suppose
that the relevant vertex operator is a certain mass eigenstate vertex operator. In fact,
cosmic string vertex operators as we will see in the following chapters turn out to be
linear superposition of mass eigenstates. Nevertheless, let us consider this simpler case
given that the cosmic string case will correspond to a linear superposition of the mass
eigenstate amplitudes. The result can be obtained from (3.30). We may directly take
J(z,2) = 6%(z — 21)k — 6%(z — 20)k with Jy = ki + k2 and the momentum conserving
delta function has enabled us to write k = k; = —ko. Suppose furthermore, that one may

choose the momenta of this mass eigenstate to be transverse to its polarization tensors.
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The amplitude (3.30) reduces to,

|Zal

(Vi 2)V(Z, 7)) = i2m)s (k" — k) 2915029,4 >y

s= 07‘('71'65‘1' |/~

|Zal—s oy
H nDﬂ(r)Dw’(r’) In ’E(zﬂ(r)a 271"(7"/))‘2 H —nNTer (77(])) (ImQ)[_Jl gJ (W/(j/)) (334)
r=1 J=IZal-s+1

z k4
12
X exp{k2 7TO/ID’1/WI (ImQ)I_} Im/wJ} ‘E(ZGZ,)‘ ok )
z z

where by V1 we mean: take the complex conjugate of the polarization tensors in V and
reverse the momenta — this is the correct prescription in Euclidean signature and corres-

ponds to Hermitian conjugation in Minkowski signature. See also (4.17). We have defined

er(j) by, | ~
er(j) = Dy [/: wr — /pzj @1}

., (3.35)
=2 DjIm/ wr,
p

with 2|Z4| = |Z3| and n the Minkowski metric which is contracted with the polarization
tensors in G4 8. When for instance the asymptotic states are monomial vertex operators,

such as those of Sec. 4.1,

G0 = Zpy. ) Durr ez . grgz z”h_% - and  Gaso =0.
vieZ® v@eI@)
At one-loop one integrates over a single vertex insertion because there is one conformal
Killing vector, see Appendix F. For any given two-point function, in the point mer-
ging procedure, the resulting expression will contain contact terms,” e.g. of the form
0.0 In|E(z,2')|> = —276%(z — 2'), which in turn seem to lead to a non-analytic con-
tribution to the amplitude (3.34). However, in view of the analyticity of the amplitude
in the external momenta k and the fact that the amplitude always contains a factor
|E(z,2')|~%*, it follows that such terms vanish identically even after the vertex insertion

positions have been integrated over [191].1° We will therefore discard contact terms.

8The sum over permutations also permutes the spacetime indices and so in the first and second product

we could also have written n"~() "= (") and n/~()"='(") | in which case we would also write (Ga)uqpg...v1vs...-
9By contact term we mean a term which only contributes when two or more vertex functionals are

inserted at the same point on the worldsheet.
"The exact argument is as follows: notice that the exponent of |FE(z,2')| in (3.34) can always be made

positive by analytic continuation and that when two vertex insertion points come close together the prime
form to leading order always has the form E(z,z’) ~ z — 2’. Therefore, given that [ d®z|w — z|7°‘,’l€2 8% (w—
2)=0 when —a’k* > 0 it follows that the amplitude will vanish identically in this region of parameter
space of k. It then follows from a famous theorem of complex analysis that the entire expression will
vanish everywhere. A similar argument holds for multiple delta functions, e.g. [d*z|z — z'|_alk2 62(z

2)6%(z — 2') = 0. To see this write this expression as limc_.o [ d®z|z — 2" + e|7"‘lk2 8%z — 2)6% (2 — 2 +¢).



3.5 Two-Point Functions 61

Taking the above considerations into account, it is seen that after point merging the

basic building blocks that appear in the first product in the amplitude (3.34) are
w(z,2") = 0.0, InE(z,7), 0(z,7) = 0:0- n E(2,7). (3.36)

All possible combinations of holomorphic (anti-holomorphic) derivatives of w(z, ') (©(Zz, Z'))
contribute, the maximum order of derivatives appearing being constrained by the max-
imum order of derivatives appearing in the original vertex operator. In the literature,
see e.g. [192, 141], w(z, 2')dz and @(Z, Z’)dz are known as differentials of the second kind.
These are meromorphic 1-forms with no residues, a double pole at z = 2’ and zero Aj
periods, fAI w(z,2")dz = 0.

Similarly, the basic building blocks that appear in the second product in (3.34) after

point-merging on account of (3.35) are

K(z,2") = —mwi(z) ImQ);; wy(2), K(z,7) = —n0r(2) ImQ);; ©(7),

. 1 o, o . , (3.37)
K(2,Z") = mwr(z) (ImQ);; ws(2), K(z2) =nw0r(2) (ImQ);; ws(2).

The factors that appear contain all combinations of derivatives of K. At genus one, h = 1,
all K’s appear non-differentiated in the amplitude as the Abelian differentials, wy(z),
wi(Z), are in this case constant (and equal to one) and ImQ;; = 7o.

The above two-point function contains all the information about the decay products
of the initial vertex operator. When however, the dominant decay channel is massless
radiation, which has been demonstrated to be the case for a particular set of vertex
operators with first harmonics only in [56, 162], it turns out to be more efficient to instead
carry out a forward scattering tree level computation. This is what we do in Sec. 6, where
we consider the graviton emission amplitude for a closed string coherent state with first
harmonics excited. It is more efficient in the sense that analytic results can be obtained
and it is not necessary to resort to numerical simulations. Note however, that massless
emission may not always correspond to the dominant decay channel, in which case the
analysis of the two-point function becomes more appropriate. This will be the case for
vertex operators whose classical analogues self-intersect during the loop’s motion and it is
conceivable that this is also the case for strings with cusps — that is, points on the string

where the determinant of the embedding metric vanishes.

Then, performing the z integration leads to lim._.¢ |e|*°‘,’€2 62(¢). This in turn vanishes for the following two
reasons: the integral fd26|e|_alk2 5%(¢) = 0 and the corresponding integrand is non-negative — therefore,
the integrand must vanish. Such terms therefore do not contribute and will be set equal to zero in the

following.



Chapter 4

Mass Eigenstate Vertex Operators

4.1 Vertex Operators from Symmetry

Working in the functional formalism, the states we consider in this section are due to
Weinberg [132], see also de Alwis [142] and [181]. Particular emphasis will be placed on
states beyond the leading Regge trajectory.

Working in conformal gauge with worldsheet metric ds? = g,z(dz ® dz + dz ® dz), we
construct mass eigenstate vertex insertions for onshell physical states of given momentum
E* from the following symmetry and covariance requirements [132, 142, 181, 134, 141]: a)
The vertex Vj should transform like a one-particle state under spacetime translations. b)
It should transform like a one-particle state under Lorentz transformations. c) It should
be diffeomorphism invariant on the worldsheet. d) It should be conformally invariant on
the worldsheet. Focusing on monomial closed string vertex operators,! these lead us to

consider the following expression,

9e c7. (3)1/2/ &2/ g
>

Vy =————= ;
\/2KOV;_4 «
m m m m ik-X(2,2) (4-1)
X0, X...0,X...00X...00'X0:X...0:X..0X...00'Xe "z,
| T i [T
The factor ——Z£— as we will see in Sec. 4.3 is required in order that the vertex operator

\/ QkOVd,1

be normalized to ‘one string in volume V;_ 1’ as required in order to give rise to unitary
S-matrix elements. The dot product appearing is defined such that every index of the
polarization tensor, Z, is contracted with a target spacetime index and the order of the

/M order holomorphic derivatives

indices is to be respected?. By |I;| we mean the number of
and likewise for the anti-holomorphic sector, so that the total number of holomorphic

derivatives is,> N = |I1| + 2|I3| + - - + m|I,;|. The quantity C is a combinatorial factor

"More general vertices would be polynomials of the form [ P(9X,0°X,...)P(0X,9*X,...)e"™*. We
shall construct these explicitly in Sec. 4.4.

2The first index appearing in the polarization tensor is contracted with the first index appearing in the
integrand of (4.1), the second with the second and so on.

*We use the modulus sign here because by |I;| we actually mean the number of elements of an index
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8 X\, x o ‘H:.:.\' iX|&X| oo | X
X | oo | X By 11X o 18, (4111 X
®
am X am X

Figure 4.1: The structure of the (anti-)holomorphic part of the physical polarization tensor
¢ (¢) can be exhibited by means of Young tableaux, whereby indices of ¢ () corresponding
to elements in the /™ row are to be contracted with the spacetime indices of the ¢
derivative terms, ‘X (9°X), in the vertex insertion V[g, X]. The total number of boxes
in a given row equals the total number of derivatives of a given type, whereas the total
number of boxes equals the rank of (®(, |Z| = |I|+|I| = Rank(¢®(). Note that every box
in the above diagram has a corresponding spacetime index associated to it. The notation
is such that a box in the diagram containing, say, d» X, indicates that one is to contract
the second spacetime index 1o in (y,p,... With the second term in (4.1), namely 0X*#2.

Similar remarks hold for any j in 8]#X .

that has been determined by Weinberg [132],

= <ﬁ|le'(€'(f— ) )“)7 x (ﬁmu(w— 1)!)“@')_5. (42)

/=1 (=1
With this normalization the polarization tensor Z is in turn normalized as

Zﬂlmum

Zez = 1, (4.3)
with the definition |Z| = |I1|+ -+ |Ly| + [ 11| + - - - + |Iz|. Writing the polarization tensor

as Z = ( ®(, the ¢ and ¢ have the symmetries of Young tableaux, see Fig. 4.1.

The vertex (4.1) will be physical provided the polarization tensor Z and the number
of /™ order (anti-)holomorphic derivatives, |I;| (and |I;|) for 1 < ¢ < m (1m), satisfy the
following properties [132, 142]:

-1,

1. The mass shell constraint (from conformal invariance), M? = —k? = ai(
= 0 where,

and level-matching (from worldsheet translation invariance), N — N
N=37 0L €{0,1,...} and N = 3" ]I, € {0,1,...}.

2. The polarization tensor Z,, transforms under Lorentz transformations according

L]

to a real representation of the little group for £#, namely SO(25).

3. The polarization tensor Zy, . (with Z = ¢ ® {) is traceless and transverse with

respect to 7,,,; and k"¢ respectively,

N 2y .. j---MI\ZO? ki Z

Mool | T — O, VZ,j el. (44)

set Iy. The notion of an index set becomes indispensable when one considers amplitudes with high spin

monomial vertices.
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For more general, in particular polynomial, vertex operators this condition for Z is
sufficient but not necessary. These two conditions ensure that conformal anomalies

associated to certain self-contractions vanish.

4. The holomorphic and anti-holomorphic sector ¢ and ¢ have the symmetries of Young
tableauz:
(|Il|a|12|a---a|1m|)’ and (|f1|?|f2|’>|fﬁ’L|)? (45)

respectively. The quantities ¢ and |Iy| label respectively the row and number of
boxes in that row of the tableau. Clearly then the number of /" order holomorphic
derivatives, |Iy|, is greater or equal to the number of (¢ + 1)** order holomorphic
derivatives, |Ipiq|: |I1] > |I2] > -+ > ||, with |I1| + |Io| 4+ - - + || = |I]. Similar

remarks hold for the anti-holomorphic sector.

The physical state conditions above are more restrictive than the conditions laid down
by Weinberg [132] and this is so as to avoid the trace anomaly that was subsequently
identified by de Alwis [142]. See also [181]. If we did not require a vanishing "cross-term"
trace, i.e. a trace with respect to one holomorphic and one anti-holomorphic index of the
state polarization tensor, the Ricci scalar R(3) would also appear in vertex operators in
such a way so as to absorb the corresponding trace anomalies. Note that in the above
vertex operators a dependence on ¢, appears which naively seems to break conformal
invariance, but when the mass shell constraint is enforced (point 1 above) the dependence
on g,z drops out of path integral computations. Furthermore, we could just as well have
written covariant worldsheet derivatives, V., with a connection associated to a metric
g,z but one can convince oneself that this would reduce to 9, when point 4 is taken into
account.

The above considerations are due to Weinberg and de Alwis, and we make the fol-
lowing observation. Given that the polarization tensor is traceless and corresponds to an
irreducible representation of SO(25), the sum of the lengths of the first two columns of the
Young tableau must be smaller than or equal to 25 (see e.g. [189] p. 394). The structure of
the Young tableau therefore puts an upper bound on the number of harmonics (namely m

or 7m) that can be present in a monomial physical string state in the covariant formalism,*

(#boxes in column 1) + (#boxes in column 2) < 25, (4.6)

which holds for both the holomorphic and anti-holomorphic sector. In terms of the con-
jugate quantities |Jy|, |Jg|, see the paragraph containing (I.1), this can be written as
|J1] + |J2] < 25 and |J1| + | Jo| < 25.

In Appendix I we show that an explicit representation for Z which satisfies the above

physical state conditions is as follows

Z=(®C
= (Cpy | ® Oy @~ @ Clyy) @ (C7 © Oy ©--- @ Cyy),

T am grateful to Steven Weinberg for correspondence concerning this issue.
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with C), and C'p being certain completely anti-symmetric spacetime tensors with compon-

ents 1 1
H1---fp Hp Hp ML Hp SH1 SHp
Cp _aeAl---ApeAl"'eAp’ Cp _aeAl---ApeAl"'eAp' (4.7)
These specify the spacetime directions in which a given mode (or harmonic) is fluctuating.
In particular, the basis vectors appearing, ei, and éﬁ, permit an expansion of the form®

ei = NABé%, é’i = NABé%, with

0
0 0 0
KO 1 0
k= 0 élzi éQZL 1 é12zi 0
’ V2 |0’ V2 ’ ’ V2 |1
0 : 0
0 0

(4.8)
The subscripts A on é4 label the harmonics excited and we restrict our attention to the
case where the maximum harmonics appearing satisfy m,m < 12 due to the observation
we made in (4.6); this is elaborated on below (I1.7). The resulting vertex (4.1) is physical
provided the independent matrices Nap, Nap are elements of SO(12). We are thus free
to fix 12(12 — 1)/2 = 66 parameters in either N4p or Nap and every such choice leads to
physically distinct polarization tensors. It is possible to also verify that Z is normalized
according to (4.3).

There is also the important relation, €4 = (NNT)cec, and so the choice of matrices
Nup and Nap also determines the asymmetry between left- and right-movers. We are
implicitly considering states with potentially (but not necessarily) asymmetric left-right
excitations. An example for a polarization tensor with a left-right excitation asymmetry
is the following,

Z =HHe oo
=(C20C00) 0 (C10C1 - & C)
9

The state corresponding to this polarization tensor carries 2" and 15 harmonics on
the left-movers and 1% harmonics only on the right-movers. It is not possible with the
monomial vertex operators to have only higher harmonics present without having all lower
ones as well. This can be traced back to point 4 on p. 64.

In the next section we describe the construction of vertex operators produced in string

scattering where the restriction of a maximum number of harmonics is not present as in

5Using the Lorentz invariance of the theory we here set the matrices M*, = §*,,.
5An example where left-right asymmetry can become important is in the context of cosmic strings.

In massive string states left-right asymmetry is generic and (when the quantum states have a classical
interpretation) such an asymmetry seems to be responsible for the presence of cusp-like features in the

corresponding classical evolution of strings [83].
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the monomial vertices discussed in the present section. The next section serves to set
the scene for the general vertex operator construction of Sec. 4.4 but can also be skipped

without loss of continuity.

4.2 Vertex Operators from Factorization

In the present section we briefly discuss a standard [193] but alternative formalism which
can be used to extract vertex operators. This will serve to introduce the basic ideas that
will be necessary in the general vertex operator construction of the next section whereby
with some minor modifications a complete set of covariant normal ordered mass eigenstate

vertex operators will be constructed.

We here study the tachyon-tachyon, tachyon-massless and massless-massless operator
product expansions’ and extract the resulting vertex operators produced at these three
point vertex interactions. The new ingredient here is that (as we shall see) the onshell pro-
duced vertex operators are described naturally in terms of elementary Schur polynomials
(or equivalently complete Bell polynomials). The vertices produced in tachyon-tachyon
scattering are the simplest vertices where the structure and importance of elementary
Schur polynomials becomes manifest and the present section will serve to pave the way for
the developments of the next sections to come. The approach we adopt is similar in spirit
to that of Aldazabal et al. [135] where factorization was carried out by bringing together
two (or more) tachyonic vertices in the multi-tachyon amplitude of arbitrary genus and
extracting the residues associated to poles arising from the internal vertices going onshell.
This procedure is simplified by the use of conformal field theory techniques however where
factorization is carried out by examining the limit in which two or more external states
approach on the worldsheet, see e.g. Friedan et al. [193]. The internal vertices are read
off from the residue of the resulting object. The polarization tensors associated to these
states are written naturally in terms of the external momenta and polarization tensors
of the original objects. More general polarization tensors can be obtained by examining
the limit where more than two vertices approach on the worldsheet [135], whereas explicit
constraints for more general polarization tensors appropriate for these vertices has been
derived by Sato [133]. The procedure of the next section is more efficient however and the
present section is intended to be viewed as a warm-up for the more general construction

of the next section.

"Massless refers to either of the three particles (graviton, dilaton or antisymmetric tensor) in the massless

multiplet for bosonic strings.
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Vertices produced in tachyon-tachyon string scattering

Let us start with the vertices produced in tachyon-tachyon scattering. The operator

product for the two closed string tachyon process reads [114],

. — .y ’ / . > "
e X(22) .. ip"X(0,0) . _ |z|@PP" P X(2,2) gip"- X (0,0) .

(o]
_ |Z|a’p-p’ . <efip-X(070) Z et 22 gmyneir-X(0, 0)>ei(p+p/)-X(0,0) .
: p—— :
m,n=0

(4.9)
where p? = p = 4/a’. Conformal invariance of the intermediate states implies that
to obtain these we should put the internal momentum k = p + p’ onshell, (p + p/)? =
4(1 — N)/a/. One then extracts the propagating states from the residue in the above

expression,®

7{6527{652 L ePX(22) L X(00) (e_ip'X(O’O)%%eiﬂx(o’o)>eik'){(o’o) : (4.10)
0

The right-hand-side of the above expression, call it V(0,0), is a linear combination of
all covariant physical vertex operators (i.e. of conformal dimension (1,1)) which can be
produced in tachyon-tachyon scattering at mass level NV and is thus itself a physical vertex
operator. Making use of 90X = 0 and shifting from the origin to z, 2, the derivatives in the
parenthesis may be evaluated explicitly via Fad di Bruno’s formula®. The resulting vertex

operator reads (we drop the normal ordering symbols :: when there is no ambiguity),

SR SRS
X [Z g nir' (%)"} (kX (2,2),

the sum being over the set of positive integers {ny} such that, ny +2ny+---+ Nny = N,

(4.11)

and similarly for the antiholomorphic sector with n, — ny. Vertex operator normalization
will be discussed in detail in Sec. 4.3. This expression has been obtained by factorizing
the explicit multi-loop tachyon amplitude in the path integral formulation by Aldazabal et
al. [135]. Furthermore, (4.11) is a special case of the more general vertices considered by
Sato [133] when the polarization tensors (#1#2- (there) are taken to equal the symmetric
product of vectors p#1p#2.... The observation we make here is that the result is most
naturally expressed in terms of elementary Schur polynomials, Sy, (a1,...,an), with the

identification ay = %ip -0'X, see Appendix J,

_ Jde . 1 - N
V(z,z):7SN(zp-3X,...,mzp-8 X)
V2KV (4.12)

x Sn(ip-0X,..., gyip- OV X) em¥(=2),

8For notational convenience we write dz = 4.

27
9This is derived for example in [194]
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Notice that level matching is automatically satisfied in (4.12) given that the subscript
on Sy denotes the number of worldsheet derivatives appearing in any given term of the
polynomial expansion.

Using the integral representation of Sy leads to the following equivalent expression for

Vi(z,z),

V(z,2)

:L %dw]édw‘w‘—QN—Q
V2KV Jo 0
0 wn' n B ,(Dn' — - X (s
XeXP(Zg@p-@X(z,z)+sz.a X(Z,Z))ekx(’).

n=1

(4.13)

This object is a covariant physical vertex operator of momentum k and level number N .10
It has been suggested [195] that for a particular initial kinematical configuration with
compact external momenta and large radii of compactification this state can acquire the
interpretation of a superposition of macroscopic kinked states.

Note that (4.13) is conformally invariant only after the contour integrals have been per-
formed which enforce level matching and worldsheet reparametrization invariance. Given
that the original expression, namely (4.9), from which V(z;, z;) was derived is normal
ordered, so is the representation (4.13). Therefore, the appropriate path integral inser-
tion up to normalization reads: V = [d?2V(z,z). Reparametrization invariance is not

manifest but becomes so if we insert \/gg;;v in the integrand,

V= / d?2\/99.2V (2, 2), (4.14)

with /g providing a density for a covariant measure, gZ_EN ensuring all worldsheet indices
are properly contracted and covariant worldsheet derivatives, vé"’ = (0,—nI'?,,), replacing
0. (the index n corresponds to the rank of the object on which these derivatives act and
I'?,, the connection associated to the metric g,z). The extra factor \/ﬁgZEN has been absent
from the outset due to the normal ordering prescription and I'?,, always drops out due to
conformal invariance. In the path integral language this extra term \/gg;;v combines with
self-contractions inside the exponential ¢~ 3kF°Gr(2:2) {0 enforce the mass-shell constraints,
see e.g. [141]. For some further details on the relation between path integral and CFT
vertices see Polchinski [196]. The vertex (4.14) is in agreement with that found in [135]
when the identification ¢,z ~ w(z)w(Z) is made, with w(z) a linear combination [135] of the
holomorphic Abelian differentials, wy(z), associated to the cycles of the Riemann surface,
see Appendix C and e.g. [186, 141].

Vertices produced in tachyon-massless string scattering

Let us next consider the states produced in tachyon-massless string scattering. This is an
important interaction because massless states couple universally to all string states and

the tachyon is of course the vacuum on which a complete set of states is constructed. This

0ne may truncate the sum over n at N as terms with n > N do not contribute.
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is an example of the process on which the DDF formalism of the next section relies upon
in order to construct a complete set of states (in the case of open strings) as we shall see.
Having given an explicit computation in Sec. 4.2 for vertices produced in tachyon-tachyon
scattering, we omit details of the computation in this and the following subsection which
are very similar to the tachyon-tachyon case.

In direct analogy to (4.9) one examines the operator product expansion
GrXED) O XH () AXY ()X w)

and extract the vertex operators from the residue of the resulting expression as in (4.10).
This procedure can be seen to lead to the following mass level N vertex operators (up to

an overall normalization),

V(z,2) = Cuw (ip“SN(—p;Z)+3X“(Z)SN 1(—p; Z))

v kOVd ! ) (4.15)

X <z’vaN(—p; 2) + 0XY(2)Sn_1(—p; g))eik-X(z,2)7

with the elementary Schur polynomials defined in Appendix J, with the constraints p? =
4/a’, p? = 0, and we have written k& = p + p’ so that k> = 4(1 — N)/o/. Vertices
produced in tachyon-graviton, tachyon-dilaton or tachyon-antisymmetric tensor scattering
are obtained by setting (,,,, equal to C(tg) = (CM7V—|—CV7M)— é%uﬁpon,m C,(ffyi) = énlwnp"g“p,g
or Cu,u = i(C;W — (u,u) Tespectively.

Vertices produced in massless-massless string scattering

Finally, the linear combination of vertices produced in massless-massless scattering, again
in direct analogy to the above, follow from the residue of the following operator product

expansion
t QX (2)0XY (2)eP X3 1 ) OXP(w)OXT (w)e? X))

with p? = p? = 0. Taking again k = p + p’ with k2 = 4(1 — N)/a/ we find for the chiral
half, U(z), of the vertex V(z,z) = ﬁ U(2)U(2),
d—1

U(z) = C,up{ (ptp” — n“”)SN(—p; z) —i(k* — p")0XP(2)Sn-1(—p; 2)

T Z amX“ [aXp( )JSN—1-m (=3 2) + iD” SN (—p; z)] }e““'x(z),
(4.16)

where we have formally factorized the polarization tensor as follows, C,WC;’U = Cuoyo =
CupCro- For the anti-holomorphic sector one is to replace z, (y, and Sy(—p; 2) by 2, (v
and Sy (—p; 2) respectively. It seems at this point that the higher mass vertices would
become more and more complicated but in fact there is a pattern which we identify in
the next section, and this in turn enables one to write down the general result for vertices

with arbitrary spin. The DDF approach that we use for this purpose is tailor-made for
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the construction of a complete set of covariant vertex operators that are in one-to-one
correspondence with the lightcone gauge states. Before discussing the DDF construction

it will be useful to review general results on the normalization of vertex operators.

4.3 Vertex Operator Normalization and S-Matrix Unitarity

Before moving on the discuss the general DDF construction of vertex operators it will be
useful to elaborate on the precise connection of vertex operators to the string S-matrix,
as this will in turn enable us to normalize vertex operators correctly, i.e. in such a way
that the resulting S-matrix elements are unitary. We will follow the general approach of
[132, 114, 197] although the reasoning here will be mostly independent of these references.
We will concentrate on mass eigenstates, although these results will go through essentially

untouched in the case of coherent states (Sec. 5) as well.

String S-Matrix

Our objective is to use a normalization for vertex operators that is appropriate for scat-
tering amplitude computations, and so we first discuss the precise relation between the
string path integral and the S-matrix.

The proper way of constructing a scattering experiment is to first construct vertex
operator wave packets for the external string states of interest and then normalize each
one of them to “one string in the universe”, in direct analogy to the corresponding field
theory prescription. Rather than use wavepackets, we may also use momentum eigenstates
instead, in which case (due to the uncertainty principle, the infinite spacetime spread of
momentum eigenstates) we need to truncate the volume of spacetime at, say, V1, the
case of interest for the bosonic string being d = 26 and for the superstring d = 10.
According to standard practice [198], we hence identify momentum delta-functions with
volume elements and energy delta functions with the time, 7', during which the interaction

is “turned on”,
2m) e (p' —p) = V4, and (27)0(E' — E)=T. (4.17)

By putting the system in a box of size V;_1, the vertex operator normalization condition
is changed from “one string in the universe” to “one string in volume Vy_;” [199]. Of
course, physical observables (cross sections, decay rates, etc...) should not depend on
Vi_1, although we formally think of taking V;_; — oo at the end of the computation.

" normalization prescription leads to an S-matrix such

The “one string in volume Vy_{’
that if an initial state of a system is denoted by |i), the final state will be a superposition,
> 1) {fIS]i). Therefore, |S i[> is interpreted as a transition probability associated to

going from |i) to |f),

Prob(f « i) = |Sp[>,  with Sy = (f|S]i). (4.18)
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Conservation of probability, equivalently S-matrix unitarity, requires that,
STS =1.
In particular, in terms of Sy;, unitarity corresponds to the statement:

>SS =0p, or Y SpSl =dp, (4.19)

with d¢; a Kronecker delta; working in the Heisenberg picture, d7; = (fli). Setting f =1
it is seen that unitarity enforces conservation of probability, > ¥ |S fi\Q =1.

To make the connection with the string path integral, it is conventional and convenient
to define a T-matrix which contains the non-trivial contribution to the S-matrix, S =
1 +4T. Taking matrix elements of both sides and extracting the momentum and energy

conserving delta functions leads to,
Sfi = 6fi + i(QW)d5d(Pf — Pz')Tfi- (4.20)

In terms of T'; the unitarity constraint (4.19) reads,

. dgd
Ty — Ty =iy _(2m)*6%(P, — P)T) T (4.21)
n
with P; or P the total momentum associated to the in or out states respectively. With
these conventions, the S-matrix is given directly by the string path integral, see Sec. 3.4,
[e.e]

TICESHEDY / DygDXe SloXly W)y (i)
h=0 5><Mh

= i(2m)?6%( Py — P)T};.

(4.22)

where we sum over the genus h of Riemann surfaces. It is to be understood that the integ-
rals are over a single gauge slice, i.e. over all worldsheet embeddings, £, into spacetime and
over all worldsheet metrics (or moduli space My,), such that no two configurations in the
integration domain are related by a symmetry. Appropriate integrations over worldsheet
insertions are also implicitly included, as are the corresponding Fadeev-Popov determin-
ants.

To interpret the sum over final states in (4.19) or (4.21), note that the number of “one

)

string in volume V;_;” states in a momentum space volume element, d¢ !p, is:

dd—lp
Vi1 a7 4.23
d—1 (27r)d—1’ ( )
because this is the number of sets {ni,na,...,ng_1} (with n; € Z) for which the mo-
mentum
2T : d—1
p= f(nl,n%--wnd—l), with Vi1 =L,

lies in the momentum space volume d%'p around p. If there are additional discrete /continuous

quantum numbers that label the states under consideration, we would have to sum/integrate
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over these. For example, in the case of coherent states we would have to include a (di-
mensionless) integral over polarization tensors.!! In particular, there will in general be
a number of kinematically allowed channels and so we should also include a sum over a
complete set of states — we use the compact notation, 3f, to denote a sum over states and

the associated quantum numbers, so that the sum over one-particle states in the final state

will be denoted by:
dd 1
Z z Vi / (4.24)

Both sides of this equation are dimensionless. In relativistic scattering experiments there
is also the possibility that the number of strings in the initial and final states is different.
Thus, we require the corresponding phase space of multi-particle free states, which will be

a sum over products of the single string phase space,

ooNf

LD H(ivd 52 (1.25)

Nf 0a=1

with a labeling the string whose phase space we are summing/integrating over, and d is
the dimensionality of spacetime in which the strings are allowed to propagate in (d < 26
or 10 for the bosonic or superstring theory). The phase space sums (4.24) or (4.25) are not
Lorentz invariant, but of course Lorentz invariance will be restored in physically observable
quantities. This is the price of wanting to construct dimensionless S-matrix elements, Sy;,

that can be directly interpreted as probabilities.

Vertex Operator Normalization

The normalization of the path integral (or S-matrix) and the normalization of vertex
operators is completely determined in terms of the normalization of a single vertex operator
by the unitarity constraint (4.21) and the identification (4.22). The normalization of this
single vertex operator can in turn be fixed by the “one string in the universe” normalization
condition, by making contact with the corresponding field theory, and we describe this
next.

Working in the flat Minkowski background,

GHV(X) = Nuv> B,uy(X) = 0, and ‘I)(X) = <(I)>’
with (®) a constant, let us consider the tachyon vertex operator,
V(z,2) = Nem X9, (4.26)

The tachyon vertex operator is a very useful quantity to consider in bosonic string theory
because it is the basic building block of higher mass vertex operators. We shall eventually

relate the normalization of the tachyon to the normalization of all other vertex operators.

"Tn the case of coherent states it is simplest to use lightcone coordinates, see (4.39), because coherent

states are (as we will see) eigenstates of p*, p* but not of p~.
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To compute the normalization constant N, we notice that V' satisfies the equation of

motion,
4
(v2 + —,)V —0,
Y

with the derivative taken with respect to the zero mode z*. The low energy field theory
corresponding to the tachyon field will therefore be that of a scalar field with mass m? =

—4/a’ [140],

S[V] = — /dd:ﬂe (VV) +%m2V2+...), (4.27)

where we have taken into account the fact that the dilaton (even if it is constant in this
case) couples universally as shown [140], and we ignore all interaction terms because we
are interested in the case when the string under consideration is asymptotically free and
onshell, as required by conformal invariance [132]. We have found it convenient to include
an appropriate power of o/ (with [@/] = L?) such that V is dimensionless, [V] = 1. (This
will ensure that the S-matrix is dimensionless independently of the number of vertex
operators.) Furthermore, an overall dimensionless constant in S[V] is immaterial because
it can be absorbed into a shift in (®).

As discussed above, the overall normalization of the S-matrix and of all vertex oper-
ators other than, say, the tachyon are fixed by unitarity. Unitarity will thus relate the

normalization of all vertex operators to that of the tachyon. It is convenient to define:

ge =P ()T, and gs = '), (4.28)

b

Now, the “one string in V;_1” constraint can be solved by requiring that the total en-
ergy, H, in volume V_; is that of a single string, p° = \/p% + m? (with m? = —4/a/). We
plug the plane wave solution, V( ) = NeP® 4 N*e~ P into the Hamiltonian associated
o (4.27), which is given by H(t fV dilz OOV) (BOV) — <] (with S[V] = [dt.2),
and make the link with the strlng theory vertex operator by identifying N here with the
N in (4.26). It follows that, H(t) = |N|?2(p°)*V,_1g, 2, implying that there will be one

string in volume V;_q if:

H(t) ) Je
— =1, or, equivalently, N=—=—. 4.29
p° V200V, (4.29)

That is, the “one string in volume V;_1”-normalized tachyon vertex operator is,

V(z,2) = —=25 ¢ X(=2), (4.30)

V2V
with £ = \/m (and m? = —4/a’). Although we will not prove this here, it is not too
hard to show that this is precisely the normalization required by: (i) Lorentz invariance
of the unitarity constraint of the S-matrix; (ii) Lorentz invariance of the scattering cross
section; (iil) the requirement that S-matrix elements, Sy;, be dimensionless, so as to
|2

interpret |Sy;|* as a probability, as in (4.18).
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Notice now that the normalization of the tachyon vertex is such that the most singular

term in the operator product expansion is,

1

2
V(z,2)- V(0,0) = <2E.?;d1 > pEte (4.31)

This suggests that we may be able to normalize arbitrarily massive bosonic string vertex
operators by requiring that (4.31) is satisfied. This is indeed the case, and it can be
shown (although we shall not do so here) that this statement is compatible with unitarity
(4.21). Notice that the normalization condition (4.31) ensures that vertex operators are

dimensionless.

S-Matrix Unitarity and Factorization

It is often more convenient to work with vertex operators normalized according to,?

V(2 2)-V(0,0) ,2‘624 T (4.32)

instead of (4.31). Starting from the original normalization (4.31), we extract the factors
of 1/4/2FEV,_1 out of every vertex operator and, for N asymptotic states in total, define
M(1,...,N) according to,

M(1,...,N)
V2E1Va_1 .. .\2ENVa1’

with T; defined in (4.20). When vertex operators are normalized according to (4.32), the

Ty =T(1,...,N) =

(4.33)

path integral yields instead,

i(2m)464( Py — PYM(1, Z /5 u DygDXe SloXly )y (V) (4.34)
XMp

and so according to (4.22) and (4.33) we need to divide (4.34) by the factors \/2E1Vy_q ...

to get an S-matrix element,!3

S(1,...,N) = dp +i(2m)?6%(Py — P, M., N) (4.35)

with S¢; = S(1,...,N). In terms of M(1,...,N), the unitarity constraint (4.21) in the

case where the intermediate strings in the sum over states are single string states then

reads:
M(1,. — M(1, ...,N):
L dgd . (4.36)
2/ 2m)d- 12E (2m)*6%(py — P)M(1, ..., a)M*(—a,...,N),

12This is in agreement with the conventions of Polchinski [114], ghere = gPelchinski

, where it is shown
that the relation to the gravitational coupling is x = 2wg. with k% = 8mG gy and G4 the d-dimensional

Newton’s constant.
3Note that the factors of 1/y/2EV;_; are absent in the S-matrix elements defined in [114].
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with the sum/integral being over a complete set of states, written symbolically as a,
and their associated quantum numbers. There is an obvious generalization for multi-
string intermediate states. (Because of worldsheet duality it is also necessary to sum
over both (say) s- and t-channel contributions in the case of N = 4, and their natural
generalizations for N > 4.) It is thus clear that the volume factors have cancelled out
and the factors of /2E; have combined to make the unitarity constraint (4.36) Lorentz

invariant. Thus, the factors y/2FE; in the vertex operator normalizations are required for

Lorentz invariance when the corresponding quantities M( ., N) are Lorentz invariant,
which is indeed the case in string theory; recall that (2 )d b 3 E is the Lorentz invariant
. . d—1

phase space, with E, = /p% +m2. Using f(;lT’)’d (2m)8(p? + m)O(p°) = (g)ﬁgﬁg and
2mid(z) = L5 — Flz‘ov it is not too hard to show that tree level unitarity (4.36) is
guaranteed if the following factorization formula holds true,

M(1,...,N) Zﬁ IM(1 ) —ib(ky) M N) (4.37)

i = i Q) e — g —a,... .

) 9 7 ) kjg + mc2l _ 7/0 9 ) )

a

and

M1, ...,a)M*(=a,...,N) = [M(1,...,a)M*(=a,...,N)|".

Notice that , is the propagator (in the (—++...) signature) for a scalar particle

i0(k° )
k2+ 2_
of mass m? with the correct analytic continuation for a Minkowski process. Given the
normalization of the tachyon, the formula (4.37) can be used to derive the normalization

of the tree level S-matrix and of all other vertex operators.

Vertex Operator Normalization in Lightcone Coordinates

It is sometimes more convenient (especially in the case of coherent states) to use lightcone
coordinates, {pT,p’} withi = 1,...,d—2 and p* = %(poipdfl). In lightcone coordinates,
the statement (4.17) is replaced by:

@n)s(pt —pH) =V, and (20267 2(p' —p) = Vyo. (4.38)

The momentum phase space analogous to (4.23) is

dd 2p dp

Va- Y2m)dT 2

with Vi1 = Vy_oV_. (4.39)

For the sum over single string states (4.24) we thus have,

dd—2 00 dp+
4.4
zvd 1/ 27T)d 1/(; 271" ( 0)

and similarly for the multi-string case (4.25). We next need the statements analogous to

(4.30) and more generally (4.31) in the case of lightcone gauge coordinates.
In direct analogy with the procedure described in the paragraph containing (4.30), we

compute the lightcone coordinate Hamiltonian associated to the action (4.27), which is
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given by H(z") = [d?2xda~[(0+V) 5255 (a 77 — £ (with S[V] = [ dxtZ), and enforce
the “one string in volume V; 1” constraint by truncating the region of integration in
H(z™") to V41 and requiring that H(z")/p~ = 1. Here p~ = 2p+( + m?), is the
tachyon onshell condition which yields the lightcone energy associated to a single tachyon
(here m? = —4/a’). Plugging the plane wave solution, V (z) = Ne?® + N*e~%% into the
Hamiltonian H (z ") and requiring that there is one string in volume V;_1, i.e. H(z")/p~ =
1, thus determines N,

B e
N = R (4.41)

We make the link with the string theory vertex operator by identifying this AV with that
found in (4.26), so that the “one string in volume V,;_;”-normalized tachyon vertex oper-
ator in lightcone coordinates is,

V(z,2) = ——2L__ ¢ipX(=2), (4.42)

V2t Va1

This normalization is such that the most singular term in the operator product expansion

is,

2
_ ge 1
V(z,2) - V(0,0) =2 —F— | —5 +---» 4.43
V00 () (4.43)
and, in direct analogy to the above, this normalization can be used for arbitrarily massive

bosonic vertex operators.14

Again, as discussed above, see (4.32), it is sometimes more convenient to work with
vertex operators normalized according to,

gz
|24

V(z,2)-V(0,0) = 2 4 (4.44)

instead of (4.43). From (4.43), this implies that we should extract the factors of 1/4/2p*tV;_1

out of every vertex operator and, as in (4.33), for N asymptotic states in total define:

M(1,...,N)

szl Vicr- /208 Var

As in (4.34), when vertex operators are normalized according to (4.44), the path integral

Ty =T(1 (4.45)

yields,

o0

i(2m)?6%(Py — POM(1,...,N) => / DgDXe SloXly )y ) (4.46)
5><Mh

but now we need to divide (4.34) by the factors \/prvd,l .. ,/ijvvd,l to get an S-

matrix element, and in particular,
M(1,...,N)
\/Qpii_vd,1 . \/ij\}vd,1

The reason as to why lightcone coordinates are useful in the case of coherent states (as mentioned

Spi =65 +i(2m)%6%( Py — P,

(4.47)

above) is that they are eigenstates of p™ and P, but not of p~, and so it is not possible to factor out
1/4/2p°, but it is possible to factor out 1/4/2p*.
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The unitarity statement analogous to (4.36) in lightcone coordinates can be derived
directly from (4.36) since (4.36) is Lorentz invariant, or it can be derived from (4.21) and
(4.45). It reads,

M(1,...,N) = M*(1,...,N) =

dd 2 oodp+ 1 e )
= s 27rd 1 o 2m 2p+(27r) 0% (pa — PH)M(@,...,a)M*(—a,...,N),

(4.48)
and the result is (as above) independent of the volume V,;_1. To see this let us consider the

relativistic phase space integral, [ -4 o )d (2m)6(k% + m?)0(k°) (which as mentioned above

is equivalent to [ (%)—dhﬁ) with!® m? = 2N — 2. In lightcone coordinates (where
dk~ A dkt = dk° A dk?1), let us redefine the integration variable:
-_ - N +_ ot i i ,
k= =p" +—, kT =pT, k' = p, 1=1,...,24. (4.49)
p
This removes the N-dependence from the d-function, §(k? + 2N — 2) = §(p? — 2), and

dk~ A dkt = dp~ Adpt. Ignoring the tachyon, so that 6(k°) = 6(pT), the Lorentz

invariant phase space now reads,

4 d
/ (;lﬂ.];d (2m)3(k? + 2N — 2)0(k°) = / (;lTp;d (2m)d(p* — 2)0(p")

_ / dd—2p /oo dp+ 1
ra-2 (2m)4=2 Jo 27 2pt’
where we have integrated out p~, so that p~ = 2p%(pZ -

/ A1k 1 :/ dd72p /oo dp+ 1
ra—1 (2m)4-1 2F) ra—2 (2m)d=2 Jo 2@ 2pt’

where it is understood that the integrands are taken onshell; the aforementioned unitarity

(4.50)

2), the tachyon onshell condition.

Therefore,

statement (4.48) is proven.

Tree Level Operator Statements

It is sometimes desirable to compute expectation values of various operators, such as the
angular momentum J*¥,

(JHy = (VIJV) = JHY (4.51)
as this enables one to associate classically computed quantities, such as Jé{” that is in
one-to-one correspondence with solutions of 0,0; X* = 0, to quantum-mechanical vertex
operators that exhibit these classical characteristics (in the expectation value sense). It is

convenient to work in the operator formalism here'® and absorb the o/ and e{® dependence

5Tt is implied here that o/ = 2 in the case of closed strings or o’ = 1/2 in the case of open strings.

16The usual path integral definition is not useful here because the path integral associated to two vertex
operator insertions vanishes (unless the state under consideration is unstable), because the volume of the
CKG is infinite and two vertices are not sufficient to saturate this infinity. This is because the path integral
yields only the non-trivial contribution to the S-matrix, whereas in (4.51) it is the trivial or non-interacting

part that is relevant.
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d—2

of V(z, %) into |0, 0;p), recall that g. = ¢/®’ o/ 7 , and in particular,
10,0;p) ~ g X2, (4.52)

At tree level, the factors of e/®) (in g. in each of the two vertex operators in e.g. (V[J*|V)
and the Euler characteristic e X(®)(® = ¢=2(®)) cancel. If we then normalize the state

and expectation values in a relativistically invariant manner,

1 1 oed
V) = —=———=—=10,0;p),  (0,0;p']0,0;p) = 2E,(2m)* 5%} (p’ — p), (4.53)

V2BV

then, according to (4.17), such states have unit norm,
(V|Iv)=1.

The dimensionality of g. is precisely that required to make the relativistic normaliza-
tion shown possible. In lightcone coordinates we have similarly the following relativistic

normalization,

1 e
V) = —=——=—=10,0;p),  (0,0;p']0,0;p) = 2p* (2m)s(p*" — pT)(2m)4 257 2(p' — p).

V20 Va1
(4.54)

In the following section we will see that higher mass (mass eigen-)states with unit
norm can be constructed by acting on the tachyon vertex with DDF operators, A? and
Al which satisfy [A%, A%,] = 16964 m.0:

1 ) . _ _

V2EL Vi -

The combinatorial constant C, defined in (4.62), is chosen such that
VIv) =1,

remains true for arbitrarily massive states. There is a similar result in lightcone coordinates
with 2p™V,_1 replacing 2EV,_;, with the corresponding normalization of the tachyonic
lightcone vacuum implied as shown above. Furthermore, the corresponding lightcone gauge
quantities can be obtained by replacing A% and A% by of and & respectively. Similarly,

we will see that the closed string covariant coherent states are of the form,

V) = ! C.s 22’ SE mnsy, - A S —imsy - A 0,0:
V)= o, o {30 e afen {3 e Ao 000,
(4.55)

see (5.49), which again has unit norm,
(VIV) =1,

as do the mass eigenstates. Notice that, as mentioned above, for coherent states lightcone

coordinates are more convenient.



4.4 Arbitrarily Massive Vertex Operators 79

Vground
state

V(l) V(Q) V(T*U V(T)

excited excited excited excited

v (2) - - - (r)

massless massless massless
Figure 4.2: The DDF construction of open string physical vertex operators.

Similar results hold for open strings, with g, and |0;p) replacing g. and |0, 0;p), both
vacua being normalized in the same manner, as in (4.53) or (4.54) depending on the choice
of coordinates. In addition, in the case of open strings left- and right-movers are related
and hence one can construct states using only, say, the holomorphic quantities A% or .
The closed and open string couplings, g. and g,, are related by unitarity [114], e.g. by
factorizing the annulus diagram on a closed string pole; in d = 26, g2 = 21871'25/20/696, and

in our conventions, see (4.28), where g. = e® a5
Jo = 81 (2ma/)5el®)/2, (4.56)

Note that the dimensionality of both g. and g, is the same. Below we will consider both

open and closed string vertex operators in detail.

4.4 Arbitrarily Massive Vertex Operators

In the present section we describe the construction of general covariant vertex operators
for the bosonic string. We base our approach on the general (yet practical) approach of
Del Giudice, Di Vecchia and Fubini [127, 200, 128] (DDF), see also [129, 130, 166, 131],
although we will adopt a somewhat more modern viewpoint.

The geometrical string picture underlying the DDF vertex operator construction is
as follows. Arbitrary vertex operators can be extracted from a certain factorization of
an N-point scattering amplitude. The setup we have in mind is the following: an initial
vacuum state absorbs some number of massless string vertices resulting in an excited state
— the resulting excited vertex operator is what we wish to extract. The first non-trivial
statement is that a complete set of vertex operators can be obtained from the factorization
of a diagram with an arbitrary number of massless open string vertex operator insertions
and a vacuum insertion. When the vertex operator we wish to extract is an open string
state the appropriate factorization is shown in Fig. 4.2.

As we show below, a complete set of states can be obtained if the i*" massless photon
vertex operator has momentum kzé) = —n;q" and polarization tensor £{Z_) with ¢ = 0 and
n; a positive integer. All photons therefore approach the vacuum string state from the same
angle of incidence with momenta that are only allowed to differ by some integer multiple

of a so far arbitrary null vector ¢*. Conformal invariance then enforces the vector ¢ to
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be transverse to all photon polarization tensors, §(A) and this leads to spacetime gauge
invariance [166]. The vacuum vertex operator, e’ X which absorbs these photons has
momentum p* and is tachyonic in the bosonic string, p?> = 1/a’. In addition, to ensure that
the internal strings (see Fig. 4.2) are onshell one must require that (p — N¢)? = (1—-N)/o/
for N = >, n;, and therefore: p-q = 1/(2¢/). The choice of integers {ni,ng,...,n,}
determines the mass level N of the vertex operator we wish to extract and (p — Ng)* is
the momentum of the excited state.

In the spirit of the discussion of the previous section this procedure is to be thought
of in a step-wize sense: first consider a single photon absorbed by an open string vacuum
state. Vertices produced in this process are then given by the residue of the OPE as these
two initial states approach on the boundary of the worldsheet,

V:a(xlc)ited (U)) % dzl V(a)ssless( 1) ’ ‘/ground (U))

state

(1)
The reSUItlng state, V:axclted

choice. V.Y (w) is then brought close to an additional photon, v (2), the residue

excited massless

(w) has momentum (p —nyq)* with ny a positive integer of our

of this OPE now giving rise to a new state,

‘/;fc)ited (w) f dz2 V( a)ssless( ) ‘/;E(c)lted( )

with momentum (p — n1qg — neq)* and so on. Carrying this out r times gives rise to a
general vertex operator,

Vrotea () = § @20 Vil () - P @22 Vil (22) - § @21 Vil (21) - Visouwna ()

excited \W) = Zr ¥ massless T 22 Viassless 21 Viassless \?1 ground \W),
w w w state

where it is to be understood that the rightmost integrals are carried out first so as to
respect the order with which the photons are absorbed by the vacuum. Defining A =
\/% $dz 8ZXi(z)ei"q'X(z), the above state can be equivalently written as,

~ 9o j ip- X
%ggited (w) = \/W Céi.. ] —n1 A{nr -e’ (w)7 (4-57)
with C' a to-be-determined normalization constant and £¥- = {fl j .... We have in-
cluded the factor of W that we computed (by the ‘one string in Volume Vg_1’ con-
P d—1

dition) in Sec. 4.3 that ensures that S-matrix elements transform correctly under Lorentz
transformations. Recall from above, see (4.56), that we denote the open string coupling
by go.

The A% are the so-called DDF operators [127, 128]. After carrying out the contour
integrals the resulting vertex operator, V(w) = V;(Qit oq(w), will be composed of a linear su-
perposition of normal ordered terms of the form ¢ W“O#X LO# XV ... with an overall factor
of eilP—Na)-X(2) (we shall compute these explicitly). The polarization tensors Cuv... will be
composed of the quantities, £, p#, and ¢*. There is clearly a one-to-one correspondence

between vertex operators V (w) and lightcone gauge states,

1

’V>lc - \/W C/fi.--jaifm te aj—nrlo;p+7pi>a
d—1
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with C” an a priori different normalization constant to C. It is determined by the condition
(V|IV)e =1 and

O;p% 0" 10;p%,p%) = 207 (2m)(pT — p)(2m) 2692 (p! — p).

Therefore, we reach the important conclusion that covariant vertex operators extracted
via factorization of a scattering amplitude with photons and a ground state tachyon form a
complete set. A rather non-trivial statement is that V' (w) has the same mass and angular
momenta as |V))., and we take this correspondence further and conjecture that V(w) and
|V)1c also share identical interactions.

Note the DDF vertex operator construction is covariant [131], although not manifestly
so: even though the fgl) do not contain any timelike directions (as is also the case for
the lightcone gauge states) the resulting polarization tensors (- potentially have all
components non-vanishing. We have not enforced any constraint, e.g. X o 7, on the
target space coordinates in the vertex operator V (w), and so the path integral with vertex
insertions V' (w) includes a measure |, ¢ DX 0px!.. . DX¥en SIX] Manifest covariance can
be restored as we show with particular examples although this is of course not required
in order to plug such vertices into covariant path integrals. The correspondence with the
lightcone gauge states suggests also the following: the quantity €7 that appears in the
covariant vertex operators are to be identified with tensors corresponding to irreducible
representations of SO(25), the little group of SO(25,1) for massive states: that is, &9+
have the symmetries of Young tableaux [189].

A good consistency check is the following. Given that the DDF operators are integrals
of photon vertex operators, i.e. integrals of (1,0) conformal primary operators, they must be
gauge invariant: [L,, A’ ] = 0. Therefore, V (w) must satisfy the Virasoro constraints: the
operator L, will commute through to hit the vacuum, e’”X, which will be annihilated
if it is physical, i.e. if p> = 1/a/. The Lo operator similarly commutes through to hit
ipX ~

the vacuum and given that Lg - e e X the full vertex operator V(w) satisfies the

Virasoro constraints automatically:
Ly - V(w) =2 V(w), and Ly~o-V(w) 0.

In direct analogy to the lightcone gauge states the vertices V(w) are transverse to null
states [129] as one would expect given the underlying geometrical string picture on which
the construction is based.

For the construction of closed string vertex operators it turns out that the naive ex-

pression, namely,

V(z,2) = ——2  Cty . AL AL A

with the DDF operators A% = /2 § 320, X"(2)e4X() and A} = /2 § 32 0: X' (2)ema X (),

is also the correct expression, normalized to ‘one string in volume V;_ 1’ as required by

AL PR (4.58)
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unitarity, see Sec. 4.3. The lightcone gauge realization of this state is the expression
[129, 130],

1

V2V

We as usual need to introduce the constraint, N = N by hand.!” The closed string

Ve = Cij .ty al &b @l ]0,0;p). (4.59)

—ni - —ng2 —ni-—

constraints analogous to the open string case are p?> = 4/a’, p-q = 2/d/, ¢*> = 0 and
q-& =0. The DDF operators commute with the Virasoro generators and so (4.58) again

satisfies the Virasoro constraints. The normalization of the vacuum is:

(0,0;10,0;p) = 2p* (2m)s(pt — pT)(2m)26%2(p' — p),

in which case (V|V). = 1, see Sec. 4.3.

Caution however is needed in interpreting this expression as a vertex arising in a
scattering experiment of massless states and a vacuum (as we did above for the open
string). If for example, the vacuum and the corresponding massless states in a string
scattering experiment are all bulk vertex operators then a complete set of states would not
be generated: e.g., vertices with an asymmetry corresponding to the lightcone gauge states
aila{ 16/3 o', p1;0,0) could not be generated in a closed string scattering experiment of
massless vertices and a tachyon. It is likely that rather vertex operators (4.58) can instead
be created in an open string scattering experiment: factorization of a (one loop open
string) scattering amplitude involving photons and a closed string tachyon should give
rise to an arbitrary closed string vertex operator of the form (4.58). It might be worth
mentioning that a closed string scattering experiment in a lightlike compactified spacetime,
X" ~X 4+27R™ with R~ = %lq*, of massless vertex operators (with lightlike winding)
and a tachyon (without lightlike winding) would generate a complete set of vertex operators
of the form (4.58), without the need of introducing open string interactions.

Crucially, the above prescription for extracting vertex operators results in explicit
polarization tensors for which there are no additional constraints to be solved, which
is a common drawback of many other approaches to vertex operator constructions, see
e.g. [132, 193, 196, 141, 133, 201, 139] among others.

Momentum Phase Space

We now examine a subtlety related to the fact that the operators A?, depend on the mo-
menta ¢*. The question we want to address here is: when we compute expectation values,
can different vertex operators be labelled by different null vectors ¢#? DDF operators
satisfy an oscillator algebra, [A?, Afn] = 16" 8, 4m 0, which is identical to the algebra asso-

J

ciated to the o, operators, [a,, a}n] = nd" On+m,0- In general, one might expect however

1"Vertex operators (4.58) or (4.59) that do not satisfy the constraint N = N still satisfy the Virasoro
constraints, Lo = Lo, but require the presence of a lightlike compactified background. We will discuss
vertex operators in lightlike compactified backgrounds in detail when we construct closed string coherent

states.
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that different vertex operators should be constructed out of DDF operators which in turn
are defined with different ¢* — different choices of ¢* for different vertices corresponds to
different choices of momentum, k* = p* — Ng*. It would then seem that the relevant
commutator is [A?, Afﬁl] rather than [A%, AJ,] with AL" a DDF operator constructed out
of ¢’. To examine this possibility further, let us analyze the constraints and momentum
phase space.

Consider the case of open strings with both ends attached to a single Dp-brane, and
take p = 25; we then generalize the results to arbitrary p > 1. In this case, we can
write down results that hold for both open strings and closed strings when the choice
o/ =1/2 and o = 2 is made respectively. As discussed above, in the DDF formalism, the

momentum of a level N mass eigenstate is:
k* = p* — Ng*.

Two 26-dimensional vectors p#, g* are therefore needed to specify the momentum of the
state, but there are only 3 constraint equations: p?> = 2, p-¢ = 1, and ¢*> = 0, so that
there remain, 2 x 26 — 3 = 49 free parameters. Given that k* has only 26 parameters, one
of them being eliminated by making use of the mass shell condition, it follows that only
25 of the 49 free parameters are needed in order to completely specify the momentum of
a state. Therefore, we can fix 49 — 25 = 24 of the 2 x 26 parameters in p*, ¢* while still
spanning the full the phase space. Use this freedom to set

¢ =0, for i=1,...,24,

for all states constructed by DDF operators. Substituting this into the constraint equa-

tions (4.76), leads to the positive energy solution,'®

p_ (C2 i _ G2 i)
p _<2(p 2) + 5P 5P =2) +50),

q" = (—C,O,...,O,C).

(4.60)

As required, this choice satisfies —(p — Nq)? = m? = 2N — 2 for any p’,c. In terms of
pT we have ¢ = 1/(v/2p1), and k~ = 2I++(p2 + 2N — 2). The positive energy condition
requires ¢ > 0 (for non-tachyonic states, N > 1), and the full phase space (neglecting the
tachyon) is:

—oc0o<p<o0 and pt >0,
with pt = —1/¢=.1% We reach the important conclusion that different vertex operators

may indeed be labelled by different ¢* when their momenta differ, but that all vertices

may be taken to have ¢' = g7 = 0 while spanning the full phase space. For instance, when

8Here for notational simplicity o/ = 1/2, or o/ = 2 for the open or closed string case respectively. Also,

p=(p'...,p**) and as usual pT = %(p0 + p?®), or in the case of open strings attached to a Dp-brane,

pe = 0% £07).

19 As an example, if we boost to the rest frame where the k' = 0 and k° = v/2N — 2, the vectors p* and

g" are determined completely, and ¢~ = /2N — 2.
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we compute the inner product of two covariant vertex operators of the form (4.57), we
may take one vertex to be constructed out of DDF operators with q/* £ 0, q/i = q/+ =
and a vacuum with momentum p'* and the other to be constructed from DDF operators
with ¢~ # 0, ¢ = ¢* = 0 and a vacuum with momentum p*. The important point is now
that

and it is due to this fact that [A¢, A7,] = 1698, 4m0, With A7¥ and A% the DDF operators
constructed out of ¢’ and ¢ respectively. Therefore, different vertex operators can be
constructed out of different ¢# provided ¢ - ¢’ = 0, which in the coordinate system shown
above is equivalent to saying that different vertex operators can be labelled by {p,p™},
which can be taken to be independent for every vertex operator, as required.

In the next two sections we summarize what we have learnt and fill in the details on
some of the finer points. We first discuss the closed string and then the modifications

required for the open string.

4.4.1 Closed String

One of the virtues of the DDF formalism is that as mentioned above, it provides a dic-
tionary which relates every light-cone gauge state to the corresponding covariant gauge
vertex operator. Writing N = 3, n; and N = >y with N = N, a general light-cone

gauge mass eigenstate state is of the form

1 o o A
Lol at . al fp - 0,0;p7, p"), (4.61)

——C& ..ol Al G

with |0,0;p", p’) an eigenstate of p*,p’ and annihilated by the (dimensionless) lowering

‘V>lc =

operators af»o, df»o, normalized according to (4.54). If the polarization tensor &;; k... is
normalized to unity ;.. ,kl...fij =kl =1 then the combinatorial normalization constant,

C, contains [114] a factor of ﬁ for every o', that appears and factors of \/ﬁ, with

fin,i the multiplicity of of, in the above product. Similar factors are required for the

anti-holomorphic sector; in total?®,
1 1
X .
\/Hr Ty Hn;i Iu’nﬂ' \/Hs ﬁs Hﬁ,’i Iaﬁyzl

C= (4.62)

The DDF formalism states that to every light-cone gauge state (4.61) there corresponds

[131] the correctly normalized covariant vertex operator of momentum £k,

V(2,2) = ——ee Oy ALy, AL AF

20The constant C should not be confused with that obtained in the previous sections. Throughout the

AL e X2, (4.63)

rest of the section C' will be defined according to (4.62). For coherent states (in later sections) C' will again
be different.
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with the (dimensionless) DDF operators, A%, A¢  defined by,

—/= %dz@Xz )X ) and AL =/ = %dz@Xz )X (4.64)

The indices 7 are understood to be transverse to ¢g”. In accordance with the above consid-
erations the null spacetime vector ¢* and the (tachyonic) vacuum momentum p# are such
that,

4 2
p? = i pra=—, and ¢ =0. (4.65)

The quantity k* = p* — N¢*, as discussed above is identified with the momentum of the
vertex operator (4.63): from the definitions of p and ¢ one may confirm that the mass shell

condition is automatically satisfied if N is identified with the level number, N =), n;, >

4
kF = pt — Ng¥, and k*=—(1—N). (4.67)

o
The vertex (4.63) is not yet normal ordered and can be brought into a manifestly
normal ordered form by bringing the operators in the integrands close to the vacuum,
summing over all Wick contractions using the standard sphere two-point function for

scalars,
/

(XM (z,2)X" (w,@)) = —Z7" In |z — wl, (4.68)

and evaluating the resulting contour integrals so as to extract the residues which corres-
pond to the physical states. The contour integrals in (4.63) are to contain the ground-state
vacuum. We are to bring the rightmost operators close to the vacuum first so as to re-
spect the order with which these hit the vacuum. When the right-most DDF operator is
brought close to the vacuum one evaluates the associated contour integral (with all other
insertions placed outside the contour). Then bring the next DDF operator close to the
resulting object, evaluate the operator products and the associated contour integral and
so on. The procedure is analogous to the usual procedure of extracting vertex operators
from Fock space states [201].

Using the operator product interpretation of the commutators (3.12) it is seen that
the DDF operators satisfy an oscillator algebra and annihilate the vacuum when n > 0 in

direct analogy with the corresponding oscillators «,, and &,
[Al, AL ] 20690, m0, and Al -ePX(=3) =, (4.69)

In addition, they commute with the Virasoro generators,?® Ly, - Ay = Ly, - A, = Ly, - A,y =

Ly - A, 220, for all m,n € Z and the (tachyonic) vacuum on which the DDF operators

#1Recall also that @z = dz/(2n) which simplifies many formulas.
221t is also useful to note that one can always Lorentz boost to a frame where,

p=(c—1/(2¢),0,...,0,c+1/(2c)), q=(c,0,...,0,¢c), (4.66)

given that these satisfy p? =2, p- ¢ =1 and ¢® = 0 as required for any c, see Sec. 4.4. As an example, let
us boost to the rest frame where the k' = 0 and k° = /2N — 2. p and ¢ are determined completely, with

cl=—\2N 2.

ZRecall that the Virasoro generators read,

Y QLS VR Sy i 9Z o 150 5
L, = 2m,z ( a/aX 8X), and L, = 2m,z ( a/aX 8X).
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act has conformal dimension (1,1) and is therefore an Lo, Lg eigenstate, Lo - et X (2,2) o

Ly - P X(22) o i X(22) | Tt follows that V(z,z) is a physical vertex operator given that,
(Lo—1)-V(2,2) 20, Lo V(2,2) 20, and (Lo — 1) - V(2,2) 20, Lyyso - V(2,2) 20.

An important point that can be mentioned here is that level matching, (Lo — Lg) -
V(z,z) 220, is satisfied even for states with asymmetrically excited left- and right-movers,
one such state being e.g. V(z,2) = fi,in_nA];meip'X(z’z) with n # m and positive. In
fact, when we normal order this expression it will be seen that the presence of such states
requires a lightlike compactification of spacetime — we will have more to say about this
later on when we discuss covariant coherent states for closed strings.

We suggest that the states (4.61) and (4.63) are different descriptions of the same state.
This is supported from various points of view: (a) there is a one-to-one correspondence
between (4.61) and (4.63), and the lightcone gauge states (4.61) describe the complete set
of states of the bosonic string; (b) the lightcone and covariant expressions have the same
mass and angular momenta; (c) the first mass level states are identical. We conjecture and
work on the assumption that the lightcone and covariant states share identical correlation
functions (provided these are gauge invariant).

As discussed above, that (4.63) is covariant is not manifest due to the explicit presence
of transverse indices. However, when the operator products and contour integrals are
carried out the resulting object can be given a manifestly covariant form [131] — we will
show this explicitly with a couple of examples.

In the next section we fill in the details for the open string covariant vertex operator
construction before discussing the normal ordered expression of the closed string vertex

operators.

4.4.2 Open String

The open string vertex operator construction proceeds in a similar manner, but there are
certain differences that we mention here. First of all note that our open string conventions
are presented in Sec. 2.7. We restrict our attention to open strings with both ends attached
to a single Dp-brane (with p > 1 [165]), although such vertex operators are also relevant
in scattering amplitude computations involving open string vertices stretched between
parallel Dp-branes, the so-called p-p strings. The construction may be generalized to p-p’
string vertex operators that stretch between a Dp- and a Dp/-brane along the lines of [202]
by making use of the notion of a twist field.

Consider the case of p-p vertex operators where a string worldsheet is attached to two
parallel Dp-branes. In a direction transverse to the brane the string satisfies Dirichlet

boundary conditions [4],

X‘ag = 1‘(8),

with x(s) parametrizing the boundary of the worldsheet, ¥, which is fixed to the brane.

For a worldsheet conformally transformed to the upper half plane with the boundary on
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the real axis, an example would be a vertex inserted on the real axis at Imz = 0 and

Re z = y, in which case the Dirichlet boundary conditions become,

X=0 for Imz=0 Rez <y,
X=1L for Imz=0 Rez >y,

for the two parallel branes separated by a distance L. A useful formula has been given in

[165] for the functional integral,

/ DXe 5 ...
X|on=2(z)

1
= DXeSeXp{ijg dsy{ ds'z(s)x(s)0,.0, G z,z/}...,
/Xazzo @2ra')? Jos Jos (8)2()0.91Gn(=,2)
(4.70)

with S the Polyakov action, the normal derivatives 0, acting on the Green’s function
with Dirichlet boundary conditions, Gp(z,2") = (X (z,2)X (7, Z’)) with the normalization

convention 0,0:G(z,w) = —7wa/6%(z — w) + fmjl;izf/g and Gp(z,2')],eoz = 0, and the
b))
dots "..." denoting vertex operator insertions. This expression shows [165] that we may

restrict our attention to the construction of vertex operators with both ends attached
to a single brane, say at X’|ss = 0, keeping in mind that one is to include the above
exponential factor as appropriate for p-p strings stretching between parallel branes in the
various scattering amplitude computations.

Spacetime directions tangent to the Dp-brane are labelled by lower case latin letters
from the beginning of the alphabet, X¢ with a =0, ..., p, and directions transverse to the
brane by upper case latin letters from the middle of the alphabet, X', with I = p+1,...25.
It is sometimes useful to work in lightcone coordinates in both covariant and lightcone
gauge as this enables us to make the correspondence between the two gauges explicit.
Assuming the associated lightcone directions satisfy Neumann boundary conditions we
may define,

XF =5 (X7 £ XP).

Note that it is necessary [165] for the X* directions to lie in the Neumann directions in
order to make the correspondence with lightcone gauge for which X+ = (2a/)p*ny, with
T = iy, as this is not compatible with Dirichlet boundary conditions, see (4.72). To
place the lightcone directions in the Dirichlet directions one needs to instead reformulate
lightcone gauge quantization with X = (2a/)pto. A general spacetime direction is as

always labelled by Greek lower case letters, X*. To summarize,

X*={X*X", with  A=1,...p-1,
X' ={x4 X!}, with I=p+1,...,25 (4.71)
XH={X* X%

and so the directions X4 satisfy Neumann boundary conditions, whereas directions X/ sat-

isfy Dirichlet boundary conditions. In the Euclidean worldsheet coordinates, z = e~*(o+i7)
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z = ¢"77) with o € [0,7] and 7 € (—00, ), (considering only the case of NN and DD

strings) Neumann and Dirichlet boundary conditions read respectively,
0o Xosy, =0 (N) and 9, X'|ps,, =0 (D) (4.72)

Note that, 9, = i(20 — z0) and 0, = 20 + z0. In the (z, ) coordinates the open string
physical worldsheet, ¥, is conformally mapped to the upper half plane with the identi-
fication, z ~ z. The associated fixed point, the real line z = z, defines the open string
boundaries.

Using the doubling trick we can as usual write the various expressions needed in terms
of holomorphic quantities only [114]: one identifies antiholomorphic quantities in the upper
half plane with holomorphic quantities in the lower half plane and therefore one may just as
well work with holomorphic quantities only provided one works in the full complex plane.
The open string vertex operators are inserted on the real axis. We assume that both ends
of the string satisfy the same boundary conditions for any given direction, we thus consider
the cases of NN and DD directions only and do not consider mixed boundary conditions.
The analogous construction for strings with mixed boundary conditions, i.e. ND and DN,
may be constructed along the lines of [202], by introducing the notion of twist operators.

The relevant DDF operators now read,

Al = ,/% 7{ dz0X(2)em1 X and Al = ,/% ]é dz0X!(2)emtX B (4.73)

for oscillators parallel or transverse to the brane respectively and the closed contour integ-
rals are to contain the operators they act on, which are on the real axis. In a Minkowski
signature worldsheet the integrals are along the boundary of the worldsheet which is co-
incident with the Dp-brane. The null vectors ¢* are restricted to lie within the D-brane

worldvolume and are transverse to the DDF operators:
A 1
qg =q =0.

In direct analogy to the closed string case we create open string vertex operators with
fluctuations in the X4 or X7 directions by acting on the vacuum with DDF operators see

also Appendix K),

_ Yo i j ip-X(z
V(z,2) = ———=0¢,; A", A .. ..¢e7P (), 4.74
( ) /2p+Vd__1 5_] 1 n9 ( )
the vacuum, e’?X(*) being restricted to the worldsheet boundary (e.g. the real axis in the

complex z-plane) and the combinatorial normalization constant C,

1
C = .
VI T !

The vertex operators (4.74) are mass level N = ). n; states with momenta k* = p*—Ng*,

(4.75)

the onshell constraints now reading,

1 1
P’ = pg=-—, and =0, (4.76)

BWE
O/



4.4 Arbitrarily Massive Vertex Operators 89

so as to ensure that m? = —(p — Nq)? = (N — 1)/a’ as appropriate for open strings. The
contractions appearing in (4.76) are with respect to all spacetime indices u. The boundary
conditions require in addition, p! = 0, see Sec. 2.7.

Normal ordered vertex operators are obtained from (4.74) by bringing the operators
in the integrands close to the vacuum, summing over all Wick contractions using e.g. the
upper half plane two-point function for scalars (given in (K.4) in Appendix K) for Neumann
(N) or Dirichlet (D) directions, and evaluating the resulting contour integrals so as to
extract the residues which correspond to the physical states. In evaluating the operator
products one restricts the integrands of the DDF operators to the real axis. Only after
the operator products have been computed is one to analytically continue in the variable
of integration so as to circle the tachyonic vacuum in order to extract the residue. This
is best understood by realizing that the vertex operator (4.74) can be thought of as being
created in a sequence of open string scattering events as explained in the introduction and
depicted in Fig. 4.2.

The massless states, Vn(f;ssless,

that are absorbed by the ground state string, Veround state =
e X(2) are the integrands of the DDF operators polarized in some direction, £, of our
choice, and the final excited state Ve()fc)it oq is given by the vertex operator (4.74) after nor-
mal ordering when a sequence of 7 DDF operators have acted on the vacuum. In what
follows we compute this normal ordered expression for a complete set of such open string
covariant vertex operators. We give explicit results for the closed string and consider the
open string explicitly when we construct coherent states. Open string vertices construc-
ted from the Aﬁ operators are related by T-duality to vertices constructed out the A
[203, 204, 4]. The latter are interpreted as ripples in the D-brane worldvolume. The re-
maining possibility is vertex operators with excitations associated to both transverse and
tangent directions to the D-brane, and these may be interpreted as the usual Neumann
boundary condition vertices with excitations within the D-brane worldvolume which in
addition generate ripples of the D-brane. In the open string coherent state section we will
consider vertices constructed from the A4.

As in the closed string case there is a one-to-one correspondence with the lightcone

gauge states,
1

V20 Va1

with |0;p",p’) an eigenstate of p*,p’ and annihilated by the (dimensionless) lowering

ak = \/%fdzaX“(z) 2",

and defined so that (4.54) holds true.

The fact that the covariant gauge vertex operators (4.74) are in one- to one correspond-

Ve = C&ij.al, ol .. ]0;pt,ph), (4.77)

—nip—n2

operators, a;,, where

ence with the lightcone gauge states (4.77) proves that the former comprise a complete set.
We conjecture and work on the assumption that the states |V);. and V(z, z) are identical
states in the sense that they share identical masses, angular momenta and interactions.

We shall obtain evidence supporting this conjecture in what follows.
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We next discuss the correspondence between lightcone gauge states and covariant gauge
vertex operators, and consider the issue of normal ordering in detail. We start from the

graviton and subsequently move on to arbitrarily excited vertex operators.

4.4.3 Covariant equivalent of & ;a’,a’ |0, 0; p*, p’)

We wish to obtain the covariant equivalent of the lightcone gauge graviton (or other

massless) state,
1 o .
Ve = W &ij 042—104{1|0a 0§P+,pl>-
d—1

Here m? = 0, and so from (4.67), k* = p* — g". We see from (4.61) and (4.63), see also

(4.52), that the light-cone to covariant vertex map is realized by:
& j ozi_ld];1|0,0;p+,pi> — gc&ij Ai_lflj;leip'x(z’z), (4.78)

with £ - ¢ = 0. To bring this into a manifestly covariant form, substitute into the right
hand side the definitions (4.63). Using the operator products we bring the integrands close
to the vacuum and evaluate the resulting contour integrals as explained below (4.64). For

the graviton, this procedure can be seen to lead to [131]:%*

o _ 9 A A , A . _
§ij AL AL PXED = S }[ dw D, X' (w)e X ) }[ dw 0p X7 (w)e 10X (®) X (z2)

12

%5@',3’ <5L —~ %,piqu) (5Z - %/quu) OX"(2)0X" (2)e' P~ X (=2),

(4.79)
With the identification ¢, , = & ; (62— %/piqﬂ)(5i— %/qu,,), we find the manifestly covariant
and normal-ordered expression for the graviton vertex,

2 _ ) _
V(z,2) = —2° = ¢, 0X"(2)0X" (5)ek X (=), (4.80)

V2tV o
which has been derived from the corresponding light-cone gauge graviton via the DDF
formalism. Note that we could just as well have written —=2-— (with Fy = |k|) instead

\/2F Vg1
Jdc

f N provided the momentum phase space in S-matrix elements is taken to be
(4.23) instead of (4.39), as discussed in Sec. 4.3. This remark applies also to the other
mass eigenstate vertex operators given below as well, but does not apply in the case of
coherent states (see later).

The polarization tensor (,, is transverse to the graviton momentum k* as can be
explicitly verified.?? Notice that depending on our choice of &, p and ¢ all entries of the
covariant polarization tensor, ¢, ,, may be non-vanishing in general. Whether or not the
corresponding polarization tensor is traceless depends on our choice of &; ;.

The above procedure generalizes to arbitrarily massive vertices and given that the

DDF operators generate the complete set of physical states [129, 130] it is clear that all

#We use the convention X(z,%) = X (z) + X(Z) which can be used inside correlation functions in the
absence of sources [196].
#Recall that &; ; is transverse to g*.
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arbitrarily massive vertices in covariant gauge may be extracted via this method. The
fact that the physical content of the light-cone gauge states (where there are no ghost
excitations) is clearer than covariant gauge vertex operators has been one of the great
virtues of the light-cone gauge approach — it is seen that this virtue is also present in the

covariant gauge if one makes use of the DDF formalism.

4.4.4 Covariant equivalent of & ;a’ ya’ ,|0,0;p", pi)

Consider now a not so obvious example which in fact, as will become apparent in the next
subsection, is the basic building block of all vertex operators whose polarization tensors
are traceless. In this subsection we derive the normal ordered covariant vertex operator

corresponding to the lightcone state
, p » D
A/ 2[) Vd 1 Z] N

Here the mass, m? = 4(N —1)/a/, and so from (4.67), k* = p* — Ng¢*. Following the DDF

prescription, we consider the state

Ve = ). (4.81)

Vi(z,z) = £ AL N AT P X (@3 (4.82)

V. 2p+ Vi1

As in the graviton example, we use the definitions of the DDF operators and carry out the
relevant operator products. Let us consider the holomorphic sector and shift the vertex

to z = 0. This leads us to consider,

ALy - e XO) = \V o 3/ j{dw OX (w)eNaXw) . oir-X(0)
Vafwbg
r= 1

aer( ) r— N> Z mem(Nq; O) ei(p*NQ)'X(O)

m=0
2 ra al ) m v i(p—Ng)-X(0)
= J( p"'Sn(Ng;0) + Z (9 X0 )SN_m(Nq;O)>e ,
m:l
(4.83)
with S,,(Ng;0) elementary Schur (or complete Bell) polynomials, see Appendix J,
Smng;z) = § o yym ng- S oix
P L (4.84)
- _ wo . . w® o,
Sulngi2) = = § g exp (—ing- > T (),
with fo 5eim = — %o Qi% = 1, and we have made use of the standard correlator on the

complex plane (4.68), as well as the onshell constraints (4.67). The elementary Schur

polynomials arise from the Taylor expansion (inside the normal ordering) of e~V X () =

S 28, (Nq;0)e=*NeXO0) which can be derived from Faa di Bruno’s formula [194]

m=0
tNg-X(2) ame—iNqX(z))

for the m' derivative of the exponential, (e »—0. As a preliminary
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consistency check note that the subscript N on Sy(Nq) denotes the total number of de-
rivatives and so the level number on both sides of the equation is the same. We have noted
also the corresponding expression, S, (ng; z), for the anti-holomorphic sector. Shifting the
insertion back to z, Z we conclude that the level N lightcone state (4.81) has the covariant

manifestation:

N G L e i NFT (5 i(0—Na) X (2,2) .
Vi(z,2) = 2p+Vd_1.N£Z’]HN(Z) V(2)e : (4.85)

with the normalization C' = 1/N, see (4.62). We have found it convenient to define the

polynomials Hi (2), Hi(2), in 07 X and 07 X respectively,

Hy(z) = \/gpiSN(Nq; 2) + Py (2), (4.86a)

Hy(z) = \/gpiSN(Nq; 2) + Py (2), (4.86b)

with P%(2), Pi(2) in turn defined by,

N .
Py(z) = % Z:l ﬁ "X (2)SN-m(Ng; 2), (4.87a)
_. 2 ]; i _ L
Pi(z) =15 Zl T O™ X"(2)Sn—m(Ng; 2). (4.87b)

These polynomials are the fundamental building blocks of normal ordered covariant vertex
operators when these correspond in lightcone gauge to a traceless state as we shall see.?%
In the rest frame one is to replace, Hi (), H (%) with, Pi(2), P4 (%), respectively as
in this case the momenta, k¥ = p* — Nqg*, are transverse to the polarization tensors
Appendix J. We next give an explicit example for m? = 4/a’, mass levels, where N = 2,
to illustrate that the vertices generated in this manner are the standard covariant vertex
operators [193], see also [132, 201, 143, 139], with polarization tensors that range over the
entire range of spacetime indices. The difference to the traditional approach (taken in the
above cited papers) is that here physical polarization tensors are automatically generated
— there are no additional constraints to be solved. First of all note that for N = 1 we
recover the graviton (or in general the massless) vertex operator(s).2” For N = 2, we have

k* = pt — 2¢". The covariant vertex operator which is equivalent to the lightcone state
1

V2t Va1

%gm ozi_de_2|0, 0; p*,p?) follows as a corollary of (4.85),

1 1 R
V) = ———— = (10”1 + o y) (Xped” 107 + (07 5)(0,0; kM), (4.88)

V2E Vi 2

26For vertices that correspond to lightcone states whose trace is non-vanishing there is an additional

polynomial, S, mn(2), see below. All these polynomials however are ultimately composed of elementary
Schur polynomials, S (ng; z).
#"Recall that in the CFT language there is no Ricci scalar in the dilaton vertex, see Polchinski [196].
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7
-n n—1)!
0,0; k*) ~ g.e®X (=2 and have written |V) ~ V(z, %), in order to make manifest the

differences to the equivalent lightcone gauge state. We have chosen to write (4.88) in the

where we have made use of the operator-state correspondence, o~ % ﬁa"X H(2),

more conventional coordinates used in covariant gauge, where the vacuum is normalized
according to (4.53) and Eyx = vk? 4+ m?. From (4.85) one can derive (by expanding out

the various polynomials for N = 2) the manifestly covariant polarization tensors,

Cu=6(0" —%p'qu) and xu = \/%& (&'P'auay — 8 uaw — 6'qu), (4.89)
with the properties |¢|? = |€]? (with |£|> = 1 so that the lightcone state is correctly
normalized), Xuw = Xupu, x> =¢ -k = Xﬂu = Xuwk'k” = 0. As a consistency check
note that these polarization tensors solve the physical state conditions, 2¢, + k"X, = 0,
2k, C* 4+ 0" xw = 0, which were derived by completely different methods in [139]. There
are similar expressions for EH, X With & replacing &. One thing to notice is that all
components of these polarization tensors may be non-vanishing in general so that the
resulting states really are covariant in the usual sense even though the state (4.82) from
which (4.88) was derived seems to break spacetime covariance by the explicit choice of
transverse indices.

There has been some confusion concerning a state of the form (4.88) in the literature
[201, 139] where it is concluded that such a state may satisfy the Virasoro constraints
but has zero norm. We disagree in that we find that the state |V) has positive norm,?
(V|V) =1, while satisfying all the Virasoro constraints, L,~o|V) = 0, Lo|V) = |V) and is
hence physical. In fact, all covariant states generated by the DDF formalism are positive
norm physical states. The reason as to why there is disagreement with [201, 139] is because
the constraints on the polarization tensors (,, X, obtained there do not have a unique
solution; the solution identified there corresponds to a zero norm state but there is the
additional solution, namely (4.89), which gives rise to the positive norm state (4.88).

What we learn from the above exercises is that the DDF vertex operators (4.63) are
fully covariant, they all have a lightcone gauge equivalent which can be identified explicitly,
and last but not least they generate a complete set of physical states (given that they are

in one-to-one correspondence with the light-cone gauge states).

k

4.4.5 Covariant equivalent of &; . a' o, ...&".a" . ...0,0;p%,p")

We next generalize the result of the previous subsection and discuss the covariant mani-
festation of a general lightcone gauge state,
1

which according the DDF prescription is given by,

V)i = C&ij. k... o/_maj ok &t P (1} 0;p+,pi>, (4.90)

. AR

-1

Vi(z,2) = ——2  Cyi . AL, A

*Here we have included the ‘one string in volume Vy_;

AL e X2 (4.91)

I

normalizing factor and use the

1
V2ExVi—1

relativistic normalization (0,0; k|0, 0; k) = 2Ex(27)? 71641 (K — k).
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Here the relevant level numbers associated to left- and right-moving modes is N =%, ng
and N = >,y and for non-compact spacetimes we are to enforce’® N = N. The
associated momentum is then, k* = pt* — Ng#, and the mass shell constraint, k> =
41— N)/.

Writing formally & xi.. = £Z]§kl we first consider the case when the polarization

tensors £ and £ are traceless,

Eigom?=E€ i ;.07 =0,

but with 5...j,,,kj, gjkz] non-vanishing in general. The normal ordered vertex operator
corresponds to a straightforward generalization of (4.85), [, Ai_rm e X(2) = [T Hr et p—Na)-X(z)
for the holomorphic sector. Therefore, the covariant normal ordered vertex operator asso-

ciated to a general traceless lightcone state (4.90) is,

Ye

V2t Va1
(4.92)

with C as given in (4.62). Without referring explicitly to the lightcone state it is seen that

C contains a factor of ﬁ for every H! that appears and factors of —2<—, with fn,i the

vV :U'n,i! ’

Vi(z,z) cO&; . HY (2)HI (2).. HE (2)HL (2)... b~ NO-X(=2)

multiplicity of H?.
are no timelike directions in the lightcone gauge polarization tensor, £, in which case the

above vertex simplifies to,

N\ A~ e . i j pk (=\pl (= i(p—Nq)-X(z,z) .
V(z,2) = T Ctij. p. P (2)P1 (2)... PE (2)PL,(3)... P~ NO-X(=2)
We therefore find that when the polarization tensor of a given light-cone state is

traceless one may build the corresponding normal ordered covariant vertex operator by

making the following identifications,

Oéi,n ~ HTZL(Z)a di* ~ 1%(2)’ and |0,07p+,p2> ~ gcei(prq)“X‘u(z,é)
(4.93)
with an overall combinatorial normalization constant C' given in (4.62). If the light-

cone states in addition to & Z-,,,j___nij = 0 satisfy 5...j,,,kj = 0 (and similarly for the anti-

holomorphic sector), the above identification simplifies to, a’, ~ Pi(z) and &', ~
Pi(z). The resulting covariant vertex operator formed in this way is normal ordered.
Note that the normalization of the lightcone state carries over to the covariant vertex
unaltered because the normalization for the DDF states is set by the DDF commuta-
tion relations (4.69) which are identical to those of the usual creation and annihilation

operators.

2The Lo — Lo Virasoro constraint is satisfied without the requirement N = N but as we discuss
later this is only possible in a spacetime with lightlike compactification given that for N # N we have
kr, — kr = —(N — N)q with ¢*> = 0.



4.4 Arbitrarily Massive Vertex Operators 95

We next construct covariant normal ordered vertex operators in the case when the
polarization tensors of the corresponding lightcone gauge states are arbitrary, for which

in general,
€.ig.mY, € ig.mY, and & K, €. K,

need not vanish. We start from the simplest non-trivial case and then move on to more
general cases. Proceeding by induction we then obtain the general result.
For this purpose we’ll be needing the following local dimensionless polynomial func-

tionals of ¢ - 97 X (z), and q - 0% X (Z) respectively,

n

Smn(z) = Z 7 Smtr(mq; 2)Sn—r(ng; 2), (4.94a)
r=1

Smm(2) = Y 1Smir(mg; 2)Sn_r(ng; 2), (4.94b)
r=1

with the elementary Schur polynomials, S,,(ng; z), Sm(ng; z), defined in Appendix J. In
(4.83) we showed that normal ordering of A” - e X(*) leads to,

Ak e X() o gk () gilpmna) X(Z), (4.95)

Let us apply an additional DDF operator from the left to this expression and normal order
the resulting object. We find,

AT Ak X (E) [H%H,’j + 6k, n] (z) eilp=(min)al-X(2) (4.96)

Proceeding in a similar manner we apply another DDF operator to the resulting expression
and normal order the right-hand-side. An important point to note now is that S, ,(2)
commutes with the DDF operators, A%, because Smn(z) is a functional of ¢ - O#X and
[Al q- 07 X] = 0. We find,

AL AT AR LX)

= | H{HJ,H + 07 Sy HE + 5% Sy HJ, + 67 Sy ] | (2) e/~ (Ermemal X(e)
(4.97)

By induction it follows from the above that the general normal ordered expression reads,

i i ip-X(2) ~

AR LAY, e X E)
lg/2]
=3 5 e Sy T H @t S
a=0 1eS,/~ =1 q=2a+1

(4.98)
with S, the permutation group of g elements and the equivalence relation ~ being such
that m; ~ m; with m;,7; € S; when they define indistinguishable terms in (4.98). In
all terms where S;, ,; appears we are to only include permutations which preserve the

inequality ¢ < j. Furthermore, the notation |-| in the summation indicates that the upper
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limit saturates the inequality a < g/2. The number of terms in the sum over permutations

at fixed a is
27%g!

al(g — 2a)!’
For every lightcone gauge state (4.90), with C' is as given in (4.62), there exists a

covariant normal ordered vertex operator

V(z,2) = ——L QU(2)0(3)ePX (=2, (4.99)

V2pt Vi
with the normalization being that required by unitarity of the S-matrix, see Sec. 4.3.
The normal ordered chiral half U(z)e®X(*) is equal to the right hand side of (4.98) when
contracted with the lightcone gauge polarization tensor, &;, . ;,, which corresponds to an

arbitrary irreducible representation of SO(25) (or SO(24) for massless states),

lg/2]
T T 77() ; 3: r X
= .. g Z Z H(;Z (3¢-1)%n(z0) Sn m(20—1)5M Tr(za H H Tr((fz) e rmy mr)aX(2)
a=0 weSg/NZ 1 q=2a+1
There is a similar expression for U(z) with 5” nm(é) HE(z) and e 12, 1r)a- X (2) .

placing &, Spm(z), Hi(z) and e~ 12 nr)aX(2) regpectively. If the underlying spacetime

manifold is not compactified in a lightlike direction we are to enforce in addition:
D nr =2
T s

we elaborate on this in the closed string coherent state section. It is curious that it is
not string theory symmetries that place this constraint on the level numbers of left- and
right-movers, but that it is a phenomenological constraint: our universe does not seem
to be lightlike compactified, as such a compactification would (at least globally) break
4-dimensional Lorentz invariance, thus singling out a preferred frame of reference. We
therefore choose ), n, =) n, in order not to break 4-dimensional Lorentz invariance.

When the polarization tensor is traceless, §___i__,j_,,5ij = 0, U(z) reduces to the result
obtained in (4. 92) the chiral half of which reads, &, ;, Hi ... His e'P=2rmr)X(2) I the

When all the n; are equal the sum over permutations may be carried out explicitly.
A particularly interesting case is the symmetric representation £ = MM\ ..., in which

case (4.98) reduces to,

L9/2]
Lo A )9 emXe) o ! 1y, “(n- H, )92 ilo—gna) X (2)
A7 = GZ% a!(g_Qa)!<2)\ ASun) (A Hy)" e .

(4.100)
When we sum over g (from 0 to co) and multiply by the appropriate kinematic factor, such
a object has an interpretation of the chiral half of a closed string coherent state or an open
string coherent state as we shall demonstrate in Sec. 5, where we discuss string coherent

states in great detail. The corresponding lightcone gauge state is exp(%)\n .

1
2pt Vg1
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a_p)|0;pT, pt), with \? = %)\f@, which is an eigenstate of af., with eigenvalue X! and
Ar = A_,. The covariant gauge expression is not an eigenstate of az>0 but nevertheless
satisfies the definition of a coherent state (see later).

Note finally that the general lightcone state (4.90) is normalized such that:

<V(p,) |V(p)>lc = 5p/,pa

with d,, a Kronecker delta which reduces to unity when pt" = pt and p’ = p and
vanishes otherwise. The associated vertex operator (4.91) or (4.99), is normalized by the

most singular term in the operator product expansion (4.43):

t %e 1
Vi) V0,02 (mE )L
(:2) V0.0 = () o +
the dimensionless coefficient having been fixed by Lorentz covariance and unitarity of the
S-matrix. We have made use of the relation between operator product expansions and
commutators (3.12), although an operator product expansion can also be used instead.

With this normalization the string path integral yields the S-matrix directly, see (4.22).



Chapter 5
String Coherent States

It is possible that cosmic strings being macroscopic and massive should have a classical
interpretation. If this is the case, one may suspect that the appropriate vertex operators
for the description of cosmic superstrings (from our experience with standard harmonic
oscillator coherent states) would have coherent state-like properties. With this motivation
in mind we will be searching for coherent state vertex operators, which from the standard
coherent state properties would be expected to have a classical interpretation.

The states we have considered in the previous sections are mass eigenstates. The dic-
tionary described above, which identifies the states (4.61) and (4.63), is tailor-made for
light-cone to covariant mass eigenstate maps. Coherent states however are not mass eigen-
states in general.! In the construction of string coherent states one normally proceeds in
direct analogy with the construction of coherent states in the harmonic oscillator, whereby
coherent states are constructed by exponentiation of the creation operator, e~ AP/2eAal |0),
with a|0) = 0 and [a,al] = 1. In the string case there is an infinite number of creation op-
erators and the vacuum depends on the center of mass momentum. The usual approach is
to proceed in lightcone gauge where the constraints are solved automatically and the open
string construction is trivial, see e.g. [205]. Rather than drop spacetime covariance we
shall make use of the spectrum generating DDF operators which can be used to generate
covariant physical states.

In what follows we construct covariant and lightcone gauge open and closed coherent
states and show that these states have a classical interpretation by associating them to
general classical solutions. We will see that these states are macroscopic and this suggests
that they be identified with fundamental cosmic strings. We will primarily define what

we mean by a quantum state with a classical interpretation:

- String states with a classical interpretation should possess classical expectation val-
ues (with small uncertainties modulo zero mode contributions) provided these are
compatible with the symmetries of string theory. These classical expectation val-

ues should be non-trivially consistent with the classical equations of motion and

1 . . . . .
The coherent states constructed here are eigenstates of momentum however in the spacetime directions

transverse to ¢® as we shall see.
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constraints.

Starting with the open string we shall define a string coherent state and, using DDF
operators, will proceed by analogy to the harmonic oscillator to construct string coherent
states. The definition of a coherent state that we adopt is very general but standard [126]
which we minimally extend to include the string theory requirements.? After establishing
that the coherent state properties are satisfied for the states under consideration we go
on to show that the covariant and lightcone gauge states share identical angular momenta
and present the explicit map to general classical solutions. We show that these coherent
states indeed possess classical expectation values, thus proving that the above definition
of classicality is satisfied.

We then go on to discuss the construction of closed string coherent states. Here the
naive construction leads to the requirement of a lightlike compactification of spacetime,
X~ ~ X~ 4+ 27R~. We show that all states considered are indeed physical and single-
valued under translations around the compact direction, X ~.

We are then, according to the above definition of classicality, led to search for classical
expectation values. In the closed string case the string symmetries forbid [125] the naive
expectation that (X*(z,z)) = X/(z,2)3 should be satisfied by a state with a classical
interpretation. We elaborate on this and discuss various definitions of classicality and
their range of applicability. Here we provide a new classicality requirement (in accordance
with the above definition) that applies in all the usual gauges of interest (e.g. lightcone
and covariant, but not in static gauge for instance) where the vertices are invariant under
spacelike worldsheet shifts where the naive definition (X*) = X/ does not apply.

Finally, we construct coherent closed string states in fully non-compact spacetimes by
projecting out the lightlike winding states in the underlying Hilbert space and go on to
show that all the coherent state properties are satisfied by the projected states as well, and
therefore that the projected states have a classical interpretation. We also compute the
angular momenta of the projected states in both lightcone and covariant gauge and show
that they are both identical to the angular momentum associated to the corresponding
classical solutions which we identify explicitly.

For a good overview of coherent states (but not explicitly in the context of string
theory) see Klauder and Skagerstam’s book [126] and the excellent review article by Zhang,
Feng and Gilmore [206].

5.1 Open String

We here construct covariant coherent string states which according to the above discussion

are likely to be good candidates for the description of general cosmic strings.

2The naive definition, that a coherent state should be an eigenstate of the annihilation operators is not
in general compatible with the string theory symmetries.
3Here X" (2, %) is an arbitrary non-trivial solution of the wave equation, 90X/ (z, z) = 0.
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Starting with the open string, we primarily define an open string coherent state,
V(A,...) 2 |V(A,...)), to be a state that:

(a) is specified by a set of continuous labels A = {\!};

(b) there must exist a resolution of unity,

1= z/dMV(A,...)><V()\,...){; (5.1)

(c) it must transform correctly under all symmetries of bosonic (or super-) string theory.

We also allow for the possibility that the state depends on other discrete or continuous

? which are to be summed or

quantum numbers (such as momentum), denoted by ...
integrated over respectively — this is what is meant by the symbol 53.4 The measure asso-
ciated to the continuous labels explicitly reads dA = % Hn,i d?)\i, with N an appropriate
normalization (to be determined) and as usual d?\!, = id\!, A d\*' (no sum over i). The
labels n and ¢ will be related to the distribution of harmonics present and spacetime dir-
ections respectively. The requirements (a,b) are the minimal requirements for a state to
be termed coherent [126] and to these we add the minimal string theory requirement (c).

One may construct® open string vertex operators using the Afll and A DDF operators
for excitations in spatial directions tangent and transverse to the Dp-brane respectively
with A ={1,...,p—1}and I = {p+1,...,25}. (Note that p > 1, see Sec. 4.4.2). We
shall here consider the construction of coherent state vertex operators with excitations in
the directions tangent to the brane. Let us then consider the normalized open string DDF

vertex operator,

o Yo,p < — 1 A LA > PaX(z)
V) = 220y ex ZAAAA Y gipaX(:) 5.2
(\) TR \ €XD ;n (5.2)
with @ = {0,1,...,p}. We have found it convenient to define:°

_ Yo

go,p m’

with V| the volume of spacetime transverse to the Dp-brane, and V), the volume tangent

with l&#—l = L{Llﬂh

to the brane (so that V|V, is the total volume of spacetime transverse to z*). 7 In parallel

to (4.38) in particular, we thus define:

V= lim (2m)5(p+ — pT)(2m)P 1P~ (p' — p),
p'—p

5.3
Vi = lim (2m)417P5d 1P (p’ — p). (53)
p'—=p

“We will normally not exhibit these additional labels explicitly, and hence write V()) instead of
V(A,...), or even V(z) when there is no possibility for confusion with the mass eigenstates of the previous
section.

®The necessary prerequisite for this subsection is Sec. 4.4.2, 4.3, and our open string conventions are
given in Sec. 2.7 and Appendix K.

5The index p on g, , denotes the dimensionality of the Dp-brane in which the string is propagating and
should not be confused with the momentum of the vacuum p®.

d—1—p

d— _
"The dimensionalities are such that [go,] = LT L= = LPTI7 so that [gop/+/2pTV)] = 1 as
required by unitarity.
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The total volume of spacetime is V; = ViV, 1. The kinematic pre-factor and the normal-
ization C is chosen such that the vertex operator is normalized to ‘one string in volume
Vi-1’ as shown in (4.43) for the case of closed strings. p? is the (tachyonic) vacuum mo-
mentum of the string, the DDF operators, A7, defined in (4.73) and the normalization
constant,
— o~ 1 2
C) = exp(—;%|)\n| )

The vertex operators associated to ripples of the brane are related by T-duality [203,
4] to the vertices (5.2). The onshell constraints are given by (4.76), repeated here for
convenience: p-q = 1/(2a/), ¢*> = 0, and p? = 1/a’. The polarization complex vectors
{4} are defined such that A, - ¢ = 0, A, = A_,,, and require [205] that > |\,|2 < oo to
ensure that the vertex is well behaved.

First of all we show that the vertex operator (5.2) is a coherent state. To prove this
recall that a coherent state must by definition satisfy three properties: (a) it must be
labelled by a set of continuous parameters, these here being {A\4}, (b) there must exist
a completeness relation of the form (5.1), and (c) it must transform correctly under the
symmetries of string theory. (a) is trivially satisfied and the state remains correctly nor-
malized for arbitrary values of the A2 when Y |\,|? < co. To prove that a completeness

relation exists it is convenient to write (5.2) in operator form,

1 = 1
V(A p)) = ———— Cy ex ( —)\AAi‘>0;“, 5.4
I(p)>\/wxpznnnlp> (5.4)
n=1
with the correspondence |0;p®) >~ g, eaX" and we use the relativistic normalization:

(0;p10; p%) = 2pt (2m)3(p T — pT)(2m)P P H(p' — p).

Note primarily that from the DDF operator commutation relations, V() is an eigenstate
of the annihilation operators, A7, - V() = A4V ()), from which on account of (5.2) it

follows that states are not orthogonal, the inner product of two states being given by,
1
/ o *
(VLP)IV(GP)) = by pCrCe exp (§>j0 X Ga)-

L. Cn) reduces to unity when )\ﬁ = ¢4 for all n, A,

n>0 n’'n n
(VOpIV(Ap) =1,

and 0, , is a Kronecker delta which reduces to unity when p+/ = p"t and p’ = p and

The factor C\C¢ exp ( >

vanishes otherwise. Recall that coherent states are (when we choose ¢* = ¢* = 0) eigen-
states of momentum in the k™ and k directions (but not in the k= direction). So, as one
would expect, these coherent states are over-complete, the overlap between any two being
non-zero for a wide range of A\, (’. From this expression we then deduce (by forming

appropriate inner products and integrating) that there exists the completeness relation,

o [ () v

n,A




5.1 Open String 102

with d?A2 = id\2 A dA\*A. Finally, that the vertex operator (5.2) is physical follows from
the fact that L,cz commutes with all the DDF operators, L,~q annihilates the vacuum
e?X(2) and Ly - X () = X)) Therefore, V() satisfies the Virasoro constraints,
(Lo —1)-V(A) 20, Ly>o - V(A) =0 and is hence physical. Recall from Sec. 4.4 that in
addition all states formed from DDF operators are transverse to null states. We conclude
that the string coherent state defining properties (a-c) are satisfied.

Let us now consider the corresponding local normal ordered representation of V(\),
which in practice means subtracting all self contractions from the vertex (5.2). The vacuum
¢ X(2) ig already normal ordered and so the remaining self-contractions that need to be
subtracted are those associated to contractions with one leg in the DDF operators and one
leg in the vacuum. In Sec. 4.4 we computed the normal ordered representation of arbitrary
covariant states. For the above coherent state this is obtained by using the integral
representation of the DDF operators (4.64) in (5.2) and carrying out the operator products
on account of the onshell constraints (given below (5.2)) and the property A, - ¢ = 0. The
integrands of the DDF operators are to lie on the real axis as they are brought close to
the vacuum which is also on the real axis, z = z, and so the relevant propagator takes the

form,

(X)X (w)) = —(2/ )% In(z — w). (5.5)

From Fig. 4.2 where the open string DDF construction is exhibited it can be seen that
this is the correct procedure — in the figure we have conformally mapped to the disc with
boundary zz = 1 (instead of the upper half plane) where the propagator is again of the
form (5.5) on the boundary (up to terms that drop out of correlation functions). We then
compute all Wick contractions and subsequently analytically continue in the variable of
integration and choose an integration contour that circles the vacuum. The same procedure
can then be repeated, with additional DDF operators which may be brought close to the
resulting state in the same manner as above and so on. The resulting normal ordered
vertex assumes a particularly simple form when we assume in addition, A\p~g - Apso = 0,
see (4.98). In this case the normal ordered open string coherent states are given by a linear

combination of the traceless mass eigenstates (4.92),

o 1 » ,
V(N = —222_ 0y exp < “An - Ho(2) e mq-X(z)) e X (2) (5.6)

A/ 2p+V” n—1 n

the difference being that for open strings the dimensionless quantity H,(z) reads,
Hi(2) = V2a/'p*Sn(Ng; 2) + P& (2), (5.7a)

N .
Py(z \/7 Z_ 3mXA( )SN-m(Ng; 2). (5.7b)

Had we not required, Ap~0 - Amso = 0, we would have found instead for the case of a single
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mode, A ={0,...,0,A2,0,...,0}, n#0, forall A=1,...,p—1,

oo 19/2]
o 1 —2a (o ama)-X (2
V(A = gpiv A\ E E a' ] (2 2)\ “AnSh n) (EA" . Hn>g ei(p—gnq)-X( )7

g=0 a=0
(5.8)
which follows from (4.100). For later reference, define the quantity U(\) by the expression,

V() = —22_ C\U(A)e? X ),

The more general open string coherent state for an arbitrary set {)\f} can be be written
down directly on account of (4.98). Note that the vertex associated to (5.8) reduces to
that derived from (5.6) when A, - A, =0, n # 0, as it should.

Series expanding the exponential in (5.6) it is seen that the mass eigenstates in the
underlying Hilbert space are polynomials in 8% X, multiplied by ¢(P~2n 75n0)' X(2) for some
sequence of positive integers, {s1,s2,...}, with ) ns, equal to the level number. Also,
V(\) is an eigenstate of momentum in the directions transverse to ¢#; given that ¢> = 0
one may take for example, ¢* = ¢4 = ¢/ = 0 and ¢~ non-vanishing (see also the discussion
in Sec. 4.3), in which case one learns that p? - V(\) = pAV(\) and pt - V(A) = pTV (),

with® pr = 5 ¢ dz0X". The full momentum expectation value is in turn given by,?

() = (p" — Neg®),  and <ﬁ2>=—$(Ne—1), (5.9)

where we have identified an effective level number,

o0
Ne=> [l
n=1

in direct analogy to the generic DDF state momentum (4.67). These considerations imply
that V() carries an effective mass associated to N, which is in agreement with the usual
open string mass shell constraint, m? = (N —1)/c/, when N is identified with N,. Notice
that N, is a continuous function of the |\,| as required from the definition of a coherent
state, not necessarily an integer. Therefore, coherent states can in particular have masses
which are non-zero, but yet much smaller than the string scale (a common draw-back of
mass eigenstates), or, in the opposite extreme, they may have large mass and represent
macroscopic string states; although we have not yet proven that the states constructed
are macroscopic.

From the well known properties of coherent states [126] we expect the limit |A,| > 1
to be associated to the macroscopic or long string limit. To show that this is indeed the

case we next consider the open string coherent state (5.2) in lightcone gauge. Using the

8Here p* = Phpen = f dz OX* in this section only; in the rest of the paper, p* = p*,

see Sec. 2.6, and 2.7.
9Here as is standard in conformal field theory [207] we take |Viy) = lim.—o V(2)|0) with |0) the oscillator

vacuum and (Voue| = (|Vin))T. We write (A) = (Vous|A|Vin) for an operator A.

2 §az0x",

closed —
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map discussed in Sec. 4.4 we immediately write down the lightcone gauge analogue of the

covariant state (5.2),

V(e = Crop (30 Au-an) |07 0%). (5.10)
n=1

1
V2pTY,
This is also an eigenstate of pt,p?, as was the covariant state above (when ¢ = ¢ = 0).
The contractions are associated to indices, A, and are transverse to the longitudinal, =+,
directions (with v* = %(vo +oP) for some generic spacetime vector v#). This state is an
eigenstate of the annihilation operators, a/l. |V () = A2V (\))1. and so the lightcone

gauge position expectation value is given by (2.42),
(XA(2,2) — M = (X2, 2) — ),

with,
oo
(XA(2,2) — ) = —ia/p In |22 + i<%l>1/2 Z % (z"+z7"), (5.11)
n£0
where we have identified (p4) with p? (given that ¢* = 0). Equation (5.11) is the general
solution to the equations of motion, 00X (z, Z) = 0, the constraints, (0X)? = (0Xa)? =
0 having been solved by the gauge choice:!” X:lr(z, z) = —ia'ptIn|z|?, reached by the
conformal map z = €24 X() 7 = 200 X(3) (recall that ¢ -p = 1/(2a) for open strings).
The corresponding longitudinal components of the position expectation value are likewise
computed. On account of the operator equation, \/2_0/04; = %%ZZGZ : ail_eaz : (for
n # 0), and the fact that the coherent state is an eigenstate of oz£>0 with eigenvalue )\ﬁ

one learns that,!!

with
1 o
(X7 (2,2) —27), = —iF <o/p2 + E Anl? — 1) In|z|?

n=1

. 1 1 _ __
Tid D g A (2T,

n#0  rez

(5.13)

with the definitions )\64 = V2a/p4, p? = pAp?. Finally, in the Dirichlet directions, on
account of (2.42), it follows that,

<Xl(z,2) —il>lc = (Xl(z,z_:) —xl)cl =0,

with

/ I 1 1
XU (2 %) = ol —ialw!inZ +iy]& %<___>
(2,2) = 2" —id'w né—i—z 5 éﬁon W)
n

—i(o+iT)
’

i(o'fiT).

ORecall that 7 = (T)Buclidean = ¢(T)Minkowski, 2 = € Z=c¢e
" Recall that for open strings,
'\ 1/2 -
— = — A= 2 . Oé_ (07 —n ——n
X (2,2) —z~ =—ia'p In|z| +z(2) E o (z"+z7"). (5.12)

n#0
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which shows that the open string coherent state vertex operators we have constructed
are restricted to lie on a single Dp-brane, and that for vertices stretched between two
parallel D-branes of the same dimensionality one can still work with these vertex operators
provided the exponential factor given in (4.70) is inserted into the path integral.

The position operator is not a gauge invariant quantity and so the corresponding
covariant gauge position expectation value, although of the form (5.11), would be a more
complicated expression whose polarization tensors are not independent, being subject to
the constraints (0X)? = (0X)? = 0. Therefore, the covariant position expectation value
is not a particularly useful quantity in practice because the classical solutions we want to
match vertex operators to are not known in covariant gauge. The angular momentum on
the other hand is a gauge invariant operator, [L,, J*’] = 0, and so a good consistency
check is to show that both the covariant, (J%).., and the lightcone, (J%)., angular
momentum expectation values are equal (in the unit norm representation) to the classical
angular momentum, ngb. Such an equivalence would support the conjecture that (5.2)
and (5.10) are different manifestations of the same state and correspond classically to the
lightcone gauge solution (5.11). The total angular momentum operator is the integral of
the current associated to Lorentz invariance over a spacelike curve, say |z|> = 1 in the
coordinates z = e~ +i7) 7 = ¢H{=i7) that cuts once across the string worldsheet [166].
For the open string,

2 =1
JH = ~ y{de[“(?X”}, and SH = —ZZ Z(O/igaz — a’igaf), (5.14)
(=1
with el = %(a‘“’ —a"") and J" = LM 4+ S¥. Due to the anti-symmetry there are no
normal ordering ambiguities. L*” is the zero mode contribution'? and we have used the

doubling trick [114]. Notice furthermore that S* = $°7°; 2Im(a” o). For simplicity

focus on these non-zero mode components, S*, and consider first the components, S45.

2Tm ()\:LA)\E) , which

n>0n
follows from (5.11) and (5.14). In the lightcone gauge the quantity

For the lightcone gauge classical computation we find, SﬁB =>

(5481 = (VISP IV (Mhe,

is computed using S4Z =37, ) 2Im(a?,af), and (5.10). Given that [V (A))i is an eigen-
state of the annihilation operators it follows immediately that (S45). = 3 2Im(A:AND).

Finally, the covariant gauge quantity
(54} eor = (VVISHZIV (N))eov

is also computed using S4F = Y 050 %Im(af‘zaf), and we are to identify V(A) with
the covariant vertex operator (5.2), or, equivalently the operator state (5.4). For this

computation one may readily derive the following commutators [208],

[ AB] = méPBr,  and  [Ad,B]'] =0= B, B,

2In particular, in covariant gauge, L* = zMp” — z“p" and in lightcone gauge, LY = z'p’ — 2p,
L =g p' — %(xip_ —p_xi), Lt = %(x_er +p+x_) and Lt = z'p* which may be interpreted either

classically or quantum-mechanically.
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with B! = —i $ dz =1 eingX(2) g6 Appendix K. Using these one can show primarily
that
= m
g V) 2D ;AﬁBn‘f V(). (5.15)
n=1

From the definition of B,)* and [Aﬁ, B}”] = 0 follows the operator product,
B;"-V(A) 2 Spom(ng; 2) e ™I XE V(A

From this latter expression and the properties (see Appendix J and K), Sp = 1 and S,,<g =
0, we find that B7" annihilates V' (\) when m > n and shifts the vacuum momentum,
p* — p® — ng?, leaving the state otherwise unaltered, when n = m. From (B;]”)T =DB",
we find that terms with 7 > n similarly annihilate the out state, V' (\)T, in the expectation
value (SA4B).,, where similar considerations apply. Therefore, only the term n = m
survives in the sum over n in (5.15). We thus find the covariant gauge expectation value,
(SAB) v = Y po0 2Im(AAND). Collecting the classical, lightcone gauge and covariant
gauge computations, we have shown that,

2
(S eov = (41 = § Elm()‘;A)‘E) = SﬁB- (5.16)
n>0

The angular momentum components in the longitudinal directions are similarly com-

puted. For the lightcone gauge computation,
(5 e = (VISP IV e,

one can use the commutator [, ,a?,] = nai' | /(V2a/pT), but since V). is an eigenstate

of 04;?>0 with eigenvalue )\fL‘ it is advantageous to use the expression, v2a/a, = 2}% Yomez

U0y +; i S47. This then leads to, (S )ie = —o2r 30 Ymez 7Im (A A Ar—m)

with )\64 = 2a/p? as above. For the covariant gauge computation,
(SA7>COV = (V(A)|SAB|V()‘)>COW

to match to the lightcone gauge we use lightcone coordinates where, ¢t = ¢* = 0 and

q~ = —1/(2a/p™) (which solve the constraints ¢ = 0 and p-q = 1/(2a’)). One can readily
derive the commutators [208],
[a;l, Aﬁ] =nv 20/q_D;i’n, [Af, Din] = f&ABEﬁ'", and [Ag‘, EZI] =0,

with D}, = \/2 § dzzm0X e X and EY, = § d22"q-0X e X () (see Appendix K)

from which follows the operator product,

a; V() = V2a/q f: ( —An Dy + f: %An : )\mE[”*m) V(N). (5.17)
n=1 m=1

Consider the second term in this expression. Given that [Ay, E))] = 0 one may commute
the £, through to hit the vacuum, e X(2) where the following operator product is

required,

E;/mm e X(2) . \/20/q - Hn+m_g((n +m)q; z) lp=n=—m)-X(2) . (5.18)
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with v2a/q - Hy = 1 and ¢ - Hy,eo = 0, the polynomial H,, having been defined in
Appendix J.!13 In the expectation value, (VT SA- V'), this implies that we should only bring
E,; "™ to the right to hit V/(A) if n+m—¢ < 0. Of these, the n+m—£ = 0 subset will shift
the vacuum momentum, p — p — (n 4+ m)q, leaving the state otherwise unaltered, and the
n+m—~{ < 0 subset will annihilate it. Therefore of the terms with n+m—¢ < 0 in the sum
over m only the m = £ —n term will contribute. The remaining terms with, n4+m — £ > 0,
will not contribute either. These are to be commuted through to the out-state, V1, which
is annihilated by them. In doing so these latter terms first encounter afz from S4~. We
here use the fact that (V]a?, = (a|V))T 2 (322, LA v)T = 52 LAy B,
and [B",, E™] = 0, so that the quantities, £, ™, with n +m — ¢ > 0 commute freely
through to hit and annihilate the out state, VT, and so indeed only the term m = ¢ —n

will survive in the second term in (5.17) in the computation of (S47).

Next consider the first term in (5.17). On account of the operator product,

Df}fn e X(2) oo . H;?,g(nq; Z)ei(p—nq).x(z) .

and the properties, H& = p4 and Hf<0 = 0, we will commute the D{}fn through to hit the
e X(2) vacuum when n — ¢ < 0. Of these the subset of Dé—n for which n — ¢ = 0 shifts the
vacuum momentum, p® — p®—ng®, leaving the state otherwise unaltered, whereas the sub-
set satisfying n — ¢ < 0 annihilates it. The Dy _,, terms with n — £ > 0 are to be commuted
through to the out state, VT, in the expectation value <VTSA*V>, just like we did above for
the £, ™ terms with n +m — ¢ > 0. From the commutators, [A7}, Dp ] = (6AB ELn
and [A7}, E%] = 0 we find that, [D;}fn,exp (Y=o 2 - A,m)] = >0 AL E T

For the terms with n — ¢ < 0, for which fon s X 2, On V 20/ pA etP—) X (2). we find,

An-Din VA 2D Mg A BV (A)+ 2 60 V20 Ape ™ XEV () (n—0 < 0)
m>0

(5.19)
Now, the same argument that applied to the second term in (5.17) applies to the first
term in (5.19) and so again only the m = ¢ —n term will contribute in the sum over m to
the expectation value (S47). Finally, for the first term in (5.17), for which n — £ > 0, we
commute A, - Dy _,, through to the out state V1 using the fact that [B7, Dé—n] =0 and
vt Dg,lfn =2 om0
term m = n — ¢ contributes in the sum over m (which is consistent with n —¢ > 0 as m

MoV E,; "M The same argument as above applies and only the

is positive).

Identifying —g~ with 1/(2a/p™), the above considerations are summarized in the ex-

13See also comments below (K.11).
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pression,
(Vistv) 1 7 Jm{ (482) (5 33 A A
o \/_er 2 n=1m>0 ,
+ Ag - Age~ A X©) 4 i > M Ambnome ) )
n=~¢+1m>0
\/_ pt 2 Z m M)

>0 mEZ
(5.20)

and this is in agreement with the lightcone gauge and classical computation. In go-
ing from the first to the second equality in (5.20) there are a number of steps. Let us
write f(n,m) = A, - )\mEZZ. Focus on the second parenthesis and recall from (5.18)
that one may replace e~ “4X in the second term with E; ¢, which identifies the second
term as f(¢,0). The delta function in the first term restricts the summations appearing,
i Zﬁzl S oimso f (M) o = 5 Zfiﬂ_:ll (¢ —m,m), and when the resulting expression is
combined with the second term, an_zll — Zﬁ’b:O' Similarly, the delta function in the third
term restricts the summations appearing according to Y>>, | 3" o f(n, =m)0y e1m =
Y m<o (& —m,m). The second parenthesis in (5.20) is therefore equal to 5 Zm:O fle—
m,m)+y . o f(€ m, m), half of the second term of which can be absorbed into the first
term leading to 5 Zm*—oo fll—=m,m)+3> o f(¢—m,m). After a change of variables
in the second term, m’ = m — ¢ with m’ € [£ 4+ 1,00), these two terms can be combined
into the expression 23", f(¢{ —m,m). On account of the fact that <VTBf€E[£V> =1
it follows that the first equality in (5.20) implies the second.

Collecting the classical, lightcone gauge and covariant gauge computations, we have
shown that the longitudinal components of the angular momentum for the classical, light-
cone gauge and covariant gauge computations are in agreement; in the wavepacket repres-

entation in particular,

_A —_A —A
(8™ Neov = (57 e = \/ﬂzﬁ z>ZOmZeZ m - Ae—m) = S’ (5.21)
The non-zero mode contributions to the angular momentum components involving S,
and ST4, are all vanishing in the chosen coordinate system where ¢t = 0. Recall further-
more that \j = v2a/p'.

We have shown that there is a one-to-one correspondence between the covariant vertex
operators (5.2), lightcone gauge states (5.10) and classical macroscopic string evolution
(5.11) and (5.12). The preceding angular momentum computations provide further sup-
port for the conjecture that the covariant and lightcone gauge descriptions are different

manifestations of the same state, both of which have a classical interpretation.
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5.2 Closed String

In close analogy to the open string case above, we define a closed string coherent state,
V(A A, ...), to be a state that:14

(a) is specified by a set of continuous labels (A, \) = {\} A\i} (with A and ) associated

to the left- and right-moving modes respectively of the string);

(b) there must exist a resolution of unity,

1= z/d)\d)\\V()\,)\,...)><V()\,)\,...)

so that the V(A A,...) span the string Hilbert space, H;

)

(¢) it must transform correctly under all symmetries of the bosonic (or super-) string.

The dots “...” in V(A A,...) allow for the possibility that the vertex operator depends
on additional continuous or discrete quantum numbers and these are all to be summed
over in the completeness relation.'® The unit operator on the left is defined with respect to
H,10 1 |V()\, A)) = [V(A, A)). The measures for the case of interest explicitly read dAdA =
1. % with N a to-be determined normalization and as usual d?\}, = id\%, A dA}

(no sum over i), and so on.

DLCQ Coherent States

In this subsection we construct closed string coherent states that satisfy the above defini-
tion. The construction will be naive and we will discover that internal consistency requires
the underlying spacetime manifold be lightlike-compactified: X~ ~ X~ +27R~. Quantiz-
ation on a lightlike compactified background is known as ‘discrete lightcone quantization’
(DLCQ) [209, 210, 211, 212]. In the following section we shall construct coherent states
in a fully non-compact spacetime background.

The closed string coherent state candidate that we consider in this section is obtained

by joining two copies of the open string state (5.2),

VO = e G (32 D A) e (32 L Am) 07X

(5.22)

T am adopting the rather general definition of a coherent state as given in [126] and minimally extend

it to include the string theory requirements. For instance, under this definition, coherent states need not

Iz P

>0 O in order for this definition to be

(in general) be eigenstates of the annihilation operators, a
satisfied.

15T will often not exhibit these latter labels explicitly, and hence write instead V(), A), or even V5, all
of which refer to the same object V(\, X, ...).

18T am being pedantic here for a subtle reason that will become clear later. Recall that the Hilbert space

i
n>0’

‘H is in general a background dependent quantity, and so the explicit realization of the unit operator, 1, is

also background dependent.
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with the normalization,

[e.e]

1 1 <
Cyx = ——l? = =l
n=1
chosen such that if we write V(z, 2) = V(A, A, p), the most singular term in the operator

product expansion is as in (4.43),

2
_ ~ (9 L

9

corresponding to ‘one string in volume V; 1’ as required by unitarity of the S-matrix,

which was discussed in Sec. 4.3. In operator language, we have:
(VLA D)|VN D)) =1, with |0,0;p) = g, ePX(=2),
This corresponds to a relativistic unit norm normalization with, see (4.54),
(0,0;'10,0;p) = 2p™ (2m)3(p*" — p*)(2m)* 252 (p/ — p).

Furthermore, (A, \) = {\%, AL}, are the polarization tensors, defined by, A, - ¢ = 0, \, =
An, and Y o |A4]|? < oo, and similarly for the anti-holomorphic sector {\,}. The
real vectors p* and ¢* are as usual subject to the constraints (4.65), repeated here for
convenience: p-q = 2/d/, ¢> =0, and p? = 4/d.

First let us prove that the vertex operator (5.22) is a coherent state by showing that the
defining properties (a-c) above are satisfied. (a) is trivially satisfied, the state is specified
by the set of continuous labels (A\,A) = {\),\\} and remains normalized for arbitrary
values provided [205] >0 | [A,|2 + [An|?> < o0. To prove that (b) is satisfied note that
primarily that V' (), \) is an eigenstate of the annihilation operators, A’ﬁ>0 -V 2 XV and
Al -V 2 ALV, which follows from the DDF operator commutation relations (4.69) and
the corresponding anti-holomorphic expression with A,, replacing A,. Therefore, we find

the following inner product,

_ _ 1 1.
(VOSAD)IVC,Cp)) = 0y pCr5Ceg exp <Z A G A Cn), (5.24)

n>0
which reduces to unity when (A\,A) = ((,() and p’' = p. Note that 8, , is a Kronecker
delta which reduces to unity when p+/ = p* and p’ = p and vanishes otherwise. By
then forming appropriate inner products and integrating we find that there exists the

completeness relation,

- dpt [ dp 2\ ) ; .
b= le/o 27 /Rm (2m)%4 / (g 21 > (g 2mn ) VA2 (VA )],

’ (5.25)

with n = {1,2,...,00} or, more succinctly,

- /d,u(p)d)\dS\‘V(A,x;p)><v()">‘;p)|’
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where we write du(p) = Vy_ 1d2p7:r (gjj)m, dr=1] Ao =dd\ A dXF and similarly

for the anti-holomorphic sector, d\, with X! replacing A%.!7 The phase space integrals are

n,t 27rn’

precisely as anticipated from Sec. 4.3 and in particular (4.40) for the sum over single string
states. In the case of closed string coherent states therefore we see that the additional sums

over quantum numbers in (4.40) correspond to integrals over the polarization tensors:
z / dQAA I d?\i
5 2mn 2n )’
n,A
Finally, to show that (c) is satisfied we must prove that V (), \) satisfies the Virasoro
constraints, Lo -V =2V, Lyso -V =2 0. These are trivially satisfied given that: the
DDF operators commute with the L, L, for all n, and the vacuum e X (%2 is physical,

Lo-ePX =i X [ o-eX = (. Similar results hold for the antiholomorphic sector with

L,, replacing L,,. Therefore, the vertex (5.22) is a coherent state and respects the string

theory symmetries.

We postulated that closed string covariant coherent states are described by the vertex
operator (5.22). These vertices however are not what we are looking for, and to see why
let us normal order V(\,A). To simplify the computation we need to assume as in the
open string case that Ay>o - Am>0 = 0 and similarly for the antiholomorphic sector (al-
though the argument that follows applies for arbitrary polarization tensors as well). The
normal ordering procedure has been explained in great detail in Sec. 4.4 for arbitrary mass
eigenstates, the difference here being that the coherent state V(A,\) is instead a linear
superposition of mass eigenstates. As in the open string, the normal ordered version of
(5.22) is obtained by using the integral representation of the DDF operators (4.64), the in-
tegration contour being taken around the vacuum e~ () and e?X(?) for the holomorphic
and antiholomorphic sectors respectively. Holomorphy then allows us to shrink the con-
tours and hence the computation only requires knowledge of the leading behaviour of the
integrand close to the vacuum, which is determined by operator product expansions using

the scalar propagator,
(XH(z,2) XY (w,w)) = —%77’“’ In|z — w|?. (5.26)

This procedure leads to,

o0 (5.27)
X exp ( Z %S\m . F[m(z)e*inq-X(z)) eip'X(Z’g),

Had we not assumed that A\,~g - Amso0 = 0, we would have found instead for the case of a

single mode, (A, \) = {O,...,O,A%,O,...,O;O,...,0,5\%,0,...,0},

VA = —=ee OaUAT (AP,

V2t Va1

"We shall occasionally write Vy5(p), V(A X), V(A X; p), or even V(z, 2) (with z, Z the worldsheet location
where the vertex is inserted) to denote the same object V (), A, p).
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with U(X) defined below (5.8),

oo 9/2]

1 1 a1 20
U0 =32 3 g gagi gt M Sun) (e ) e
g=0 a=0

and U()) given by a similar expression with X’ z, S, m(2) and H (%) replacing the
corresponding holomorphic quantities. Note that the positive integers n,m need not be
equal. The more general case of coherent states with more than a single harmonic and
when Ap>0 - Am>0 7# 0 can be deduced from (4.98).

The underlying Hilbert space consists of the states we are superimposing in order to
construct the closed string coherent states. These can be obtained by series expanding

the exponentials which leads to an expression of the form,

VAN o Y Pol[pF X]elm2nnen® X o 3" Pol[gF X] (P 2um mSma) X (2)
{81782,...}20 {51,52,...}20

(5.28)
with Pol[0% X| and Pol[07 X] being certain polynomials of the arguments which depend
on the sets of uncorrelated positive integers {si,ss,...} and {51, S2,...} respectively.
Let us write N = Y ° ns, and N = Yoo ns, for an arbitrary sequence of positive
integers {s1, s2,... } and {51, 82, ... } respectively. We learn that the left- and right-moving
momenta associated to a given mass eigenstate in (5.28) satisfy, k' — kﬁ = —(N — N) q,
the associated total momentum being k* = %(szf + k). It is therefore clear that we are
super-imposing mass eigenstates with asymmetric left-right momenta and so the manifold
in which the coherent states live is in fact compact. This is an S' compactification in a
direction specified by the null vector g*. We can read off the radius of compactification
directly from kp, — kg or equivalently one may compute it by applying the operator,
¢ (dz OXH +dz0X “), (that measures the total change in X*#(z, z) in going once around
the string [114]) to a mass eigenstate and identify the corresponding eigenvalue with RFw,
with w the winding number. This leads to w = N — N and R+ = —%/ q¢" and therefore:
R? = 0. We learn that the underlying spacetime manifold is compactified in a light-like
spacetime direction, that is we are considering the DLCQ [209] of string theory. Lightlike
compactifications show up in the connection of M(atrix) models to string theories: DLCQ
of M-theory has been conjectured [210] to be equivalent to U(N) super Yang-Mills (at finite
N).1® Although lightlike compactifications are in general rather non-trivial [212], various
properties of a vertex operator in a lightlike compactified spacetime can be extracted
rather straightforwardly as we show next.

To become more explicit go to a frame where ¢7 = ¢ = 0 and ¢~ = —%R‘ which

implies the identification (with X non-compact),
X~ ~ X~ +27R". (5.29)

This is shown schematically in Fig. 5.1. Let us go to the rest frame (in the lightcone gauge

18See for example, [209, 210, 211, 212] and also [213, 214, 215].
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XU

Figure 5.1: Lightlike spacetime compactification. The two-dimensional plane X%-XP is
shown. In the figure on the right one is to identify the parallel grey lines such that
X~ ~ X7 +2nR™. The future lightcone of a given spacetime event is specified by the
dashed lines. The aforementioned identification leads to the equivalent S! x R spacetime
cylinder on the left. Signals slower than the speed of light and lightlike signals in the
negative X direction always propagate up the cylinder in the positive X+ direction.
Lightlike signals in the positive X? direction are stuck at X+ = const hypersurfaces.

Causality is not violated (the spacetime is marginally causal).

sense) where in addition, p’ = 0. With this and the above ansatz for ¢* we can solve the
constraints p? = 4/a’, p-q = 2/a/ and ¢®> = 0 which lead to the following expressions for
the total momentum of a lightlike compactified mass eigenstate,

KO = %(% + m2R*>, KD = %(i - mQR’), and K =0, (5.30)
with m? = %(N + N — 2), the mass squared of the particular mass eigenstate in the
superposition (5.28). That m? does not depend on R~ naively seems to imply that light-
like compactification does not change the mass spectrum of the uncompactified theory.
However, the Ly — Ly Virasoro constraint is already satisfied by the above state and so IV
need not equal N: the Hilbert space, H, contains all the usual states where N = N (and
hence w = 0) but also includes additional states for which N # N (and w # 0) without
breaking conformal invariance.

The Hilbert space H admits the orthogonal decomposition, H = @,z Hw, such
that vertices V,, € H,, wind around the lightlike direction with winding number w.
Given that winding number is conserved (i.e. commutes with the worldsheet Hamiltonian,
[Lo + Lo — 2, W] - Vi 2 0), suggests that we may project out the winding states and thus
obtain a vertex operator, Vj € Hp, with (as we show below, see p. 120) coherent state
properties which can be embedded in fully non-compact spacetime.?°
Given that (5.30) is not of the standard form, k& = n/R, for the total momentum

in a compact dimension of radius R [114] one may wonder whether the corresponding

¥ The decomposition is orthogonal in the sense that (Vin|Vn) = 0m,n. The interpretation of dpm . of

course depends on the chosen normalization of the vertex operators, see e.g. (5.24).
20T would like to thank Joe Polchinski for suggesting that the projected states should also have coherent
state properties.
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wavefunctions are still single-valued?! — single-valuedness of the wavefunction is the reason
as to why one enforces k = n/R in the first place. That they are single valued can be seen
as follows. Translations along a compact dimension whose direction is specified by the
vector R are generated by, exp (2m'R-]§) : XH(z,2) = XH(z,2)+2r RF, with p# the total
Noether momentum, p* = 5 $ (dz 0XH(z) —dz 5X“(2)). The excitations that appear in
V(A A) (i.e. the polynomials of 0% X,07 X) commute with $ and so single-valuedness of

the vertex operator amounts to showing that
exp (2miR - ) exp <ikL - X(z) +ikg - X(Z)) = exp (ikL - X(2) + ikg - X(Z)),

for any mass eigenstate in the superposition. Carrying out the operator products on the
left hand side (with the contour integrals encircling z,z and ki, = p — Ngq, kr = p — Nq)
it follows that the above statement holds true for the individual mass eigenstates with
lightlike winding and hence is also true for the closed string coherent states. We conclude
that V(A A) is indeed single-valued under translations around the compact direction.??

Curiously, lightlike compactification seems to be invisible at the classical level when,

Z ’)‘n‘Q - Z D‘n‘2=
n=1 n=1

which is none other than the statement of “classical level matching”, N, = N,, because
Ne =32 |Au]? and N, = Y0, [A,[|? are what we would have found had we computed
the expectation values of the number operators,
N:Za,n-an and N:Zd,n-dn,
n>0 n>0
and we have taken into account (5.24); that is, (N) = N, and (N) = N,. Furthermore,
classical level matching is required for consistency (see below). One way of seeing that
lightlike compactification is invisible at the classical level is by directly computing the
expectation value <]§£ > — <ﬁ§> (with respect to the state (5.22)) and showing that it
vanishes, as this would imply that (X~ (2,2) —27) = —i(p; ) In 2z —i(pg) InZ+. .. is single
valued as one traverses a spacelike direction of the worldsheet which is classically only
possible if X~ is non-compact, i.e. if (X7 (z,2) —27) = —i(p )In|z|> +....
On account of (5.24), it follows that?3

(X7 (z,2) =27 )=—i(Ne—1)R Inz—i(N.—1)R™ Inz. (5.31)

Notice that only zero modes contribute to the position expectation value in the covariant
gauge version of the state (5.22) for a reason that was first realized in [125], and which we

expand on in the following paragraph. For the X direction we find correspondingly,

;-
o 1
XT(z,2)—2") = ———=—1In|z|%. (5.32)
(XH(,2) —at) = =S = nls
21T would like to thank Diego Chialva for raising this question.
22This proves that the solution to the single-valuedness requirement that one normally considers, k =

n/R, must be generalized in lightlike compactified spacetimes.
ZFor completeness I note also that %<ﬁ£> =[Ne —1]R™, %<ﬁ§> = [Ne = 1]R™ and (p}) = (p) =
1/R™ with p* = (B + k) and pi g = 55 (PL.r P R)-
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Recall that the operator Lo — Ly generates spacelike worldsheet translations,
[Lo — Lo, X*(2,2)] = (20 — 20) X"(z, 2), (5.33)

and that one of the physical state conditions is that states be invariant under such trans-
lations,

exp|—ie(Lo — Lo)| - V 2 V;

infinitesimally, || < 1, we have (Lo — Lo) - V =2 0. Computing the expectation value,
<[L0 — Lo, X*(z, 2)]> = (28 — 25) <X“(z, 2)>, with respect to a physical state V it then
follows that

(20 — 20)(X*(2,2)) =0

must be satisfied by any such state. This in turn explains why there are only zero mode
contributions in (5.31) and (5.32) (non-zero mode contributions would violate this condi-

tion), and secondly enforces classical level matching,

N, = N,, (5.34)

so as to ensure that the operator (20 — z0) annihilates (5.31). Given that V/(X, A) has an
effective mass given by (m?) = 2 (N, + N, — 2) it follows that the full momenta are given
by, (p~) = 2(m*)R~, (p7) = 1/R, enabling one to write:

/

(X*t(z,2) —at) = —i%(pi>ln|z|2. (5.35)

This implies that indeed as claimed above lightlike compactification seems to be invisible
at the classical level. However, this result is not unique to lightlike compactifications. In
particular, notice that the reasoning following (5.33) also applies in the case of spacelike
compactifications, z? ~ x' + 27 R. In the case of spacelike compactifications, in particular,

one finds the consistency requirement:

Curiously, this seems to imply that toroidal compactification in general is invisible in such
expectation values.

That only zero modes contribute to the expectation values (5.31) and (5.32) of course
does not mean that the coherent state (5.22) does not have a classical interpretation, but
rather implies that the condition for classicality, (X*(z, 2)) = X}(z,2), with 00X/ (2, z) =
0 is not compatible with the symmetries of closed string theory when the gauge choice (cov-
ariant gauge in this example) does not fix the invariance under spacelike worldsheet transla-
tions [125]. Note that any covariant vertex operator must satisfy (za—zé) <X“(z, 2)> =0,
whether or not it has a classical interpretation. To get round this, one may fix the invari-
ance of the state under such translations (as done in [125]) but this is somewhat messy
and not practical for general states. Alternatively, one may pick a gauge that explicitly

breaks the invariance under such translations from the outset, e.g. static gauge. To see this
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notice that?* in static gauge, e.g. X° = o/p7, XP = Ro and XP ~ XP + 27R, from the
outset where it is manifest that spacelike worldsheet translation invariance, o — o + s, is
broken by the gauge choice. Here (X'(o,7)) = X},(c,7) can be satisfied non-trivially be-
cause in static gauge states of the form A Andly, |0, O;pi,pf,p£> are physical without
requiring the existence of a lightlike compactification. Unfortunately, it is not known how
to quantize the string in static gauge unless (starting from the Nambu-Goto action) one
restricts to small fluctuations transverse to X?, X with R large, in which case the lead-
ing term in the action becomes quadratic in the fields X* and the path integral can be
carried out perturbatively in 1/R. We would like to discuss the construction of quantum
states which correspond to arbitrary classical solutions (e.g. solutions with cusps where the
above expansion would presumably not suffice) and so this is not the approach we shall

take here. A better solution is possibly to instead replace the definition of classicality,
(XH(2,2)) = XH(z,2), with,?®

21
<:X“(0/,7)X”(J,7):>:/0 ds XH (o' — s, 7) X (0 — s,7), (5.36)

modulo zero mode contributions (recall that z = e~*+7) 7 = ¢e=i7)) Rather than
fixing the invariance under o-translations on the quantum side (as done in [125]) we
average over o-translations on the classical side.

The definition for classicality (5.36) is appropriate for states in any gauge (e.g. covariant
or lightcone gauge) that does not fix the invariance under spacelike worldsheet translations
and we will be making use of it when we present the construction of coherent states in
non-compact spacetimes. For the states (5.22) however there is yet another solution which
is even simpler — the solution is to go to lightcone gauge, because in lightcone gauge the
presence of lightlike compactification breaks the invariance under such translations thus
making the classical-quantum map, <X“(z, 2_:)> = X!(z, 2), possible.

Before we elaborate on the lightcone gauge construction, we would like to point out
that one should be careful in drawing conclusions from statements of the form (5.35)
when the expectation value is evaluated in covariant gauge. One can argue that it is not
permissible to compute the expectation value of (5.33) given that X*(z, z) is not a well
defined conformal operator — although it is classically a worldsheet scalar, it can give rise
to a conformal anomaly in the quantum theory.?® In lightcone gauge there is no such
subtlety because the constraints associated to quantum conformal symmetry are satisfied
automatically by the gauge choice.

Above we mentioned that lightlike compactification breaks the invariance under world-
sheet spacelike translations. To understand why this is the case recall that [166] in

lightcone gauge the constraints (0X)? = (0X)? = 0 reduce to the operator equations

24The following was suggested by Ashoke Sen and I would like to thank him for extensive very helpful

discussions of these issues.

25This was suggested by Joe Polchinski and I am very grateful to him for this suggestion.

ip-X(z,%)

26For example, it is the presence of this anomaly that makes the object e anomalous unless

p? =4/ .
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oy = %p% (Lg — 1), and &, = V%# (Lg — 1), with Ly, Ly the transverse Virasoro

generators.?” Therefore, level matching in lightcone gauge corresponds to the statement,
- 21 . 2

(ag — &g )[Vhe = JF(LO = L)V e, (5.37)

from which it follows that states compactified in a lightlike spacetime direction, for which
ay # &y (recall that oy and & are the left- and right-moving momentum operators,
%/ pr, and \/%pg repsectively), are not invariant under spacelike worldsheet shifts, (Lé—
L§)|V)ic # 0. Therefore, the above argument which led to (20 — 20)(X'(z,2)) = 0 does
not apply in lightlike compactified spacetimes, X~ ~ X~ + 27 R~, thus implying that
the classical-quantum map, <X“(z, 2)> = X/|(z,%), may be realized. We show next that
indeed the lightcone gauge realization of the coherent states (5.22) can be mapped in this
way to arbitrary general classical solutions.
According to the discussions in Sec. 4.4 the lightcone gauge version, |V (A, A))ic, of the
vertex (5.22) is obtained by the mapping, 4>, — o’ and g. e X2 — |0,0;pT,p"), so
that

_ 1 > 1 > 1 . ;
‘V()‘a )‘)>1C = \/ﬁ C\5 exp <; E)\n : a,n) exp <mZ:1 E : Olfm> |0,0;p+,p )-
(5.38)

This is Similar to the open string case (5.10); it is an eigenstate of the annihilation op-

erators, o' with eigenvalues A%, A and of the momenta pT, ' with eigenvalues

n>0> n>07
pt, p', respectively. The vacuum is normalized as in (4.54),

(0,0;'10,0;p) = 2p™ (2m)3(p*" — p*)(2m) 252 (p/ — p).
The position expectation value in the transverse directions is therefore given by,
<Xi(z,2) - £i>1c = (Xi(z,é) — xi)cl,
with
(X'(z,2)—a') = —Z—p In |2)? +Z\/72 (AL 2"+ Xz, (5.39)
n£0

Furthermore, from the operator equations, «;, = \/%p%r(l/ﬁ — 5n,0), we find that in the

longitudinal directions,?

(X7 (2:2) =) = (X (22) = a7),,

2"Recall that the transverse Virasoro generators read, Lﬁ = % pi + Nl Lo = % ,+ Nl7 and
Nt =3, oal,ah, N- =3 & ,.d,.

28Recall that

X (z,2) =2~ lenz z—pRlnz+M/ Z +a,z ")

n;éO

11 L i
and Ly = 535 o7 Q@
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with
o _ 1 osd 1 5 o ~
(X (2,2) —x )d = —2p—+(zp + N, — 1) Inz— 2p—+(zp + N, — 1) Inz
el 1 T b
+1 § n g opt <>\nfr A2 A s A Z ),

n#0  reZ

with the definitions \j = \/%/pi, 5\6 = \/%/pi, and p'p’ = p?, and as discussed above we

am to enforce classical level matching, N, = N,. For completeness note also that
/
Q@
Xt (z,2) = —i3p+ In|z|?.

Notice that in the rest frame, p’ = 0, the zero mode contribution in (5.40) is identical
to that found in the covariant gauge (5.31) when p™ = 1/R™. The quantities (5.39) and
(5.40) are none other than the general solutions to the equations of motion, 90X = 0,
in lightcone gauge [216]. We therefore conclude that indeed the classical-quantum map,
(XH(z,Z2))1c = X!(2,2), can be realized in a spacetime with lightlike compactification
when this map is carried out in lightcone gauge. This is in accordance with the above
considerations. Note that this is specific to lightlike-compactified spacetimes and does not
apply in spacelike compactifications, because this conclusion relied on the left-hand-side
of (5.37) being non-vanishing.

Finally, before we construct closed string coherent states in fully non-compact space-
time let us show that the angular momentum of the covariant gauge, lightcone gauge and
classical descriptions are all identical, as we did in the open string case (5.16) above. For

the closed string,
2 _
JH = —( f{ dXmax" — f{ de[“aX”}),

o (5.41)
= LM 4 S,
with the zero mode contribution denoted by L,, (given in a footnote on p. 105) and
SHY = SH (o) + SM (&) with SM (o) = —i )2, (o jof — ¥ o) and a similar expression
for the antiholomorphic sector, S (&). We shall concentrate on the non-zero mode part:
S#. The derivation is almost identical to the open string case and so we do not repeat
it here, the only difference being that the open string normalization of the momentum is
half that of the closed string: %pc = p, (although we don’t bother to keep the subscripts

when the context is clear). We find that for the transverse directions,
. y 92 o .
(5T)eow = (ST =Y ~Tm (AN, +ATN,) = 54, (5.42)
n>0
and for the longitudinal components,
—i i o 2 1 * * \1 3\ * % 1 _ Qi
(5 )ecov = (5 e = \/ o ngoéezz m—p‘*‘lm()‘mfé AL AL AL A )‘m) =545 (5.43)

with in addition all components involving the + direction equal to zero. This correspond-

ence provides further evidence for the conjecture that the covariant gauge vertex operator



5.2 Closed String 119

(5.22) and the lightcone gauge state (5.38) describe the same physics (share identical cor-
relation functions) and are different manifestations of the same state which classically have

a lightcone gauge description given by (5.39) and (5.40).

Before delving into the coherent state construction in non-compact spacetimes it is
worth noting that the requirement of a lightlike compactified background in the naive
construction of the current section is the cost of working in a standard gauge, namely
lightcone or covariant gauge where all the string technology for amplitude computations is
well developed. It is also possible to construct closed string coherent states in a modified
lightcone gauge [217], where the requirement of a lightlike compactified background, X~ ~
X~ + 2rR™, gets shifted to the requirement of a spacelike compactified background,
XP ~ XP +27rRP. Here, instead of making the lightcone gauge identification X (z,2) =
—z'%/pJr In |z|?, one chooses X1 (2,2) = —i% 5 pL Inz —i% pR Inz, which in turn solves
the constraints in a manner similar to the lightcone gauge case. Here however, with the
additional freedom of choosing pf and p§ independently it becomes possible to rotate the
spacetime coordinate system in such a way that the resulting coherent states propagate

in a spacelike rather than a lightlike compactified spacetime.?”

Coherent States in Non-Compact Backgrounds.

We next construct coherent states in fully non-compact spacetimes. We showed above
that the coherent state (5.22),

V(AN Dp) = 970)\/\ exp (Z A A_ ) exp ( i % ) P X (2:2)

A/ 2p+V d—1 m—1
(5.44)

satisfies all the coherent state defining properties but only when the underlying spacetime
manifold is compactified in a lightlike direction of spacetime. Below (5.30) we concluded
that in addition to the usual states in the underlying Hilbert space which satisfy N = N,
there were additional states for which IV # N and these correspond to states with lightlike
winding. This suggests that starting from (5.44) we may truncate the underlying Hilbert
space and project out all states with N # N. The resulting states will be manifestly
level-matched and will propagate consistently in fully non-compact (but also compact)
spacetimes.

To project out all states with N # N, thus leaving only N = N states in the underlying

spectrum, we define a projection operator,

~

/
G :/ dse*W—u)  with W= %(p{pg — Pipr), (5.45)
0

with pf' = 2 § dz0XH, ply = —2 § @z0X*, and W the lightlike winding number operator.

21 would like to thank Kostas Skenderis and Marika Taylor for bringing [217] to my attention.
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The Virasoro constraints associated to level matching read,

_ O/A o/A _
In=Lo= (ot + ) = (Toh + )

/ /

— Y ks sty L Y52 852V L NN
5 (PLbr, — Prig) + 7 (PL — Pr) + (5.46)
/
~ o, ~ _
=-W+—(pf —pPr) + N-N

4
=0,

from which the origin of the projector, G,, becomes clear: when G, is applied to arbitrary
vertices it projects out all states in the underlying Hilbert space except for those with
lightlike winding number w. In the case of interest when there are no transverse compact

directions, pi = p2R = p?, we may equivalently write the covariant expression
W = —o'p - W,

where p# = %(pﬁ + pf) is the momentum of the vacuum, p? =4/d, p-q =2/, and
wk = %(ﬁﬁ — ]5’1%) is the winding vector (see Sec. 2.6).3" Notice for example that for some

generic vertex operator,
W - P(0# X, 0% X)e!(P— N X (2) ilp—Na) X (2)

_ 4
= (N — N)P(0* X, 0% X)e! P~ N1 X(2) ¢ilp=Na) X (2), 47

with P(0# X, 0% X) the oscillator contribution that commutes with . Then, covariant
vertex operators without lightlike winding are obtained by setting w = 0 in (5.45) and are
given by,

VoA A) = Go - V(A N, (5.48)

the dot denoting operator product contractions, or normal ordering. Taking V' (), \) to be

the coherent state (5.44) we are to commute Gy through the DDF operators, the relevant

. sV St Ly o 1 insy | W s o .
term giving €W eXn=1 7AnAn = eXnz1 7€ A AngisW Gith g similar relation for the

anti-holomorpic sector, with e~ replacing e*. This follows from the Baker-Campbell-
Hausdorff formula, the commutators [W, ALl =nAl,, [W, Al ] = —nA’, , and the

elementary Schur polynomial representation (J.la) with

n

o0

sl
as = - Z:l(ms) EA" A,

The resulting vertex operators are then the candidate quantum states to represent arbit-

rary classical loops in non-compact Minkowski spacetime:

21 0 )
VoA, Asp) = 7# C)\A/O dsexp { 21 %emsM : Afn}
o " (5.49)
X exp{ Z %efimsj\m X [Lm} eip-X(z,z)
m=1

30The winding vector @ is not to be confused with the lightlike winding operator w.
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with ) -
u 1 A 1 _ , —1/2
Cyy = {/ dsexp <Z E\)\n\QemS + E\)\nIQe_ms)]
0 n=1

a normalization constant. The normalization as usual fixed by the ‘one string in volume
Vg_1’ condition, which leads to a unitary S-matrix. As discussed in Sec. 4.3, this is
equivalent to fixing the most singular term in the operator product expansion as in (5.23),
which in our conventions, as discussed there, is equivalent to requiring that the state have

unit norm,
Vo Asp) VoA, Aip)) =1, with  |0,05p) & ge ™.

Note that the out state Vo(\, M) is given by Vo(\, A) with {\*}, A, and —p replacing {\,},
A_,, and p respectively (corresponding to Hermitian conjugation in Minkowski signature
worldsheet), and similarly for the anti-holomorphic sector.

We first check that (5.49) satisfies the defining properties (a-c) of a string coherent
state as laid out in the beginning of this section. The properties (a,c) are trivially satisfied
because the state is still specified by a set of continuous labels and the projection operator
(5.45) does not alter the states in the underlying Hilbert space, H. The Hilbert space is
instead truncated®! and so, given that any linear combination of physical states is also a
physical state, the vertex (5.49) must be physical. To check that (b) is satisfied, i.e. that
a completeness relation exists for the projected states, we start from the completeness
relation associated to the unprojected states, the existence of which was established on
p- 110,

1= /du(p)dAdA\V(A, Ap)) (VA Aip)]-
Apply a projection operator, GG,,, on either side of this expression to find that:

Lo = [ dup)iNaAVal3, X)) (VO i) (5.50)
where we have defined, G, = 1,,, as G, is none other than the unit operator, 1,,, with
respect to the truncated Hilbert space, H,,, which consists of all states with lightlike

winding number w. To show this note that |V,,) = G,|V) and G? = G,, (recall that G,,

is Hermitian). From the latter two expressions it follows that
Gw’Vw> = ‘Vw>a

and so indeed G, = 1,,. Thus, there exists a completeness relation for the projected states
also, as required from the definition of a coherent state.

Note also that if we sum over w in (5.50) it follows that,

]1:/du(p)d/\d7\ D IV Xp)) (VA A p)],

wW=—00

31The picture I have in mind here is, H = Dz Hw, with Gy, such that, G : H — Hu, and Gy :
Hw - Hw-
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with 1 the unit operator with respect to the larger Hilbert space H, so that 1|V) = |V),
and this serves as a consistency check.

The Hilbert space of interest here is Hg which is the coherent state Hilbert space
associated to non-compact spacetimes. From the above considerations we conclude that
(5.50) is indeed a resolution of unity with respect to H,,, and have thus shown that the
string coherent state defining properties are satisfied by the states Vi, (A, A; p). Next notice
that because winding number is conserved, []:I, W] V(N A;p) 20, with H = Lo+ Lo—2
the worldsheet Hamiltonian, the Hilbert space decomposition, H = @, <z Huw, is indeed
orthogonal; when all quantum numbers other than winding number are equal, (V,,|V,,) =

Om,n for vertices, V,,, € H,,. We conclude that vertex operators,
Vb(AaS‘ap) € HO,

can propagate in fully non-compact spacetimes, and have shown in particular that the
vertex operator (5.49) is a closed string coherent state that can be consistently embedded
in non-compact flat Minkowski spacetime.

In a scattering amplitude that involves say n coherent states Vj and any number of
non-coherent states, one can drop the Gp’s in n — 1 of these vertices. To see this let us
look at an example, say the elastic massive string forward scattering amplitude from an

arbitrary closed string coherent state, Vj,

(VJUtUVy) = ((GoV)TUTU(GoV))
= (VIUTUGV) (5.51)
= (VIUTUW,),

with, U = P(0% X, 5#X)eik'X(Z’2), a vertex operator without lightlike winding, and we
have used the fact that G is Hermitian, commutes with U and squares to itself.

The inner product associated to the projected states can be derived from the properties,
AL VoAV, AL Ve =NV, (>0 and  (VIVi) = um,

which follow from the DDF operator commutation relations. From these it follows that

the constructed coherent states are as usual over-complete,

_ _ 2m 1 4 1-  _ 4
(Vo X p)IVo(€,&:p)) = 6p’,pc)\>\cg,5/0 ds exp (Z —A e =N G e*““),

n>0

and this expression reduces to unity when (\,\) = (&, &), and we have again made use of
the fact that G2 = Gy. Note that 0y p is a Kronecker delta which reduces to unity when
pt' = pt and p’ = p, with p and p’ the momenta of the vacua associated to the in and
out states, as above.

The normal ordered version of Vo(A, A) analogous to (5.27) can be derived from (5.27)
by computing the operator product, Vo(A,A) = Go - V(M A). In the particular case
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that Apso - Amso = 0, one finds an expression identical to (5.49) with H’(z)e @ X ()

Hi (2)e~ "4 X3 replacing A* ,,, A* respectively, with an overall integral over s,

o 0o
3 Ye 1 ins —ing-X(2)
VoA, \;p) = C / dsex E —e"™ N\, - H,(2)e "™
VAP = V2r Vi o p<n:1” 7 ) (5.52)
© 1 . N _ ’
—ims . =\, —img-X(2) ) ip-X(z,2)
X exp <mE:1 e Am - Hp(2)e ) e .

This follows from the general result (4.98) and (5.49). Notice that this is still an eigenstate
of pT,p" if we make the choice ¢7, ¢ = 0 with ¢~ non-zero, as was the unprojected state
V(A A). Recall also that in the rest frame in addition to taking p’ = 0 one is to take
H,(z) — P,(z) as discussed in Sec. 4.4.

We now add a few comments on the extension of the result (5.52) to coherent states
in spacetimes with spacelike compactifications. If we make the choice ¢t,¢* = 0 with ¢~
non-zero, and toroidally compactify d. of the d — 2 transverse (spacelike) dimensions with
radii of compactification R’,

2~ a2t 4 21 R,

(with 7 as usual denoting directions transverse to %), then the vertex operator (5.52)
generalizes trivially, and one is to simply replace 7 X(2:2) —, L X(2)eiPr-X(2) with p and
pr the left- and right-moving momenta, that are in turn related to the total momentum,
p, by p= %(pL + pRr), see Sec. 2.6.

It is possibly useful at this point to give an example. The simplest coherent state vertex
operator where only A* = A} is non-vanishing and A - A = X\ - \ = )\f1 411 = 5\,2# 1, =0,
follows from (5.52) and reads,

21
N Je B s X
V()(Z,Z)—icw\/ ds exp (ie'*¢C-0X e ¥
VIV s ( ) -
X exp (Z'e_isgt- 00X e—iq-X(z)) eip'X(zvz),
with
N - = X5, —p' d 2= |\ 2 _ )2
Cu=XN(6, —plan),  CF=XN(6,—p'qn), an IC12 = AR, G2 = |5

It is manifest that the s-integral serves to set the total number of holomorphic and anti-
holomorphic worldsheet derivatives to be equal in every term of the series expansions of
the exponentials.

Proceeding in a similar manner to the open string case, the lightcone gauge states

corresponding to (5.49) are given by,

21 o

1 1,
=— C}\j\ ds exp ( —e"™ )\, - )
V20V nZ:l n Lo (5.54)
- .
1 - .
X exp ( Z —e " N - d—m> 10,0:p%, 7).

m
=1

VoA, ),
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We next consider the lightcone gauge classical solutions, X/ (z, Z), corresponding to this
state. Having projected out the lightlike winding states, worldsheet translation invariance
is restored (in both lightcone and covariant gauges) and according to the above discussion
the condition for classicality (X*(z,z)) = X/|(z,%) is to be replaced by (5.36), rewritten
here for convenience in the (z,z) = (e~#7+7) ¢H{o=i7)) coordinate system with the zero

mode contributions explicitly subtracted,

2m
(:[ XM, 2) =M [ XV (2, 2)—2"]:) = /0 ds [X“(z'eis, Z/efis)—x“] a [X”(zeis, Zeiis)—x”]

cl”
(5.55)
Given that we know the classical solution, i.e. the right-hand-side of (5.55), in lightcone
gauge, see (5.39) and (5.40), we establish (5.55) for the projected states in lightcone gauge.
For the transverse directions, i, j, to evaluate the left hand side of (5.55) in the state

(5.54), we make use of the closed string mode expansion,

4 . r / 1. .
Xi(z,7) — 4 = _z'%pz In |22 + u/% >~ (ahz " +an ), (5.56)
n#0

and the fact that:

O‘Zﬁ>0|Vw>lc = M Vao-n)ic, d;>0|vw>lc = 2| Vit e, and (ValVindic = 0nm,
(5.57)
which follow from the oscillator commutation relations, [, ady] = NOp+m,009, [a4, ol =
n5n+m706ij and Gl, = Gy, GIUGm = 6w,mGm. Furthermore, (Viplat,,, = XV _y| and

P'|Vo) = p'|Vy). From these expressions we find that,

(XU, 7) — 2] [XT(2,2) — 27] 1) = — (%/)Qpipj In |2/|?In |2[2
S p(3) () () ()
(5.58)

It is trivial to show that this expression is identical to the right-hand side of (5.55) when,
i(, i o 2 .| Lovi —n i o-n
(X'(z,2) —a') , = —igp In|z|* +14 5 Z;;OE (A2 "+ ALz, (5.59)
n

thus proving that the definition of classicality (5.36) is satisfied by the projected coherent
states in the transverse directions.
For the longitudinal directions, to evaluate the left-hand side of (5.55) in the state

(5.54), we make use of mode expansions,

X (a2 =i = i o+ iy 5 Y e =)
2,2) = &7 = —i5p  Inlz Y ;éonoznz &, Z
n

a/
Xt (z,2) = —iEﬁJr In|z|?

(5.60)
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We find that,
(:[Xx"(¢,7) - af] [Xj(z,Z) - :Uj} ) = —(%)2@7)#‘ In|z'|*In |z|?
g P (2) () an () () ]

n;ﬁO

where we have found it convenient to write,

. 1 1 - _
A\ = \/_Z r A and AT = 2/ZF)W_T.)\T.

rez

This is computed using the fact that the a;, are determined entirely in terms of the af,,

according to (for n # 0),

o, = — Z and &, = — Z al_al
p rez p rel

from the relations (5.57), and from the commutation relations [L, af,] = —nad, . and
[Li.al] = —ndl,, with LF = \/Spta, and L} = /%p*ta, (for n # 0). The
n = 0 term yields the lightcone gauge Hamiltonian, p~ = \/7(0[0 + aq ), with oy =
‘/?p_+ (Lé — 1), and ¢y = \/?F (Ijé — 1), or:

T (Ly + Ly —2).

p = Oéer 0 0

The expectation value of the lightcone gauge Hamiltonian is in turn given by,

W( P2+ > Pl + D 1l —2),

n>0 n>0

(™) =

exactly as for the DLCQ coherent states, and there is again thus an effective level number
for the left- and right-movers N. = Y~ _ [Au|? and N = 3, |An|* respectively. For
the right-hand-side of (5.55), the computation is the same as for the transverse directions,
given that the integrals do not see the polarization dependence, and so the result is as in
(5.58) but with A, replacing A}, in accordance with the above result.

Similarly, for the X~ X~ directions, the result is:

(X (7)) -2 [X (z,2) —a]:) = —(2)2(:(ﬁ7)2:>1n |2/[? 1In |z|?

S e (3) e () e () e ()
(5.62)

whereas for the X~ Xt and XX directions only the zero modes contribute, because
(XH — o) = =% (p*) In|2[? (with p = {+,i}),

/

(:[X1(,2) =2t [X (2, 2)]:) = —(%)QWW In|2'[2In |2[2. (5.63)
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We have thus proven that (5.55) is indeed satisfied for the lightcone gauge coherent states
(5.54), in all spacetime directions.

Furthermore, from (5.58) it follows that the rms transverse distance from the center of

mass to an arbitrary point on the string, r = /{(X(z, 2) — x)2), in the rest frame, p = 0,
is given by, ,

=g ;} %(wﬁ Al — 2Re(hy - A2 ), (5.64)
where we have Wick rotated back to a Minkowski signature worldsheet, 7 = im\;. The
vertex operator (5.54) and by extension (5.52) clearly represents a macroscopic string

when \,, and )\, satisfy,

1 - - .
57 =5 (1Al + Al = 2Re (- Ape21) ) 5 1.
n>0 n
Recall that one is to enforce ) |An|? < oo and similarly for the antiholomorphic sector
in order to ensure that the coherent state vertex operators are well behaved [205].

Let us compare the result (5.64) for the size of a string with the naive estimate for the
length or size of a string, £ ~ /o’ N, which follows from, mgﬁ ~ 4N, /a/ and meg ~ pl
(with meg = (m), p = 1/(27a’) the string tension and /¢ its length). Recall that N, =
> =0 |An|?, and therefore,

/ ~ 2 — 7
o/ N, Y =0 [ Anl

For an arbitrarily excited cosmic string where arbitrarily large harmonics, n, contribute

to N,
! < /o' Ng,

and so the naive estimate £ ~ v/a/ N, breaks down when the contribution of high harmonics

is significant. This is of course to be expected, because the presence of high harmonics
implies also that greater amounts of energy are concentrated in a smaller region of space.

We next show that the non-zero mode components of the angular momentum, S%, and
S~ associated to the covariant gauge coherent vertex operator (5.49), that associated to
the corresponding lightcone gauge state (5.54) and that of the classical solutions (5.59)
are all equal to the expressions found for lightlike compactified states (5.42) and (5.43),

re-written here for convenience: for the transverse directions,
() eov = (ST)e =Y %m(x:w; + AN =57, (5.65)
n>0
and for the longitudinal components,
(S eov = (S Ne = \/g SN n%lm(A;;_g AL N NN = S5, (5.66)
m>0 L7

with in addition all components involving the + direction equal to zero. The derivation

of these expressions is almost identical to that described in the open string coherent
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state section. The three modifications that are worth mentioning are: (a) the covariant
and lightcone gauge projected vertex operators are not eigenstates of the annihilation

operators, there being instead the relations (5.57) for the lightcone gauge and,
g Vo(A) =2 f} N B - VoM. (5.67)
n=1 "

for the covariant gauge; (b) there is a single s-integral due to the property mentioned
with an example in (5.51) and so we do not need the relation analogous to (5.67) for the
longitudinal direction; and (c) there exist the orthogonality relations, (V,:r Vin)cov = On.m,

(ValVin)ic = On,m in covariant and lightcone gauge respectively.



Chapter 6
Graviton Emission Amplitude

In this chapter we consider an application of the cosmic string vertex operator construction
of the previous section. The computation will nevertheless be somewhat incomplete, in the
sense that we do not compare the results with the corresponding classical computation and
we present the exact tree level result without making any approximations. Consequently,
the result will also be harder to interpret — this section is work in progress.

We in particular compute the u-channel forward scattering graviton emission amplitude
associated to the closed string covariant coherent states with first harmonics only excited
(5.53),

2
Vo(z,2) = N C)\/\/ dsexp (ieis)\-aX e*iq'X(z)> exp (ie*isj\-éX e*iq'X(g)) e X(2:2),
0

V/2pt Va5
(6.1)

the imaginary part of which yields the cross section for graviton emission.! We also check
that in the appropriate limit the result reduces to the 4-graviton amplitude computation
of Kawai, Lewellen and Tye [218].

The physical state conditions require that the polarization tensors satisfy, A - A = 0;
see the comments below (5.27). We will consider graviton emission from a coherent state
at rest, p' = ¢ =0,and so p- A =¢- A =0 (in fact ¢- A = 0 in all frames), and similarly

for the antiholomorphic sector, p- A = ¢- A = 0. Furthermore, the normalization reads

2 L q1)2
Cx = [/0 dsexp (|A\[2e" + ’)\’26723)} )

We find it convenient in this section to take o/ = 2, so that the constraints on the momenta
are, p-q =1, ¢> = 0 and p? = 2. Series-expanding the exponentials, it can be seen that
these constraints are (as we showed in the previous chapter) the onshell conditions for the
mass eigenstates that we are superimposing which gives rise to the above coherent states.

The relevant forward scattering process is depicted in Fig. 6.1, the imaginary part of

!Note the slight change of notation: we find it more useful here to make manifest the dependence of
the vertex operator on the worldsheet insertion point, Vo(z, Z), rather than the continuous coherent state

parameters, V(\, ).
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which yields the amplitude for a coherent state to emit a graviton,

Je
2kt Vo5

and subsequently go into anything. The graviton polarization tensor and momentum are

Vy(2,2) = i¢ - 0X(2)iC - 90X (z) eF X (=3, (6.2)

such that k? = 0, ktC,, and (. = (. Without loss of generality we have formally
written (,, = CHC_I,. That the coherent state is allowed to change after having emitted
a graviton is a manifestation of the fact that we are automatically taking gravitational

backreaction into account which is almost always neglected in the classical computations.

Figure 6.1: The u-channel forward scattering graviton emission amplitude, the imaginary
part of which yields the cross-section for graviton emission. The coherent vertices are

labelled by 1 and 4 and the graviton vertices by 2 and 3.

The non-trivial contribution to the dimensionless tree level S-matrix element for this

process is given directly by the following path integral,

(fI(S =1D)li) = CSQ/ d* 2y |212]*|213] | 223]?
5 (6.3)
X /DX e SOXIV (24, 20) V] (23, 23)Vy (22, 22) Vo (21, 21)

with z;; = z; — 2;, the normalization [114], Cs, = 47/g?, and the Polyakov action given
in by, S[g, X| = ﬁ Js d’20,X - 0:X + ..., where d?>z = idz A dz. Recall that there is no
moduli integral at tree level given that the associated moduli space consists of a single
point, see Appendix F.

Instead of working directly with the S-matrix, as discussed in (4.44) to (4.47), it is
often more convenient to factor out the kinematic factors 1/ \/m from the vertex

operators, in which case the path integral yields:
i(2m)*00%0 (Py — P)M(L,...,4) =

s, / P2z, ymy?\zlgﬁymy?/px &SIV (24, 20V (23 2) Vi (220 22) Vo 21, 21),
> (6.4)
where now it is understood that vertex operators are normalized as in (4.44). We thus
work instead with the Lorentz scalar M(1,...,4) and to get an S-matrix element we divide

by the appropriate kinematic factors as shown in (4.47),
M(1,.

\/2p1 Vi \/2p4vd 1

Spi = 6pi +i(2m)*06%° (P — Py)



130

Recall now that the s-integral in (6.1) arises from the operator product, Vo = Gy -
V, with Go a projector, G3 = Gy and G(T) = (o, which only propagates states in the
underlying Hilbert space without lightlike winding and V', in the normalization (4.44),
the coherent vertex, V = g.C,5 exp (iX - 0X e_iq'X(z)) exp (iA - 0X eTir X(2)) gipX(22),
and Cyy = exp(—3[A|2 — 3|A|?). Given that [Go,V,] = 0, it follows that (VJVJV;,V@ =
((GOV)TV:JVg(GOV» = (VTVgTV;,Vo>, and therefore we need only retain a single s-integral
in the scattering amplitude (6.3). This is essentially correct, the only subtlety being that
although one of the two V| insertions can be replaced by V' the normalization constant is

still Cyy for both insertions.

Due to the existence of, according to the Riemann-Roch theorem (F.12), three con-
formal Killing vectors (CKV) on Sy there is [166, 114, 141] a residual PSL(2,C) = SL(2,C)/Z»
symmetry which has been used to fix three, z1, zo and z3, of the four vertices with a single
remaining integral over z4, see Appendix F. The standard factor |z12|?|213|?|203|% arises
from dividing by the volume of the gauge group [141]. We will eventually choose z; = oo,
z9 = 1, z3 = 0 and rename z4 = z, and similarly for the antiholomorphic quantities,
Z] = o0, zo = 1, z3 = 0, and z4 = Z, after having established the PSL(2,C) invariance
of the amplitude (which in turn ensures that it is independent of this choice). For this

purpose it is convenient to factor out a PSL(2,C) invariant measure,?

o |asf
dp = d°zp————, (6.5)

because the integrand associated to this measure is then guaranteed to be a function
of the cross-ratios, e.g. z12234/213224 (see below), which are invariant under PSL(2,C).
Therefore, d?z4 |z12|?|213|%|223]? = dpu|z12223234241|> and when we fix the coordinates as

described above the measure reduces to, du = d*z/|z|2.

Carrying out the X-path integral leads to,

2 0 00
1 kri-kr; 1 - _kpi-kr.
M) =€ fapmnzal [ as( 3 o Ta4) (3 g6 [T5").
a=0 i<j b=0 i<j
(6.6)

2C2_ . and the products in the last two factors

with k =), k;, the normalization, C' = 47g; vt

2Recall that under the global conformal group, PSL(2,C), the coordinates, z;, of Sz transform according
az;+b

[141] to z; — oo with a, b, ¢ and d complex numbers such that ad — bc = 1, under which:
J

dZ]'

Zij
i T L e
(cz; + d)?

d ozyj——
an S (czi +d)(czj + d)



131

ranging over 1 < ,j < 4. The quantity M, is defined by,

=S 06-0(3) [0-26-9 090 a)a - ( fo) (fw)

+;(a@(®7@.m+/@[/ az(/ g/l )
+[ia—e+2 <£f2><‘g>(1.2)( M(/ / ))z

S, )@ fe
+(1-2)/(3)](/(> (/ >£+1H4] (6.7)

with a similar expression for M, with (i-5) — (7 - j) and [(i) — [ (i), and we have defined,

(Z ]) C@Z C] (W) C@ZQCJ /(Z) _ Z Ciz"]?Lj, and / Z Cz kRj

ij i i Y JFi “ij
(6.8)

The combinatorial coefficients in M, M), correspond to the number of permutations that

leave the associated terms at fixed ¢, a invariant.® Furthermore, we have written, k:f =
L(KY + kk;) for the i vertex, and,

{C{L? C57 Cga CZ} = {eisél;)‘i7 CN’ C*M7 5%)‘*2}7
{EREHE NS TS G I NGNGEN P
(6.9)
{kﬁl, kﬁQa kﬁga k“4} = {pﬂ - aq“’ kjﬂa _kﬂa _(p,u - aq“)}’
{kﬁl’ kjﬁQa kﬁg’ kjﬂ } = {pﬂ - bqﬂ, kju’ _kﬂ’ _(pﬂ - bqﬂ)}

A fundamental consistency check is to show that the holomorphic and anti-holomorphic
quantities in the integrand in (6.6) are invariant under PSL(2,C), the global conformal
group of So. Recall that the measure du is invariant. Closely examining the coordin-
ate dependence of M, (on account of momentum conservation and transversality of the
polarization tensors) it can be seen that the following structure naturally arises,

2127234 212734 >

a —2
Ma(21,22,23,24) = (2142’23) Fa< y
213224 232214

(6.10)

with F, a function of cross-ratios only. We define this function F, by (6.10). There is

3This counting does not include trivial permutations such as (i -j) < (j -4), (i-5)(k-1) < (k-1)(i-J),

or [(i) [(G) < [() [().

4For 4-point functions there are six cross-ratios in total, three of which are,

212234 —z 212243 213242
— — z and _—

) )
213224 1—2z 214223 214232

—1-—z, (6.11)

the other three being given by their inverses. Only two of these are independent [207]; more generally
N (> 4)-point functions can always be written in terms of N(N — 3)/2 cross-ratios. We have also noted

the result of fixing the coordinates at z1 = 0o, 22 = 1, z3 = 0 and we have renamed z4 = z.
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a similar expression for M, with z;;, ¢, k', and b replacing z;;, (!, kk; and a respect-
ively; call the corresponding function of cross-ratios Fj. Cross-ratios are invariant under
PSL(2,C) and therefore any such function Fy, is also invariant under this symmetry group,
see e.g. [207]. To establish then that the full amplitude, A, is invariant, it suffices to show
that the remaining explicit coordinate dependence depicted in (6.6) with the extra factor
(2232%,)~2 can be written in terms of cross-ratios. Using momentum conservation and the
onshell conditions we find that,

— kri-ky; 212234\ 1(@)/2+41 / 219234\ w(a)/2—(a—1)
z7szaazar (22320y) 2 [ [ 2 = <_> ( )
sz (6.12)

i<j 214223
_ (_Z)t(a)/2+u(a)/27a+2(1 _ Z)fu(a)/2+a71’

where in the first line it is seen that the left hand side is invariant under PSL(2,C) which
is what we set out to show, and in going from the first to the second line we have fixed the

coordinates as described above. The Mandelstam variables in our conventions are given

by,
s(a) = —(kle—l—kLg)2, t(a) = —(kle—l—kL4)2, and u(a) = —(k‘L1+k‘L3)2, (6.13)

and we have written the result in terms of ¢ and u because we are interested in the u-
channel forward scattering, ¢ = 0, limit, see Fig. 6.1. That the Mandelstam variables
depend on the integer a which is summed over is a manifestation of the fact that coherent
states are not mass eigenstates. Note also that s+t +u = Y., m? = 4a — 4. We have
therefore shown that the amplitude is indeed invariant under the global conformal group,
PSL(2,C).

The function F, is a rather messy function of cross-ratios in general so we only exhibit
its form explicitly for the case of interest, namely forward scattering which by unitarity will
be related to the graviton emission cross-section. On account of the above considerations,
we find that the PSL(2,C) invariant, F,, in the case of forward scattering but otherwise
general polarization tensors and momenta, consistent with the symmetries, reduces (after

a certain amount of algebra) to,

L as - WG‘C‘ ? Ak 2 )\C 2 o B
apte=e Zé_miw(' B |) {W—f)(W) ()1 -2

£=0
(PN ey o (RN ey e
+a-0(fg) coma-ars (Bt o
e . . * 2
+ [1+2£(£-1)R & fg%f}{?’? ul ]](—z)—fu—z)—f
Re[(A- )¢ R)(A-R)] 1
— 2 ERSEE (—2) ‘(1 —2)7 1
Re[(X-Q)(C* - kra)(A\* - k)] _i -
o CPIx P . Z}’

(6.14)
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where we have fixed the three coordinates which can be done consistently after having
established that F, is a function of cross-ratios only; the 1/a!? factor comes from the
series expansion of the coherent vertices. Notice that for the soft graviton amplitude,

where the £ — 0 limit becomes relevant and ¢ - k; = 0, F,, would for instance be given by,

1 SO ias 1 a 1 a— —
—5 P ~ e (—,\AP S + i A PPV (=)

al al (a—1)! (6.15)
1 .

(a—1)!

Collecting the results (6.5), (6.6), (6.10) and (6.12) and substituting them into the expres-
sion for the amplitude (6.6) leads to,

i A-CRAPED (- >)

21 o
M(L,....4) =4mg? C2, / 02 / 13( 3 g Fal—2) @@t (1 g)mui/2vet)
0 a=0

1 -
% <Z _Fb(_z)t(b)/2+u(b)/2fb+1(1 _ z)fu(b)/2+b71>_

(6.16)
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The s-integral sets a = b, and when we integrate out z, on account of (H.6), we find:
20 Nlal - 2 N 2r
_ @m)? 5 |>\| KD ([ I BIN (AIC)) o |- k|
M(L,....4) = o/ C)"\Z Z '6’2 2 By (a—r)lr? 2 Al

A a—{—1,a— A (T ? a— a—L—
S e ()

+%’<|C : k1|> Hy 5t [1 +26(0-1)= 2 Re[(A- QA - ¢ )2]}1{“‘“1’“‘“1

[q (1A - K| >
Re [()‘ : C*)(C ' kl)()‘* : k)] a—Ll+1,a—4 Re [()‘ : C)(C* ' kl)()‘* : k)] a—t,a—0+1
-2 !C!Q\)\-k\Q H22+1 —2L ]CP!)\-kP H22+1

N-C N\ 2 -
. {(a—r)(ﬁ) AR <a—r><‘|— ¢ ‘) AR

o IC_-k1|>2 Fror 42 [ 2 Re[(A- ¢ )(;\'5*)(5\*'%)2]} 7o
5\ = Hair a—r T 1+ 27"(7“ - 1) 121\ Hazr a—r
2 ( <] | [CI2IA -k e
Re[(A-C)(C- k)N -k Re[(A-O)(C* - k)N - k
—2r e[( C‘)Q(C‘ 1)2( )] ngt}f’l a—r 2r e[( C‘(QC‘ 1)2( )] ngtl l,a—r+2
[CI2IA - K| [CI2IA - K|
(6.17)
where we have restored o by dimensional analysis and have defined,
H%M(u,t) _ NN-1- %S)I/’(M -1- %u)7
re+t-K)
_ o (6.18)
g (Wt) = Y o
Fr+Gs—MIQ2+ Gu—K)

with the integers N, M, K and N, M, K ranging generically from 0 to co. For example,
when a = 1 the amplitude is proportional to H, 8 ’OFI&O, which as we show below is precisely
the 4-graviton amplitude® as one would expect.

In order to compute the cross section for graviton emission from the coherent state
we need to extract the imaginary part from the above amplitude. Since the analytic
continuation of I'(z) throughout the complex plane, C, s known it follows that we know how
to analytically continue the full amplitude throughout (u,t) € CxC (recall that only two of
the Mandelstam variables are independent). In particular, the Gamma function is analytic
everywhere except for poles on the negative real axis, zpoles = —IN, for N = 0,1,2,..., see

Appendix H.4, and so the amplitude is analytic everywhere, except for poles located at,

s:s(NS—l), Ny,=0,1,2,...
%(Nt— 1), Ny =0,1,2,... (6.19)
u:%(]\fu—l), N,=0,1,2,...

®That is, up to a normalization that is different due to the different normalization of the coherent state
to that of the graviton.
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These correspond precisely to the creation of intermediate string states with masses equal
to the above values for s,f,u. We am interested in the forward scattering limit, ¢ — 0,
and wu-channel poles, see Fig. 6.1. Notice therefore that u essentially corresponds to the
invariant mass of the intermediate (or final in the forward scattering sense) coherent
state, after a graviton has been emitted. Of course, this is not quite correct because
coherent states are not mass eigenstates, and in fact individual terms in the sum over
mass eigenstates do not correspond to macroscopic string states. Nevertheless, a coherent
state is a certain linear superposition of mass eigenstates, and the point is that mass
eigenstates with arbitrarily large mass are expected to contribute; in fact on physical
grounds we expect most of the contribution to come from an intermediate coherent state
with N ~ N, where N, = > o |\,|? and X, the polarization tensor associated to
the final coherent state (see Chalgter 5 for further details on N, for general coherent
states). Given furthermore that the final coherent state will certainly be macroscopic
when the initial coherent state is macroscopic, we conclude that the contribution to the
amplitude from the large N, or large u region will be relevant. (There are subtleties
here however as we show below.) This suggests that we use Stirling’s approximation in
the limit of large u, and ¢ — 0. Note however that we will keep ¢ explicit until the
imaginary part has been extracted. Stirling’s approximation for the Gamma function,

#=1/2¢=2,/97. This is a remarkably accurate expression for

see Appendix H.4, is T'(z) ~ z
|z| 2 1. What is even more remarkable is that it averages over the infinite set of poles while
automatically producing the correct [50] branch cut, the discontinuity in which is related
to the imaginary part of the amplitude [219]. We hope to present this computation and
the corresponding comparison with the classical computation (see the Sec. 7.3 for further
details) in a forthcoming article. Below we add a few comments concerning the simplest

case, namely the soft graviton emission amplitude.

Before discussing the soft graviton amplitude, a good consistency check is to show that
the amplitude (6.17) in a certain limit reduces to that associated to forward scattering of 4
gravitons, computed by Kawai, Lewellen and Tye [218], which corresponds in particular to
the a = 1 term in, M(1,...,4) = > M(1,...,4),. We find that the 4 graviton forward
scattering amplitude reads (up to an overall normalization given that the coherent state

normalization is different from the graviton normalization and with o/ = 2),

_ (4m) SD(=1—5s)I(=1 = 30)I(=1 — 3u)
ML Hamr =5 O (2 —i-Q%s)I’(Q + ;L)r(z + %u)Q (6.20)
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with the kinematic factors,

= G )G ) (e )G ) 00 () S

+ %t|)\|2|§ |+ <%5 + 1)*1 (%u + 1)*1%75(%75 1) <%t ~2) A KPIC kP
(5 41) T ZEAPICR + SrcPIA k2 — (Gut 1) se(5t 1) 2Re[(1 - €)(C RO R

+ (%s + 1)_1%t(%t —1)2Re[(A- Q)(C" - k)N - k)]}

(6.21)
and
K= (%s + 1) <%t + 1) (%u—i— 1) { (%s—i— 1)71%% 2+ (%u—i— 1)71%@ Vet
+ %t|5\|2|5 |+ <%5 + 1>71(%u + 1)*1%75(%75 -1) <%t ~2)[%-PIC P
(5t 41) ZEAPICE + SuCPIA k2 — (gut 1) se(5t 1) 2Re[(R-E)E k)R]
+ (%s + 1)_1%75(%75 - 1)2Re[(5\ O k) k:)]}
(6.22)

which is in agreement with the forward scattering limit of the expression obtained in [218],

and this serves as a consistency check for the result (6.17).

The Soft-Graviton Limit

A simple amplitude that can be extracted from the above is the soft graviton amplitude.
We have kept [¢|?, [¢|? in (6.17) explicit for clarity but the graviton normalization is such
that it should be set to unity. Also, the quantities ¢ - ki, C - k1 can be set to zero if the
graviton polarization tensor does not have any time-like components (recall that the initial
coherent state is in the rest frame and so k{ = 0). Given that Ju = —1(p — aq — k)?, it
follows that in the soft graviton limit, where k — 0, we have %u = a — 1. However, in the
Mandelstam variable-dependent coefficients, H, H, we need to keep both u and ¢ general

for the time being. We find,

(47T)2 272
o gCC)J\
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Notice that if the imaginary parts of the combinations HH appearing were independent

of a, then we could use the fact that,

o0

¢ > (APIAP) (6.24)

a=0

and so the only A\, A dependence would be through the remaining terms, polarization

tensors would not appear in the exponentials. A generic term HH is of the form,

Hngel,aJreQHé I(—x+ %t +e)l(x+e)(6—1— %t)

_ (625
atesatds TPy 494 Tz +1—e3— ) D(—z+1—eq) (6.25)

with 0,0’ = 0 or 2 and e; = £1, and we have defined,
r=a—-1-32u=—(p—aq)- k,

where in the second equality we have written u in terms of the original DDF momentum
variables. For finite a, in the limit £ — 0 we see that x — 0 and so the a-dependence
of HH seems to drop out. However, a is not finite in general — the sum over a ranges
from 0 to oo, and so we first need to carry out the sum over a and then take the soft
graviton limit £ — 0. This then suggests that x is the appropriate large variable that can
be used in Stirling’s approximation which in turn will lead to the imaginary part of A.
Consider an individual momentum eigenstate of momentum k; = p — aq and assume this
emits a graviton of momentum k, resulting in a momentum k| state. Suppose all states
are onshell, so that m? = —k?, m/ 2 = —k'12 and k2 = 0. Momentum conservation implies
that k; = Kk} + k, or m? — m'? = —2(p — aq) - k, and so on physical grounds we expect
x > 0. Therefore, in Stirling’s approximation we will take = to be large and positive. We
then find that the imaginary part of (6.25) is,
at (r—e1 — %t)el_%(ac +e9)? 72

Im Ha—l—el,a—I—egHé _ " A /
( a+63,a+34) 9 (1’+1—63—%t)%_e?’(x—l—i—&l)%_e‘* %%7

where we have used the fact that (—)¢1*¢ =1 and Im(—)%t = mt/2, and have defined

I —1-11) AL (-2/:5 —1>
202

[(=6 +2+ 3t) 1 t)2

The various combinations ¢, = 0,2 and e; = £1 then yield the imaginary parts of each

of the nine terms in (6.23).



Chapter 7

Discussion

We have presented a fairly complete discussion of massive vertex operators in bosonic
string theory in a flat Minkowski background, a certain subclass of which (coherent states)
may be identified with the macroscopic fundamental cosmic strings. We have presented in
particular the construction of a complete set of mass eigenstate covariant normal ordered
vertex operators and a complete set of (open and closed string) covariant coherent states
with all constraints solved completely. The construction became possible by making use of
DDF operators which enable one to translate between lightcone gauge states and covariant
vertex operators. We then went on to discuss a simple amplitude computation involving
these new vertex operators, in particular the graviton emission amplitude for a closed string
coherent vertex operator with first harmonics only excited. In the next few paragraphs
we briefly discuss and elaborate on the underlying structure that has been uncovered. We
start with a discussion of the general covariant mass eigenstate vertex operators, and this

is followed by a discussion of the more elaborate coherent state vertex operators.

7.1 The mass eigenstate vertex operators

One of the key features we have uncovered is that elementary Schur polynomials,® S, (ng; 2),
and the related polynomials, H'(z) and Sy, (2), all of which are defined in Appendix J,
play a fundamental role in the construction: arbitrary flat space vertex operators can be
represented in terms of elementary Schur polynomials as we have shown explicitly in (4.99)
and (4.98). The traceless subset of these is given by the vertex operators (4.92). These
polynomials have useful integral representations which facilitate path integral computa-
tions.

Building on the observations of D’Hoker and Giddings [131], the use of DDF oper-
ators has enabled us to present an explicit one-to-one map between the lightcone gauge
states and covariant normal ordered vertex operators. In the case of traceless polarization

tensors there is a simple prescription: to construct the normal ordered vertex operator

LOr equivalently complete Bell polynomials.
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corresponding to a given lightcone gauge state one is to make the replacements (4.93),

a, — H,,(2)
a - H;(2)
|0’0’p+,pl> — gc ei(p_NQ)p‘XH(sz)

The spacetime vectors, p*, ¢, are defined for the closed string in (4.65) and for the open
string in (4.76), ¢* is transverse to all oscillator indices and the overall normalization and
polarization tensors are then the same on both sides of the correspondence. States on
both sides of this map have identical masses, angular momenta and we conjecture that
they also share identical interactions. It would be useful to check this conjecture, possibly
by performing amplitude computations on both sides of the correspondence and checking

that there is agreement.

Due to the explicit presence of transverse indices on the resulting covariant vertex
operators, one may wonder whether these are truly covariant (in the spacetime sense).
The answer is that they are covariant but not manifestly so. This is made clear by the
two examples (4.80) and (4.88) (the first of which has already been given in [131]), which
have been re-written in such a way that the resulting polarization tensors and momenta
can have all spacetime components non-vanishing, not just the transverse ones. These
vertices can be inserted into covariant path integrals [114, 141] and one need not make the

covariance manifest in order to do so.

Although the harmonic distribution of monomial vertex operators? is intimately con-
nected with polarization tensors with specific Young tableaux symmetries [132], we have
shown that general massive vertex operators can be constructed with polarization tensors
which correspond to arbitrary irreducible representations of SO(25), and this is what one
would expect from the lightcone gauge construction. Furthermore, we have shown that
the monomial vertex operators are only useful for states with oscillators containing mode
numbers (or harmonics) smaller than or equal to D — 1 = 25, see (4.6).> Apart from the
fact that one cannot write down a complete set of states by considering the monomial ver-
tex operators [132], it is easy to see that for example there cannot exist a fully symmetric
representation when higher harmonics are involved (i.e. worldsheet derivatives, "X with
m > 1). This is because the harmonics correspond to the row of the Young tableau, and
elements in any given column are anti-symmetrized, see Fig. 4.1. All these obstructions
are resolved completely by the massive vertex operators presented in Sec. 4.4 which form
a complete set with polarization tensors corresponding to arbitrary irreducible represent-
ations of SO(25), the little group of SO(25,1) for massive strings.

2By monomial vertex operators we mean expressions of the form (4.1), with polarization tensors as
exhibited in Fig. 4.1).
31 would like to thank Steven Weinberg for correspondence concerning this point.
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7.2 The coherent state vertex operators

The DDF construction has also enabled us to construct a complete set of closed and open
string coherent state covariant vertex operators, i.e. states characterized by continuous
labels (namely the polarization tensors A%, A!), which transform correctly under all sym-
metries of bosonic string theory.? The exact definition of a coherent state vertex operator,
that we suggest is appropriate in the context of superstring theory, can be found in the
opening lines of Sec. 5.1 and Sec. 5.2, for the open and closed string respectively.® One
of the most important features of these vertex operators is that they have a classical in-
terpretation — what we mean by a state with a classical interpretation has been explained
in the opening lines of Sec. 5. The size of these strings corresponding to these vertex
operators is arbitrary and specified by the magnitude of the polarization tensors A, A}, —
these states are (when |\,|? > 1) macroscopic with expectation values evolving according
to the classical equations of motion, and may therefore be identified with a toy model

version of the macroscopic fundamental cosmic strings.

The open string coherent states

The open string coherent states (5.2) are constructed from a linear superposition of
the open string mass eigenstates of Sec. 4.4. The spacetime set-up we have in mind
here corresponds to a vertex operator for an open string attached to a single Dp-brane
or two parallel Dp-branes (of the same dimensionality), the so-called p-p string vertex
operators NN and DD. It is likely that the more general p-p’ vertex operators with possibly
mixed boundary conditions ND and DN may be constructed from these along the lines of
[202]. We have concentrated on strings with excitations within the D-brane worldvolume
(i.e. polarization tensors with non-zero components in directions parallel to the brane),
the corresponding transverse excitations which have the interpretation of ripples of the
brane being related to these via T-duality [203, 4]. Apart from these, there are also open
strings with excitations in both the transverse and tangent directions relative to the brane
— we hope to present the details of these other possibilities in a separate article dedicated
to the construction of open string coherent states on D-branes.

We have also provided a one-to-one correspondence between every open string covariant
coherent state vertex operator, the corresponding lightcone gauge description and finally
the classical solutions to which these vertex operators correspond to. We have computed
the angular momentum and mass of these states and showed that there is agreement

between these three descriptions.

The DLCQ closed string coherent states

4We have thus overcome the problems in the covariant coherent state construction encountered by

Calucci [220], but see also [221, 125].
®Note that the naive definition that coherent states should be eigenstates of the annihilation operators

is not in general compatible with the symmetries of string theory [125], as this would imply that (X) =
Xelassical, and this is not possible when states are invariant under spacelike worldsheet translations, see

comments below (5.32).



7.2 The coherent state vertex operators 141

The closed string coherent states we have considered are composed of two copies of the
open string. The naive construction (5.22), of Sec. 5.2, with the corresponding lightcone
gauge expression® (5.38), turns out to only be consistent in a spacetime with lightlike
compactification, X~ ~ X~ 4+ 2rR™, see Fig. 5.1. The normal ordered expression has
been given in (5.27) for the case of traceless polarization tensors. Although these states
are presumably not phenomenologically relevant (at least if they are interpreted as cosmic
strings because lightlike compactification breaks 4-dimensional Lorentz invariance), they
serve as a good starting point for the more refined closed string coherent state construction
of Sec. 5.2.

The lightlike compactified coherent states do nevertheless have interesting features and
may have other applications: lightlike compactification also known as Discrete Lightcone
Quantization (DLCQ) [209, 212] of M-theory has been conjectured [210] to be equivalent
to finite N U(N) super Yang-Mills, see also [223, 224, 211] and [213, 214, 215]7. A concise
overview of these developments can be found in [225]. Although the present article is
specific to the bosonic string, many of these results go through to the superstring as I
hope to show in a forthcoming article. These coherent states have been shown to have
certain perhaps surprising features: even though X~ ~ X~ 4+ 27 R~ the expectation value
is single-valued: (X~ (o0 + 27, 7)) = (X~ (0, 7)) with all spacetime components being non-
trivially consistent with the classical evolution, 9(X*(z,2)) = 0, see (5.39), (5.40) and
(5.34). This presumably implies that lightlike compactification is a quantum-mechanical

effect which is invisible at the classical level.

There are certain subtleties here, related to whether the vertex operators are invariant
under spacelike worldsheet shifts or not: when vertex operators are invariant under such
shifts, the expectation value (X*(z,z)) cannot satisfy the classical equations of motion
non-trivially [125]. This is a gauge dependent issue and is not related to whether vertex
operators have a classical interpretation or not. For example in lightcone gauge, lightlike
compactification breaks the invariance under spacelike worldsheet shifts (while preserving
conformal invariance) and this is why the expectation values are compatible with the
equations of motion (5.39) and (5.40). Indeed, for every classical solution to the equations
of motion there is a lightlike compactified coherent state with expectation values consistent
with these equations of motion. These are subtle issues and have been explained in great
detail in Sec. 5.2. For example, the covariant gauge version of the coherent state (5.22) is
invariant under spacelike worldsheet shifts and so does not satisfy the equations of motion
non-trivially: there is only the zero mode contribution (5.35) with a similar expression for
the transverse indices.

We suggest that states with a classical interpretation that are invariant under spacelike
worldsheet shifts should satisfy the equation (5.36), which may be interpreted as a defini-

tion of classicality for such states. In fact, this definition is relevant for most states with a

A similar expression has appeared already in the literature, e.g. [222].
"I would like to thank Sanjaye Ramgoolam for a very interesting discussion on the Matrix Model —

string theory correspondence.
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classical interpretation: all states in lightcone or covariant gauge in a spacetime without
lightlike compactification are invariant under such shifts, whether or not they have a clas-
sical interpretation. Static gauge on the other hand breaks the invariance under shifts and
so instead the definition (X) = X is appropriate.

Another interesting feature is the mass shell constraint which is identical to the usual
expression for non-compact spacetimes, m? = 2(N+ N —2)/a/, but with N not necessarily
equal to N (without breaking conformal invariance): the radius of compactification, R,
does not appear in this expression. Furthermore, there is a rather curious dependence of
the total zero mode momentum on R, see (5.30).

Finally, as a consistency check we have also shown that the covariant vertex operator
(5.22) and the lightcone gauge state (5.38) have identical angular momenta in all spacetime
directions which is in agreement with the corresponding classical computation, see (5.43)
and (5.42). This, together with the fact that there is a one-to-one correspondence between
the covariant and lightcone gauge states, supports our conjecture that the lightcone gauge
states (5.38) and the covariant vertex operators (5.22) are different manifestations of the

same states and therefore share identical interactions.

The non-compact closed string coherent states

Consistency in the naive closed string coherent state construction led to the require-
ment of a lightlike compactification of spacetime. Our main objective has been to construct
covariant coherent state vertex operators that may be identified with the fundamental cos-
mic strings, and therefore the requirement of a lightlike compactification is possibly too
constraining. In Sec. 5.2 we have shown that closed string coherent states can consist-
ently be embedded in a spacetime without lightlike compactification: starting from the
naive coherent states we project out the lightlike winding modes and end up with a vertex
operator (5.49) that satisfies the definition of a coherent state and has a classical inter-
pretation. The corresponding normal ordered vertex operator is given by (5.52) for the
case of traceless polarization tensors. By projecting out the winding states, translation
invariance is restored in both lightcone and covariant gauges and so the relevant definition

of classicality is (5.36), which as we have shown (5.58) is satisfied by the projected states.

7.3 Graviton Emission Amplitude for Coherent States

We have computed the forward scattering graviton emission amplitude for a coherent state
with first harmonics excited, including the leading order effects of gravitational backreac-
tion in bosonic string theory. The result is expected to shed light on the long-standing
question of how significant is gravitational backreaction in cosmic string evolution, and in
particular close to cusps. Although the coherent state we have considered carries only first
harmonics, it is possible with an appropriate choice of polarization tensors, see e.g. [58],
for this state to exhibit a degenerate cusp, i.e. a cusp that persists throughout the loops
motion. We hope to present a more complete discussion of these issues in a forthcoming

article, where we compare the prediction of the amplitude computed in the last section of
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the current document with the analogous classical computation found in [82, 83| (where
also backreaction was neglected), see also [55, 58]. It will also be interesting to determine
how our results differ from the corresponding graviton emission from mass eigenstates
[161, 54, 55, 56, 162, 58]. In [58] for example it was shown that the emission spectrum of
a quantum mass eigenstate (representing classically a folded rotating closed string) does
not exhibit the cusp-like behavior expected from the classical computation (where the
spectrum is found to be proportional to ~ w3 for strings in 4 dimensions) — this clearly
deserves further attention and it will be very interesting to find the corresponding results

for the coherent states.

7.4 Outlook

An immediate application for the coherent state vertex operators is in fundamental cos-
mic string evolution: it is likely that these are then the correct vertex operators for the
description of cosmic strings and it is now possible to search for discrepancies between
the classical computations and the string theory predictions. Here the coherent states are
useful not only because they correspond to an exact perturbative description of an arbit-
rarily excited macroscopic cosmic string, but because gravitational backreaction which is
almost always neglected in the classical computations is automatically taken into account
in string perturbation theory. In a forthcoming article I hope to present the first such
computation of the gravitational radiation from cosmic string loops including the effects
of gravitational backreaction.

A particularly interesting set-up is the gravitational radiation from strings with cusps
which classically have been shown [75, 76] to lead to strong signals that may be detected
in the gravitational wave experiments LIGO and LISA, although it is likely [117, 118] that
the effect of extra dimensions can play a significant role in the damping of this signal.
Cusps are likely to be a generic feature of string with junctions as well [64], although
recent evidence [119] suggests that for such strings the kink signal plays a more significant
role than does the gravitational wave signature form cusps. It might be that gravitational
backreaction plays a significant role in all these computations [120], especially close to
cusps and kinks on cosmic strings and therefore it is very important to carry out the
corresponding string theory computations and check that there is agreement. In any case,
given the quantum nature of fundamental cosmic strings, it is important to check that the
evolution is predominantly classical and that quantum effects are small.

Another interesting avenue is the comparison of mass eigenstates and coherent states.
A number of decay rate computations of mass eigenstate vertex operators have been carried
out, see e.g. [51, 52, 54, 55, 56, 57, 162, 58, 59, 60|, although explicit results have been
limited to vertices on the leading trajectory (i.e. first harmonics only excited), where for
example one does not expect to find non-degenerate cusps. At the qualitative level these
are in line with one’s geometrical classical expectation: mass eigenstate vertex operators

corresponding classically to rotating circular loops are more stable than vertex operators
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corresponding to collapsed rotating loops for example [56], thus showing that these states
do share at least certain characteristics of the classical evolution. However, as mentioned
above the spectrum of gravitational radiation from mass eigenstates does not match the
corresponding classical computation [58]. It will be very interesting to determine how the
mass eigenstate amplitude computations compare with the corresponding coherent state
vertex operator computations, the first computation of which has been given in the last
section of the current document.

Finally, we mention also an analogy with standard point particle quantum mechanics.
An important feature of harmonic oscillator coherent states is that in the presence of in-
teractions an initial coherent state, |1)(0)), remains a coherent state when the Hamiltonian
is linear in the operators of the Heisenberg-Weyl group, Hy, e.g. a, a', 1 and afa with
[at,a] = 1. That is to say, if H(t) = hwala+7j(t)a’+j*(t)a and j(t) # 0, the solution to the
Schrodinger equation, 9, |1)) = H (t)|t), reads [206], [¢(t)) = exp(A(t)af—\*(t)a)|0)e= (1)
with A(t) = —ie ™! fot dre™T (1) and n(t) = wt + f(f drRe[j(T)A(7)]. Therefore, in the
presence of interactions the resulting state is a coherent state for all ¢, in accordance with
the above statement. It is conceivable that this remains true in string theory, i.e. that
coherent states evolve into coherent states at least at weak coupling, and it would be
interesting to establish whether this is indeed the case. In the cosmic string context this
is related to the question of what the final state of a radiating cosmic string is, or whether
interactions preserve the classical nature of cosmic strings, questions that can be addressed
using the coherent state vertex operators that we have constructed.

The developments presented here are expected to lead to greater insight into the ob-

servational prospects of cosmic strings, and in a wider sense of string theory.



Appendix A

String Theory Action

We here briefly describe the various contributions to the action of bosonic string theory.

The relevant action is of the form,
S=S8q+S5% +S,+Sp+Sa+S5r.

The Polyakov term, Sg,

1

SG[X7 g] - _47('@/

/2 d*o\/=g Vo X, (o) VX (o). (A1)

is the essential ingredient and describes the embedding of the worldsheet into spacetime.
Spacetime indices are contracted with G, (X), the spacetime metric with 4 =0,...,D—1,
and worldsheet indices are contracted with g,s(c), the worldsheet metric. We have the
local coordinates ¢® with @ = 0,1, and X*(o) the embedding of the worldsheet into

spacetime. The action is invariant under worldsheet diffeomorphisms; infinitesimally,

00 =v%(0),
09ap(0) = Vaug + Vgua, (A.2)
0XH (o) = v 0, X",

with Vavg = Oav — F"aﬁva the Levi-Civita connection, and the corresponding finite
diffeomorphisms are,
o — % (o)

do’ Do’

g&ﬁ(o-/) = Do’ 60_,5975(0')7 (A'3)
X" = XH(o)
The action is also invariant under conformal worldsheet transformations,
0o =0,
69ap(0) = 200(0)gap, (A.4)

dXH(o) =0,
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and has a diffeomorphism invariance in spacetime, reflecting the fact that string theory is

also a theory of gravity,

Xt — X"M(X),
0XP 0X°
G (X)) = DX DX po (X)), (A.5)

30" = 0gag(0) = 0.

In the particular case of flat spacetime, G, (X) = 1., the last symmetry translates into
Poincaré invariance,
X"(o) = A" XY (0) + a,
Ny = ApMAUunpm (AG)
d0% = dgap(0) =0,

with a* a constant vector and A defined by the second equality (infinitesimally, A ~ 14w,
the definition is wy, = —w,,). The action Sg and also Sy is invariant under all these
symmetries. From Noether’s theorem it follows that the Poincaré invariance (A.6) of the
action leads to two conserved currents; associated to the translations, 6 X* = a*, is an

energy-momentum current,
1
Py = —Ew/—ggaﬁagX“, (A7)

and associated to the rotations, dX* = A" X¥ is the angular momentum current,

« 1 &
J,ul/ - _J\/__gg ﬁ(XMaﬁXV B XVaﬁX“)' (A.8)

The associated conserved charges (momentum and angular momentum) follow from integ-

rating the timelike components of these over a spacelike curve,

Pu :/0 doPM, and Jw :/0 doJ}, (A.9)

where we have defined do = do/(27), and (by convention) oy = m or 27 for open or
closed strings respectively.

Other terms in the action that are required for consistency are the dilaton contribution,
S, and antisymmetric tensor field contribution, Sp, with the set of background fields

{G ., By, ®} corresponding to a massless multiplet,

1 2 1 2
58 = " e /zd 0c 00 X" (0)9X" (0) B (X),  Sa = - /2 d"0\/gR2)®(X).
Here eaﬁ/\/—g transforms as a tensor, e¥l = —el0 = 1, 90 = ¢!l = 0, and R(9) is the

2-dimensional scalar curvature. The quantities
Gu(X)(dX' @ dX" +dX" @ dX"), and B (X)dX* NdX",

are invariant under spacetime diffeomorphisms and ®(X) is a scalar. Therefore, Sg +

Sp + S is also invariant. When the dilaton has (by some unknown mechanism) acquired
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a constant vacuum expectation value, ®(X) = (®), the term S = (®)x(X) is a topological

invariant, with x(X) the Euler characteristic of the worldsheet,

1 2
X(E):E/Zd a\/§R(2):2—2h—b.

h is the genus of the worldsheet and b is the number of boundaries. Therefore, the

dilaton contribution to the path integral is (going to a Euclidean worldsheet and target

—24-2h+b

B , and gs = e!® is identified with a coupling constant:

space), €9 — =S¢ = ¢
the sum over h,b generates the perturbation series expansion when g; < 1. The region
gs > 1 is correspondingly therefore identified with non-perturbative string theory where
the aforementioned series presumably breaks down.

There are also additional terms that can be added such as a tachyon term, St, and a

term, S, that is required for the renormalizability of the theory,

1
St = —// d*o /9T (X), and Sy = ,u/ d*a.\/g,
™™ Jw» »

both of which break conformal invariance at the classical level, as does Sg, but this is
restored at the quantum level. In the case of open strings it is also possible for the

endpoints to carry charges with associated gauge field A, (X) with the following coupling,
Sa= iq/ dro. X" (o)A (X),
o))

with ¢ the associated charge. Given that dX*A,(X) is invariant under spacetime diffeo-
morphisms and 7'(X) is a scalar, the terms S + S, + 5S4 are also invariant. There is also
a U(1) gauge symmetry which acts as dA4,, = —(,/27¢’ and 6B, = 9,(, — 0,(,, which
leaves the combination Sp + S4 invariant and leads to spacetime gauge invariance.

The choice of admissible backgrounds is heavily constrained by the requirement of
conformal invariance, see e.g. [149]. Conformal invariance can be formulated as the re-
quirement that the beta-functions associated to the couplings G, B, ®,T in the action

S[X, g] vanish, which in turn ensures the resulting sigma model is conformally invariant:

Be = B = Po = Br = 0.

These equations can be identified with classical equations of motion, solutions to which
lead to the admissible backgrounds. In this sense, every solution to these equations of
motion gives rise to a different conformal field theory (CFT) with a different spectrum of
states and so on. One such choice, and in fact the choice that is relevant in the current

document, is:

(A.10)
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Complex Tensors

In this appendix we describe the local complex differential geometry on the worldsheet,
Y, to set the conventions that are used throughout the text.

For a given set of real coordinates (x,y) we define a complex set (z,z) by z = x + iy,
z=ux—iyand 8, = $(0y — i0y), 05 = 3(0y + i0y). Then, we have idz A dz = 2dz A dy
and we use the convention

d*z = idz A dz = 2dx A dy,

throughout. Any two-dimensional Riemannian manifold is conformally flat, see e.g. [226],
in the sense that a general metric ds? = gg.da® + 29y drdy + gyydy2 can always by
an appropriate coordinate transformation be written in terms of local conformally flat
coordinates, so that g = e2¢®¥) (dz? + dy?) = g.:(dz ® dZ + dZ ® dz). In this (later
expression for the) metric, we have: I'*,, = 9,Ing,z and R = —g%?0,0:Ing.:. We

define a tensor V of conformal weight (h,h) by

V=Vy. . .2z 5d)"(dz) e KO, (B.1)
Rh/_/w_/
h
with K0 the space of tensors of weight (h,h). We refer to the components of V as
conformal primary operators and we occasionally write ¢(z,z) = V.. .z z, when We do not
want to specify the particular weights of the fields. Vertex operators, whose components

are usually denoted by V(z,z) = V,z, are defined as primary operators of weight (1,1),
V= / 2V (z,2) e KLY (vertex operators)
b

(note that \/gg** = 1) and are therefore invariant under conformal transformations,

2= f(2),  Z2—f2).

At the quantum level, we require correlation functions of primary operators V € K (hh) ¢
remain in K®" under conformal transformations, z — f(z), and z — f(Z).
Define K0 = K", Using the metric g,z to raise and lower indices there is an

isomorphism (n — m,0) ~ (n,m) and one may therefore express all tensors in terms of
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holomorphic indices, e.g. we write, ¢g°*V: = V?, with ¢**g, = 1. Covariant derivatives
satisfy VI o K7 — K0

VIV = (9, —nl? )V @ dz

= (gzé)n 0. (gzg)fn V ®dz. (B.Q)

We occasionally drop the index (n) from covariant derivatives when there is no ambiguity
about the type of tensor it acts on. In addition, there is the Cauchy-Riemann operator
0s; formally V2 : K™ — K™! so that

vV =0,V @ dz. (B.3)

According to the above identification we could also have written the Cauchy-Riemann

operator as an) : K" — K", with
ViV =g70:V ® (dz)"". (B.4)

We shall not in general display the differentials dz (dz) in V, (Vz) but include them in
the definitions for concreteness.

The natural inner product between tensors Vi o € K™ with respect to the metric g is
(W) = [ @2y (6 Wi Ve (B:5)
)

and we define the adjoint operators vé"” and Vfl) with respect to this, (V1, V,,(!‘”VQ)Q =
(Vg")Vl, Va)g. When V4 = Vs we also write ||V[|? = (V, V). Using the definitions it follows
that

VO = Vi, Vi =-V8T (B.6)

We can construct two, in general distinct, Laplacians using the differential operators (B.2)
and (B.4)

+ _ _9yu* (n)
A(n) = 2v(n+1)vz B.7)
- _ (n—1)y7z ’
A(n) = 2Vz (n),
from which it follows that
Aly = A =nRp). (B.8)

Therefore, these two Laplacians are equal when acting on scalars, in which case n = 0, so

we define Ag) = Az[)) = A(I))' The factor of —2 in the definitions (B.7) is conventional

and is included so as to agree with the definition of the conventional Laplacian A gy =
—%am/ggaﬂaﬁ. In particular, for constant g.z, the Laplacian reads Ay = —297%0,05,
in agreement with both A&) and A(*n).

The Green’s (or 2-d Stoke’s) theorem,

/ dx A, + dyAy = / dx A dy (@Ay — 8yA$), (B.9)
oD D
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in complex coordinates, using the above conventions, takes the form

/ dzA, + dzA; = / dz Ndz (0:A; — 0:Az), (B.10)
oD D

with the definitions A, = (A, +iA4y) and Az = (4, —i4,).

The string embedding X : ¥ — RS is a scalar from the 2-dimensional point of view.
Its derivatives are tensor fields in the sense of (B.1). In particular, X = 9.Xdz is a
tensor of weight (1,0), and using the derivatives (B.2) one can form tensors of weight
(¢,0) as follows vy Vgl)(aX). In practice we write this as V719, X and may not in
general (as mentioned above) display the differentials. When the I'*,, dependence drops
out we shall write instead 9. X or even 0'X when there is no ambiguity and likewise for

the anti-holomorphic counterpart.



Appendix C

Riemann Surfaces

In this section I provide a brief overview of the very basics of the theory of Riemann sur-
faces while emphasizing aspects that will better exhibit the connection with the Riemann
theta function and prime form, which are the fundamental object that appear in string
correlation functions. For further details and proofs that are omitted the reader is referred
to the literature; [192, 227, 228] for a fairly formal but complete approach and [141, 186]
for an approach closer to the underlying string physics.

Suppose Y is a compact Riemann surface with complex structure defined on it. As
a topological space it is completely determined, up to a diffeomorphism, by its genus h,
i.e. the number of "handles" of the surface. Let I'(X,Q!) denote the vector space of

holomorphic 1-forms on Y. From the Riemann-Roch-Atiyah-Singer index theorem,

. n . z 1
dim KerV (™) — dim KerV7, ) = 3 Cn+1)x(X)=02n+1)(1—h), (C.1)

it follows that the dimension of the vector space I'(X, Q') is equal to the genus h of ¥.
To see this, notice that holomorphic one-forms live in KerV'(Zl). Then, from the index
theorem we find that dim I'(3, Q') = dim KerV(,) = dim Kerv — (1 —h). But Kerv
is just a constant as Vgo) acts on scalars and so dim Kervgo) = 1. We therefore see
that dimI'(3,Q') = h, implying that there are h one-forms, call them w;, with I =
1,...,h, on a compact Riemann surface of genus h. Similarly, one can show that there are
correspondingly h anti-holomorphic one-forms on > and we shall denote these by w;. The
holomorphic and antiholomorphic one-forms w; and w; generate the first cohomology group
of the Riemann surface H'(3,C) and will be represented locally in analytic coordinates
as wr = wy(z)dz and wy = wr(z)dz respectively.

Dual to these are the homology cycles of a Riemann surface. The first homology group
of a compact Riemann surface is given by H;(X,Z) = Z*". Let us then choose a canonical
homology basis provided with by the cycles Ar, By, I = 1,...,h. Denote by I(o,7) the

intersection product of any two cycles 0,7 (= nyA;r +mrBy, with ny, m; integers). Then,
I(A],AJ):I(B[,BJ):O7 I(A[,BJ):—[(BJ,A[):(SL] (02)

The canonical basis A7, By is not unique; any basis A, B with A7 = DrjA; + CryBy,
B} = BrjA;+ ApyBy will satisty (C.2) provided the 2k x 2h matrix (é g) is an element
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of the symplectic (or modular) group Sp(2h,Z): (A5 )T( 9 )(AB)=(2%4%),as can be

explicitly verified. One may think of the modular group as being generated by 27 twists

around the A; and By cycles. Such twists are referred to as Dehn twists.
There exists a natural pairing between the first homology group H;(X,Z) and the first
cohomology group H'(X,C), provided by the following line integral

/ : Hy(%,Z) x HY(%,C) — C. (C.3)

We can represent this pairing explicitly by introducing a normalized basis of holomorphic

1-forms wy, such that:

7{ wy =101s, j{ wy = Qry, (C.4a)
A[ BI
Q[J:QJ[7 ImQ;; > 0. (C4b)

This pairing is independent of the choice of representatives of the equivalence classes. The
first integral in (C.4a) defines the normalization of the w; and the second defines the period
matriz, 7, of the Riemann surface. The third and fourth relations (in (C.4b)) follow
from the first and second Riemann bilinear identity respectively (see e.g. [192], p. 139,
vol. 1 or [228], p. 231). In particular, for all holomorphic 1-forms w,n,

h
Z}{ w% n— y{ w}{ n=0, (15*Riemann bilinear identity)
=1 Ar By Br Ar

, (C.5)
Imz 7{ w }{ w > 0. (2"4Riemann bilinear identity)
=174r /B
These two identities can be derived from the following equation. For all closed 1-forms w

and 7, which may be holomorphic or antiholomorphic,

h
[ efofofe

which is also sometimes referred to as the Riemann bilinear identity. This later expres-
sion reduces to the first identity above when both w and 7 are either holomorphic or
antiholomorphic and implies the second when n = @.

Given any base point pg we may associate to every point p on 3 a complex h-component

vector z by the Jacobi map (referred to also as the Abel map):

]I:p—>z(p):(/p:wl,...,/pjwh>. (.7)

This vector is unique up to periods (C.4a). We associate to  a lattice Ly C C", such that
Lo = 7" + QZ". The vector z is an element of the complex torus J(¥) which is referred

to as the Jacobian variety of X,

J(X)=C"/Lg = C"/(z" + Qzh). (C.8)
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At genus one, h = 1, the Jacobian variety reduces therefore to complex numbers z such
that,
z~zZ4+m+Tn, (C.9)

with 7 = 71 4+ 779 the complex modulus of the torus, 2 = 7 and n,m integers. The
modulus 7 parametrizes the moduli deformations of the surface, and so for instance in
a one-loop string amplitude the path integral would be over 7, which is to range over a
single fundamental domain — a common choice being: —1/2 <73 <1/2, 75 > 1.

The space of matrices satisfying (C.4b), call it Hy, is the Siegel upper half space,
Hp = {Q € CM| Q77 = Qy7, ImQ > 0}. The Riemann theta function, associated to Q' is
then defined for z € J(X) by,

1
9 (z,Q) = Z exp {27?1' <§nTQn + nTz> } (Riemann theta function)  (C.10)
nezh
It is quasi-periodic (periodic up to a multiplicative factor) with respect to the lattice
translations z — z + ¢, with ¢ € Lq, and is invariant under parity z — —z:
1
¥ (z+m+ Qn, Q) = exp {271'2' <—§nTQn - nTz> }79 (z,9) (translations) (C.1la)
Y (z,Q) =9 (—2,Q) (parity) (C.11b)
where n,m € Z". Notice that the RHS of (C.11a) is independent of m, thus implying that
the Riemann theta function is invariant under the shift z — z + m. In addition, from

(C.11Db) it follows that (0, ) = 0.

The theta function satisfies the heat equation,

for I#J
wI=J

09(z,Q) 1 9%9(z,9Q) .
905, 2ri 02,08, X (heat equation) (C.12)

= =

We can extend the definition of the theta function if we introduce rational character-

istics [4]. The Riemann theta function with (rational) characteristics is defined by

9[¢](2,9Q) = gzzh exp {2772' (%(n—i— a)TQn+a)+ (n+a) (z+ b)) } Va,be Q"

(C.13)

It is also quasiperiodic with respect to lattice translations z — z + ¢, with ¢ € Lq,
a 2mi(aTm—bTn) . L 7 T a
Ig)(z+m+Qn,Q)=e exp { 2mi —5n n—n'z| 9[3](2,9Q). (C.14)
In terms of the Riemann theta function,

9[¢] (2, Q) = exp {m‘ (%aTQa +a’(z + b)) }79 (z+ b+ Qa,Q), (C.15)

10 need not be identified with the Riemann surface period matrix in the definition of 6(z, Q) but we
shall do so.
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and thus the original theta function is just 9 (z, Q) = 9[§] (z,Q). The theta function with
characteristics is invariant under parity, z — —z, provided we also take a,b — —a, —b, so
that 93] (z,Q) =9 ;] (—2,Q). This follows from (C.11b) and (C.15).

A very useful quantity that arises in the construction of the propagator (for both the
bosonic and fermionic case) and therefore in all scattering amplitudes is the prime form,
E(z,w). The prime form generalizes the notion of distance between two points, z — w,
on C to higher genus surfaces. In terms of the Riemann theta function it has the form
229, 192, 141]

I[0] (fz w, Q)
E(z,w) = ———4Y—~, C.16
) = o hstw) (10
and is quasi-periodic around the A; and By cycles,
E(z+ A, w) = E(z,w), (C.17a)

E(z+ Bj,w) = E(z,w) exp (—mﬂn + 2772'/ w1> . (C.17b)

w



Appendix D

Conformal Symmetry

Let us consider first the d-dimensional case before specializing to the case of interest:
d = 2. We work in a Minkowski spacetime RP? with flat metric g,, = 7,, of signature
(p,q) so that d = p + ¢, although we will find it convenient to switch to a Euclidean

signature when d = 2. In a local patch of the manifold, the corresponding line element is
ds? = gop(x)dz®dz”,

and the requirement that this remain invariant, ds® = d5’2, under general diffeomorphisms,
r — 2’ = f(x) determines g/, ﬁ(az’ ). The conformal group corresponds to the subset of these

transformations under which
g:u/(x/) = Q(x)guu(x)7 (Dl)
that is, the metric is invariant up to a scale transformation. Note that conformal trans-

formations are nevertheless implemented by rescaling the metric without transforming the

coordinates, i.e. g, () = Q(z)gu (). Conformal transformations preserve angles in the

sense that for two d-vectors v and w, € : —*£Z Y@ _ Now consider infinitesimal
Vo2w? Vo2w?
transformations of the form,
r— 2 =1+ (), (D.2)

under which g;,,(z) = g, (z) — Opey(v) — Oyey(x) + ... From (D.1),

2
E(a C€)gpy = Open () + Oy€pu(). (D.3)
This is the "conformal Killing equation", the solutions e*(z) correspond to infinitesimal
conformal Killing vector fields (CKV) and these generate infinitesimal conformal trans-

formations. The general solution is of the form,

et(z) = a + 0" ¥ + ', xVxP, (', =

vp pu) (D4)

P

where a,b and ¢ are constants." The first term corresponds to translations. In the second

term by, is a sum of a trace and an antisymmetric part,

b;w = )‘g,uz/ + W, (w/JJ/ = _wu,u)-

Note also that there is no general solution to the conformal Killing equation unless we specify the

background geometry, i.e. unless we specify g.. ().
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where the trace contribution corresponds to dilatations or scale transformations and the
anti-symmetric piece corresponds to rotations, namely Lorentz transformations.? The

tensor in the last term of the general solution is,

1
Copv = E(gﬂpbl’ + gpl/b,u - g;wbp)'

where we have defined b, = —éco‘a#. This term generates "special conformal transforma-

tions" (SCT); if we define the translation and inversion maps

T : z¥ — a2+,
S i ozt -zt /a?, (D.5)
SCT correspond to the map
B pH g2
STS :zt — 2" = v (D.6)

142(b-x)+ b%a?
~ ok b = 2(b - x)at + O(b?),

that is a translation followed and preceded by an inversion. The first line corresponds to
an exact SCT which holds for finite b* (we shall not prove this), while the second line

coincides with the infinitesimal form ¢

vpx”xP. The combined map ST'S as defined in
(D.5) is defined globally even though S is only defined locally (it is singular at the origin).
In total there are d +d(d —1)/2 + 14 d = (d+ 1)(d + 2)/2 independent parameters that
generate conformal transformations and so we expect the same number of generators.
We would like to understand how conformal transformations act on the various fields,
and in order to do so we first construct the conformal algebra, representations of which
will correspond to the conformal fields we are looking for. Consider a set of fields, written

collectively as ®(x). A general infinitesimal transformation can be written as
ot — 2t = ot w X, (D.7)

O(z) — D'(2) = () + waFu(P(2)), (D.8)

where {a} is some arbitrary index structure, e.g. {u}, and w, are infinitesimal constant
parameters corresponding for example to a#, w", or b* from the previous section. There
is an implicit sum over independent a. In figure D.1 this transformation is shown schem-
atically.

Let us now define a generator, GG,, of continuous symmetry transformations by
5,P(x) = @' (2) — () = —iw, G, P(), (D.9)

where the sum is over independent generators. We can then determine GG, in the following

manner.

2To see this, consider the defining property of the Lorentz group, Ao‘unaBAﬁl, = Nuv. Infinitesimally,
we can take A%, ~ §%, + w®,; substitute this into the defining equation to obtain w,, = —w,, to leading
order.
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Figure D.1: Under an arbitrary continuous spacetime symmetry transformation z — 2’
the fields ®(z) — ®'(a’).

With w, being small, let us Taylor expand ®'(z’) around x on account of (D.7), ®'(z) =
() + we X, - 0P (2) + O(w?). Dropping all O(w?) terms we substitute this expression
into (D.8) and hence find from (D.9) that 0,P(x) = —w, X, - 0P (z) + weFa(P(x)). Next,

Taylor expand ®'(x) around 2’ and make use of (D.8) once again to find
0uP(x) = —w X0, P(x) + waFo(P(x)). (D.10)
Then, from (D.10) and (D.9) we learn that
1Go®(x) = X0, P(x) — Fo(P(x)). (D.11)

In general the transformation of the fields, paramterized by F,(®(z)), will depend on
the particular fields present but the algebra derived from the generators G, should be
independent of representation, independent of F,(®(x)). We shall therefore choose a
representation where ®(x) transforms as a scalar, ®'(z’) = ®(x) and hence write (D.11)
as

iGa®(z) = X100 (x). (D.12)

The commutation relations derived from the generators in (D.12) are also required to be
satisfied by the generators in (D.11) and this in turn determines the possible forms of
Fo(®(x)). In this sense we can go from the group structure to the field content of a given
theory (rather than the other way round).

We can now apply these results to derive the generators of conformal transformations
and the resulting algebra. From (D.12) it follows that we should determine each of the X}
to derive the generators. For (D.7) and (D.2) to be consistent we require e*(r) = w, X}

Let us then consider each of the possibilities for ¢(x) separately:

e ¢"(x) = a” (translations): For translations we need to set w?X} = a*. Recalling

that the w, correspond to infinitesimal parameters we find that this will hold true
provided we take w® — a” and X}; — 4",. Then, from (D.12) we find that the

generator of translations, write G, — P, will be

P, =—id, (generator of translations) (D.13)
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o ¢'(x) = wh,x” (rotations): For rotations we need to set w* X} = w",x”. Let us then

take w* XH — w”pX“,,p to find

w”pX“Vp = w“p:cp
wPot,x,
— Vpl SH SH
= w 5 ( Ty — pﬂ:,,) , (D.14)
where we have antisymmetrized the vp indices to ensure that X, vp = —X ® ov- Note

that the symmetric contribution vanishes due to the antisymmetry of w. We can now
read off X from (D.14) and on account of (D.12), writing G, — 3L, (the factor of

% enforces no overcounting in (D.9)), we find that the generator of rotations is

L, =i(x,0, — x,0,) (generator of rotations) (D.15)

o c¢/(z) = \z# (dilatations): For dilatations we set w®X} = Az#. This suggests we
take W X% — AXH to find AX# = \z#. Reading off X we find from (D.12), writing
Gy, — D, that

D = —i(x-0) (generator of dilatations) (D.16)

o c(x) =b'a? —2(b- x)x* (SCT): Proceeding as above for SCT we set wX} =
brz? — 2(b - z)z*. This suggests we take w* X} — b X*,, leading to

WXE = bl —2(b-x)zH,

v (0" 2® — 2x,2t).
Reading off X and on account of (D.12), writing G, — K,,, we find

K, = —i(z%0, — 2x,(z - 9)) (generator of SCT) (D.17)

From the above generators of conformal transformations one can verify after a certain

amount of algebra that they satisfy the following algebra, which is isomorphic?® to o(p + 1,q + 1),
[Py, Lyw] = i(Npp Py — 1pu Ppu)
[L/J,l/a Lpa] = i(nupL;w + 77,uUL1/p - nupLuo - nuaLup)
[D,P,] =iP,
(D.18)
D, K,| = —iK,

(K, Pl = —2i(nuD — L)

[Kpa Luu] = i(npuKV - npuKM)

3Gothic letters are used here to label algebras; this is to distinguish algebras from groups which are

denoted by capital letters in accordance with standard convention.
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All other commutators vanish. The first two commutation relations correspond to the
Poincaré subalgebra so(p,q). Furthermore, one sees that there is also a slightly larger
subalgebra that, in addition to the Poincaré symmetries, contains also dilatations. This
has d + d(d — 1)/2 4+ 1 generators P,, L,, and D obeying the first three commutation
relations in (D.18). For d = 2 and d = 4 there are thus 4 and 11 generators respectively.

In total we have found that the global conformal algebra® o(p,q) contains d + d(d —
1)/24+1+d=(d+ 1)(d+ 2)/2 generators, d + 1 more generators than are present in the
Poincaré algebra and is described by commutation relations (D.18). In d = 2 and d = 4
there are 6 and 15 generators respectively.

Let us now focus on d = 2 dimensions which is vastly richer than the general d-
dimensional case considered above. The difference is due to an infinite local conformal
symmetry that is generated in addition to the global conformal symmetry found there.
This means that here the number of generators is in fact infinite. We will see below how
this arises and derive the d = 2 classical conformal algebra, sometimes referred to as the
Witt algebra in order to gain some insight that will be valuable in the corresponding
quantum conformal algebra, referred to as the Virasoro algebra, which differs from the
Witt algebra due to an anomaly.

It is convenient here to work in flat Fuclidean space, 1, — 6., with p = {1,2}.
A general infinitesimal coordinate transformation, z# — 2/ = 2# + e#(x), will generate
a conformal transformation if it satisfies the conformal Killing equation (D.3), which in

d = 2 reduces t0° (9 - €)8,, = €, () + Oye, (), equivalently,
3162(1‘) = —3261(1‘), 8161(.%') = 8262(.%’). (D.19)

However, these are just the Cauchy-Riemann equations and so there exists a holomorphic

and an anti-holomorphic function €(z) and €(z) respectively, such that
€(2) = e1(x) +iez(),

€(z) = e1(z) — iea(x).

We can interpret this result in the following way. If such holomorphic and anti-holomorphic
functions, exist then the conformal Killing equation will be satisfied and hence so will the
requirement of the transformation being conformal. We have introduced the complex
coordinates® z = x1 + ixq, Z = 1 — ixo with 9 = %(81 —i0y) and 0 = %(61 + i02), which
under general infinitesimal coordinate transformations preserve their (anti-)holomorphy

in the sense that

Q:z2—2 = 2] +izh
= x1+ € +i(xy+€)
= z+e€(2),

“The resulting algebra is global because the general solution of (D.3) is defined globally, for all z € R,
5We shall not distinguish between upper or lower indices when working in Euclidean space.

®Note that 9 = 9. = 0/9z and d = 9; = 9/0z.
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and likewise for z. Therefore, (trivially generalizing to finite transformations) we have

found that a 2-dimensional coordinate transformation is conformal provided it maps

z— f(2), z— f(%), (D.20)

for all analytic functions f(z), f(Z), regardless of the precise z, Z-dependance of f(z) and
f(2). Indeed, one can check that (D.1) is satisfied by first changing coordinates from {z} =
{z1,22} to {2’} = {2, 2}, ds* = §datdas” = 2g,zdzdZ, with g,z = 1/2 and then noticing
that a conformal transformation takes the form (using the Jacobian J = |9(f, f)/0(z, ?)|
and (D.20)) Q : dzdz — |0f|* dzdz, from which we deduce that Q(z, ) = |0f|*. Therefore,
all (anti-)holomorphic functions f(z), f(Z) generate conformal transformations which is a
remarkable result, unique to the case of 2 dimensions.

By inspection of (D.19) we see that €(z) and €(z) need not be defined globally on the
Riemann sphere, S? = CUoo. This observation will in turn lead to both a local (the set of
all not necessarily invertible holomorphic mappings) and a global conformal group, both
of which will turn out to have physical implications in string theory. To see this let us
write down the most general solution of (D.19) in complex coordinates which according

to (D.20) will correspond to a Laurent series of €(z),
D:iz—2 = z+¢€>)

00
= z+ Z enz" L. (D.21)
n=—00
It immediately becomes manifest that not all choices of the infinitesimal c-number coef-
ficients €, generate transformations that are globally defined on S?; at z = 0 or oo the
conformal transformation is ill-defined for arbitrary ¢,.
We next determine the generators of conformal symmetry. The generators of continu-

ous symmetries, G, were defined in (D.9),
0uP(x) = —iw, G P(2),

and for an arbitrary transformation z# — 2'* = z* + w, XY we saw that in the scalar
representation of the fields, where ®(z) — ®'(2’) = ®(z), the generators were found to be
given by (D.12): iG,®(z) = X;9,®(z). Changing coordinates (z1,22) — (z,%) and on
account of (D.12), (D.7) and (D.21), we learn that”

i Z weGq = Z we X0,

(e o] [e.e]

= Y "o+ Y &zt
n=—oo n=—oo
(o] o0
= — Z enln — Z €nLn, (D.22)
n=—oo n=—oo

"It is to be understood that 6z = ' — z and likewise for z, Z.



161

where in the last line we defined the generators of d = 2 conformal transformations,
L,=—2""9, and L,=-2""0. (D.23)

The sum in (D.22) over a, u is identified with the sum over independent generators, i.e.
the sum over both anti-holomorphic and holomorphic sectors and the sum over n. The
classical conformal algebra in 2 dimensions, the so-called Witt algebra, then follows directly
from (D.23),

[Ln, L]l = (n —m)Lpim, [Lny L] = (n —m)Lyim. (D.24)

All other commutators vanish. Therefore, the conformal algebra in 2-d is the direct sum
A @ A of two isomorphic subalgebras (D.24) with dim(A) = dim(A) = oo (there is an
infinite number of generators). We may regard z, z as independent variables given that the
algebras are independent and enforce the physical condition zZ = z* at our convenience.
The algebra, as was expected from the above comments, is local as the generators are
not defined globally on S?. For general dimensionality, see comments below (D.18), the
conformal algebra (defined globally) in d = p+¢ dimensions for a flat Minkowski spacetime
of signature (p,q) is o(p+1,¢+1), and so we expect to find the same subalgebra in (D.24)
(with p = 0 and ¢ = 2 in 2d Euclidean space) with the same number of generators, i.e. of
the same dimensionality dim[o(1,3)] = (d+1)(d+2)/2|4—2 = 6, as was found there. Indeed
this is the case and, to see how this comes about, consider the conformal transformations

generated by vector fields

v(z) = — Z anLy = Z anz"1o.

Now we can make the following definition:

The global conformal group corresponds to the group of conformal transforma-

tions that are well defined and invertible on S?> = C U oo.

This condition implies that we should enforce the constraint |v(z)| < oo for all z € S? in
order to derive the global subalgebra. For this condition to be satisfied we see that v(z)
will be well behaved at z = 0 provided a,, = 0 for all n < —1. To probe the region z — o0,
which corresponds to the only other region where a singularity may be encountered, make
a conformal transformation z — —1/z which takes 0 to z20. We then see that v(z) will
be well defined provided a,, = 0 for all n > 1. To summarize, v(z) will be globally defined
if a, = 0 for all |n| > 1, i.e. a, = 0 for all n # {-1,0,+1}. The argument for the
anti-holomorphic part is identical. This means that the relevant generators for the global
conformal group should be {L_1, Lo, L1} U{L_1, Lo, L1}. Indeed, from (D.24) it follows
that the algebra associated with these generators closes and thus there is a subgroup of

the local conformal group which corresponds to the global conformal group:

(L1, Lo = £L4q [Li1,Lo| = £L4
(D.25)
[Li1, L1 =2Lo  [L41, L] = 2L
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This is the group SL(2,C)/Zy ~ SO(1,3) which differs from SU(2) by signs. It is perhaps
curious that the 2-dimensional global conformal group is isomorphic to the 4-dimensional
Lorentz group. The dimension of SL(2,C)/Z is indeed 6 as expected from the general
d-dimensional case described above. The finite form of the global transformations (see
equation (D.21))

is
— Iz =—, (D.26)

with a,b,c,d € C and ad — bc = 1. The global conformal group with algebra (D.25)
remains an exact symmetry group whereas the local conformal group with commutation
relations (D.24) suffer from an anomaly. When the anomaly is taken into account, the
Witt algebra is referred to as the Virasoro algebra, which is discussed in Sec. 3.1.

We can now also confirm that the generators of the global conformal group do indeed
generate translations, rotations, dilatations and special conformal transformations on the
complex plane, as was shown for the d-dimensional case in (D.17), (D.16), (D.15), and
(D.13). In particular,

L 1=-0—e“tl1p=24¢e, (translations)
i(Lo — Lo) = —i(20 — 20) — e~icolo—e0Lo) 5 — (1 4 jey)2 (rotations)
Lo+ Lo = —20 — 20 — e~oLo—Lo, — (1 4 ¢))z (dilatations)

Ly =220 — e tliy = 2 4 €22 (special conformal transformations)



Appendix E

Path Integral over Embeddings

In this appendix we include a derivation of the path integral over embeddings at fixed

worldsheet metric with source current, J(z, z), in non-compact spacetimes [114]:

<<eifd2zJ(z,2)-X(z,2)>> _ Z'(27T)d(5d(!]0)67% fd2zfdQZ/J(Z,Z)-J(z’72/)Gl(z,zl)’ (El)

and a derivation of the corresponding functional derivative,

1Z/2]

0
D = 2 2/
H( i l5Jm(2’l72’l)>exp{ /d /dszz) J(Z,7)G(z, 2 } Z Z
leT} k=0 meSz/~
k 7
H {nuﬂ'@l—l)ﬂ’ﬂ'(?l)DW(Ql_l)DTr(Ql)G(Zﬂ—(Ql_l)7 zﬂ(Zl))} H {Z‘/dZZJMw(q) (z, E)Dﬂ(q)G(zﬂ(q)a Z)}
=1 q=2k+1

X exp{—%/sz/sz'J(z,z) - J(z’,z’)G(z,z')},

with the expectation value << e >> defined by,

4o 4/2
{...) = ( 5 detA0)> /DXe SelXdl (E.2)
Js 25

The path integral (E.1) can be evaluated for arbitrary genus Riemann surfaces and topo-
logical information enters only via the Green’s function G(z,w) (and the Euler character-
istic), the general (i.e. multi-loop) computation of which has been given in Appendix G.
Let us first compute <<1>> for arbitrary worldsheet topology. The bosonic string theory
action, Sg[g, X], is given in (3.22),

1
Salg, X] = =— [ d*20.X -0:X +..., (E.3)
2o »
We will be working in flat (Euclidean) spacetime, d,,,, and assume the dilaton has acquired
a vacuum expectation value (®). The counter-term u? Js d%z,/g is not relevant for this

computation.
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Introducing the Laplacian (defined in Appendix B) Ag) = —2¢7%0.05, we can rewrite
SG [ga X] as

1 1 dz
Salg, X = Ez2/gX A X +—= ¢ — X -0X
alg X] il /E WX BoX + 5 722 i ’
1
= = (X, 80X) (E.4)

The requirement that the surface term

1 dz
Sazzaf 2—X6X,
oy 4Tl

vanishes, leads to the various possible string configurations: for closed strings only there
is no boundary and so Sgy = 0, for open strings we can impose Dirichlet boundary
conditions, X |gx = 0, on some of the coordinates (in the directions transverse the brane)
or Neumann boundary conditions, X |sx; = 0, (in the brane worldvolume directions). In
(B.5) we identified the natural inner product between two rank-n tensors. Viewing the
embedding X as a worldsheet scalar, i.e. X € K see (B.1), the unique Poincaré and
diffeomorphism invariant metric (§X,0X) = ||6X||? is,

16X :/Zd%\/géx-éx. (E.5)

To evaluate the path integral decompose X into a complete set of eigenstates, 1, (z, 2),

of the Laplacian,
XM(z,2) = ) din(z,2),
— X[+ X"(2,2), (E.6)

such that

A)Pn = Ann. (E.7)
Denote the zero mode 1y = kerA g (i.e. Ag = 0) contribution by Xy = agty and other
modes orthogonal to it by X', (Xo, X') = 0, leading to DX = ([[, dX})DX'. Again using

the scalar inner product we have the orthogonal decomposition

Then it follows that the zero mode v is given by

Do = ( /Z d2z\/§>1/2. (E.9)

We next define the measure DX and do so by requiring

. /DXQ—HXHWW',
_ / [ doxgeXoll/ame’ / DX’ IXIF/4ma’,
“w
2 d/2
() [oxerre, (E.10)
» @°2\9
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on account of (E.5) and (E.6)!. It then follows that the path integral over X is given by

/DX@ Sclg. Xl _— /DXe(X,AgX)/47ra”
- (jos) foxcva
W

() () e

on account of the normalization (E.10). The prime on the determinant denotes the ex-
clusion of zero mode contributions, these have been factored out and lead to the overall
spacetime volume contribution < 11 L dxjly > Therefore, <<1>> = ( J Hu axly ), as follows
form the definition (E.2).

Let us next introduce a source J(z, z) and insert this into the definition (E.2),

/ d/2
<< i[d?zJ- X>> <f4§22\/_ det'A(O > /DX —(X,A¢X) /4w +Zfd2zJX

d/2
_ <f4;72a det/A g > /HdX“ iJo- XO/DX’ ~(X,8gX) fAmal +i [ 2] X"
» z

41 a/2 B rod L (s [P T TG (5
= (27T)d6d(‘]0) (W det/A(0)> DY e (Y, AgY)/4 e 2 fd fd J-J'G (=, )’

where we have defined

Joz/EdQZJ(z,Z). (E.12)

In going from the second to the third equality we have completed the square and we have
formally identified the Green’s function G’(z, z") with the inverse of the Laplace operator
A() Notice that this excludes zero mode contributions (these have been factored out)
and can hence be inverted. We have put a prime on the Green’s function to denote this
(but in most of the main body of the text we shall drop the prime, G'(z,2') — G(z,2')).
Now the remaining path integral excludes zero modes, is Gaussian and has been computed
in (E.11) leading to

<<eifd2zJ(z,Z)~X(z,Z) >> _ i(QW)d(sd(Jo)e_% Jd?z [d%2' J(z,2) J(2',Z")G' (2,2) (E.13)

We have introduced an overall factor of i needed for the proper interpretation of (E.13) as
an S-matrix (see e.g. [114]), or more specifically as the non-trivial contribution to the S-
matrix. In essence, this factor arises from Wick rotating from Euclidean back to Minkowski

space.?

'Recall that for Gaussian integration [ dx em7/2 = Vor.

2The integration over embeddings is treated a bit more carefully in Moore and Nelson [182], p. 69,
but the result is the same. In particular, it is not a priori clear that we are permitted to integrate
over all embeddings without over-counting because the theory is in general invariant under spacetime

diffeomorphisms which in flat spacetime in particular reduces to Poincaré transformations.



166

To compute scattering amplitudes we also need to the following result for functional

derivatives of the above formula,

(S 1 2 2,/ B ! 3t /
D0\ h e[ I(2)0 ()G
Il < ’wm(zl,zl))

lezy
1Z/2] k

>y H{ — pftr@=DETCD D o1 1y D2y G(2r(20-1) Zn(m))}

k=0 meSz/~I1=1
A

< 11 {_/ dzz‘]“”(‘”(z,z)Dw(q)G(zw(q»z)}eéfszfdQZ/J(Z’Z)'J(Z/’Z/)G(z’z/),

q=2k+1
(E.14)

It is to be understood that the notation |Z/2] in the sum over k indicates that the
maximum value of k saturates the inequality k¥ < Z/2. St is the symmetric group of
degree Z [189], the group of all permutations of Z elements, and the equivalence relation
~ is such that m; ~ 7; with 7;, 7; € Sz when they define the same element in (E.14). We
have derived equation (E.14) by induction, and it can be thought of as the generalization

of the functional version of),

[n/2] k
" —la$2 27 n! k n—2k —lamQ
dan D R =gy ) (Faa)™ et

By induction, it is also possible to show that for a given k£ the number of terms that appear

in the sum over permutations in (E.14) is indeed:

2k
ENT — 2k)!

as one would expect from the finite dimensional formula.



Appendix F

Moduli Space of Metrics

In this appendix we provide a rather detailed overview of the derivation of the path
integral measure associated to metrics. For a more extensive treatment that is closest
to our approach see e.g. [230, 150, 141, 226]. Note furthermore that compactification of
string on compact spacetimes will not affect the measure which is purely local. In fact,
the results of the current section also hold for arbitrary matter conformal field theories,
arbitrary spacetime backgrounds that give rise to conformal field theories, not just flat
Minkowski space.

We would like to determine the deformations of the metric that are orthogonal to
diffeomorphisms,! Diff(3), and Weyl transformations, Weyl(X). We shall find that there
are deformations of metric that cannot be reached by a combined Weyl(X) x Diff(X)
transformation. These are the moduli deformations and correspond to physically distinct
(or gauge inequivalent) deformations. Denote by Met(X) the space of positive definite
worldsheet metrics g. Then moduli space of genus h Riemann surfaces corresponds to the
space of orbits of Weyl(X) x Diff (X) in Met(X),

M, = Met(X)/Weyl(E) x Diff(X). (F.1)

See also Fig. 3.3 for an example of a gauge slice. The semi-direct product symbol signifies
that there is an overlap between Diff (X) and Weyl(X). This overlap is generated by con-
formal Killing vectors (CKV) and we shall neglect it for the time being; we will come back
to it later, towards the end of this section. The metric deformations that are connected
to the identity span the space of orbits of Weyl(32) x Diffg(X) in Met(X). This space is

known as Teichmiiller space, Ty,
T, = Met(X)/Weyl(X) x Diffg(%). (F.2)

We shall construct the measure associated to metrics on 7. Then, to obtain the full

measure we first define the mapping class group

'Diff(¥) contains both global diffeomorphisms, Diff (), and diffeomorphisms connected to the identity,
Diffo(X).
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With this definition, we have M;, = 7;,/MCG;, and we obtain an integral over moduli

space as follows,

1
[ pg=[ oDy F.3
IMCGy| J, M, (E-3)

where [MCGy,| equals the number of elements (the cardinality) of the mapping class group.
MCG is a discrete group which acts holomorphically with fixed points [141]. Given that

My, = T,/MCGy,,

it is then seen that moduli space has the structure of an orbifold. For example, in the
one-loop case 7; corresponds to the upper-half complex plane, defined in (C), H;, and the
effect of dividing by [IMCG| in (F.3) is equivalent to restricting the integration region to a

fundamental domain, often denoted by F, given by
M1 =F = Hl/SL(Q,Z)

After these introductory remarks let us now proceed with the decomposition of the
measure. Focusing on metric deformations that are connected to the identity, the basic
principle in the construction of the path integral measure associated to metrics is the

following: we orthogonally decompose metric deformations,

{89} = {0gwen1} & {30y} © {5gmon ).

and include only moduli deformations, {dgmoq}, in the path integral measure Dg, so as
to ensure no over-counting. Diff&(E) is the space of diffeomorphisms connected to the
identity that cannot be reached by conformal transformations, i.e. dgn3 o< gog. Note
furthermore that deformations generated by conformal Killing vectors, {dgckv }, are con-
tained in {dgwey1}. We shall elaborate on all these issues below. Having obtained the
moduli deformations that are connected to the identity we may then use the prescription
(F.3) in order to obtain the path integral measure over the full moduli space.

We work in conformal gauge:?
9= 0.z (dz®dz +dz®dz) € KL, (F.4)
An arbitrary deformation of metric close to the identity can always be written as g + dg
with
89 = 26g.2|dz|* + 8gz2dZ* + 8g..d2* (F.5)
and this corresponds to the orthogonal decomposition,

We now go on to show that the space of tensors K1) can be associated solely to Weyl
variations of metric. In addition, we shall see that the space K0 & K(2) contains the
range of Diffp(X) and also moduli deformations.

Arbitrary diffeomorphisms and Weyl transformations of ¢ close to the identity take

the following forms:?

2The space of tensors K ™™ is defined in Appendix B.
3Covariant derivatives are defined in Appendix B.
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o Diffy(%):
[ Singgo: = (VL V007 + 95, 00.) g2,
0piffogap = Vadvg + Vgiva = { dpig g.. = 2V dv., (F.7)
ODiffyJzz = 2V(2_1)5v57
e Weyl(X):

5Weylgz2 = 2509227

5Weylga6 = 2509&5 = 5Weylgzz =0, (F8)

5Wey1922 = O, )

where the vector fields dv, € K10 (and correspondingly dvz € K (0’1))4 generate diffeo-
morphisms and the scalar function do : ¥ — R generates Weyl transformations. Further-

more, use of g,z has been made to raise and lower indices.

In the following two paragraphs we make two crucial observations upon which much
of what follows will depend.

Notice from (F.7) and (F.8) that dpig, g.z can always be reached from a Weyl transform-
ation and therefore its contribution is already taken into account in (F.8) by dwey1g.z =
260g.5. We are then led to ask the following question: Are there any arbitrary off-diagonal
deformations of metric, §g.z, that cannot be written as 200g,z7 Well, the range of Weyl(X)
is the full KbV (26095 can take arbitrary values) [150] and hence all deformations dg. s
can be written as Weyl deformations dwey19.z as given in (F.8)5.

Likewise, for the diffeomorphisms dp;g, g.. we may ask the following question: Are there
any arbitrary diagonal deformations of metric, g,., that cannot be written as QVS)&)Z?
The answer to this question is yes and as such, deformations of this type correspond to
moduli deformations (because they cannot be reached by the combined action of Weyl(3) x
Diffo(¥)). This is equivalent to saying that the range of Diffg(X) is not the full K(*0) @

K©2) 'We now proceed to prove this statement as follows.

)

Suppose that there are diagonal deformations in dg., that are orthogonal to 2Vgl v,

and denote them by d¢,.:
89.. = 2V Vv, + 6¢... (F.9)

4We shall not always refer explicitly to both holomorphic and anti-holomorphic components when no
confusion should arise. We will mainly refer to the holomorphic sector and it is to be understood that

identical arguments hold for the anti-holomorphic sector.
"Recall also the orthogonal decomposition (F.6) which prevents a tensor of one type from changing into

a tensor of a different type under arbitrary variations.
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Orthogonality is enforced by requiring that their inner product vanishes:

0 = (2vW6u,,66..)

/dug(Vé)évz)&bzz
= /dQZgzzévZ( — Vé)éqﬁzz). (F.10)

This should hold true for all vectors dv* and hence it follows that d¢,, will be orthogonal to
ODift,g=» provided d¢.. € KeerQ). Now, Vé)&qﬁm = (g.2)"'0:0¢.. ® (dz)~! and hence the
requirement that d¢.. be orthogonal to diffeomorphisms (and also Weyl transformations)
is equivalent to requiring that it be holomorphic in z. The deformation d¢,, is often

referred to as a holomorphic quadratic differential. We thus have the following orthogonal

decomposition
K29 = RangeV®) & KerV?, (F.11)
—_——
6Diffo g2z moduli

where V(;) = gngfQ). We have therefore found that vectors ¢; = Kervg) live in the
cotangent space of moduli M. The number of moduli at a given genus h, determined
by the range j = 1,...,dimMy} with dimM;, = dimKerV(;), follows from the Riemann-
Roch-Atiyah-Singer index theorem (see e.g. [141]),

. . 1
dimg KerV(™ — dimg KerV(, .y = 3 2n+1)x(E)=02n+1)(1—h). (F.12)
Taking n = 1 we find that dim¢ M), = 3h— 3+ dim¢c Kervgl). Tracing back the definitions
of covariant derivatives we find that the second term on the right-hand side equals the
number of independent solutions of d,v* = 0. The solutions of this equation are called
conformal Killing vectors and we shall elaborate on this connection below. The number

of CKV’s admitted by a genus h compact Riemann surface is [141, 114],

3 for h=0
dimg kerV) = dimg kervg—_l) =<¢ 1 " h=1 (F.13)
0 " h>2

To see this note that infinitesimal conformal transformations on a Riemann surface are

o0 n+1
n=—oc n%

locally of the form z — z + €(z). Laurent expanding gives €(z) = > , every
term in the sum being associated to a single generator L,, of the Virasoro algebra. CKV’s
are globally defined vectors, and so to determine the number of CKV’s admitted by the
Riemann surface we must require that the conformal transformation z — z + €(z) be

globally well defined for each of the three cases:

e h=0: On S? ¢(z) will be well defined at the origin provided €,<_» = 0. From S? =
CUoo we see that it must also be well defined at infinity, and so we make a conformal
transformation z — 1/z, and notice that e(z) will be well defined at the new origin

provided €,>2 = 0. We then find that infinitesimal conformal transformations of the
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form z — 2+ (a+bz+c2?) are indeed globally defined and three linearly independent

2

vectors a, bz, cz® may be identified with holomorphic CKV’s. Similar remarks hold

for the anti-holomorphic sector. A convenient basis for the CKV’s is then,

v =1, Vs =z, and Y3 = z2,

z

Z, with a = 1,2,3. The above result for infinitesimal

with similar expressions for

transformations generalizes as follows for finite transformations,

az+b
-
cz+d’

b
with (“ > € SL(2,C)/Zs,
c d

with PSL(2,C) = SL(2,C)/Zs the group of conformal automorphisms which act by

Mobius transformations.

e h = 1: For the torus T2 there is a single A- and a single B-cycle and the period matrix
Q) is a single complex number, call it 7 = 71 + iy, see (C.4). T? is then identified
with the Jacobian variety (C.8), J(X) = C/(Z + 7Z), so that we are to make the
identification z ~ z +m + mn. Therefore, in order for the conformal transformation
z — z + €(2z) to be generated by CKV’s we must require that e(z) respect this
periodicity: €(z) must be doubly periodic. The only holomorphic doubly periodic
functions are the (in general moduli-dependent) constants [231], and so there are

two CKV’s on T?2. These are the translations on the complex plane €(z) = a.

e h > 2: In this case to show that there are no CKV’s we assume the opposite: suppose

that there is a solution to the defining equation VS)T} = 0, with v = vzdz. Then, let

Dt o it giving A?‘_l)@ =0, and on account of

us apply the differential operator Vgﬁ
(B.8) conclude that A(il)f) = R(3)v. Noting that a genus h > 2 Riemann surface is
conformally related to a constant negative curvature surface, R(3) < 0, we integrate

A(_l)ﬁ versus v with respect to the inner product (B.5) and integrate by parts. This

leads to ||V,(271)||2 = R)||o]|* < 0, and we hence conclude that o = 0. Therefore,
there are no CKV’s when A > 2: dim Kervg_l) = 0. One can similarly show that,
dim Kervg—_l) =0.

Given that dimg My, = 3h — 3 + dimCKervg), we conclude that there are no moduli
at genus h = 0, there is one complex modulus at genus h = 1 and 3h — 3 complex moduli
at genus h > 2. Note that for h = 1 the single modulus is to be identified with the period
"matrix" (277 = 7, because the period matrix characterizes the complex structure of the
surface, whereas for h > 2 the (complex) dimensionality of 277, namely h(h + 1)/2, is
greater than the number of moduli, 3k — 3, and so there are some redundant parameters
in Q77 — the moduli space at higher genus is in general unfortunately not well understood.
(Notice however that also for h = 2 the entire period matrix is to be identified with a

modulus.)
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We will next introduce a set of coordinates on My, and proceed as follows. An arbitrary

metric close to (F.4) can be parametrized by
9+ 09 = 2(gsz + 260g:2) |dz + on:"dz[, (F.14)

where tensors of the type 0.7 € K2 and 67,7 € K39 are referred to as Beltrami
differentials. We have also used the fact that dg.z can always be written as a Weyl

transformation 200g,z as we showed above. To leading order we deduce from (F.14), see
also (F.5), that

89 = 460 g.z|dz|? + 29,2017 dZ* + 2g.-6n,7 dz°. (F.15)
N—— SN———
0gzz 09z
Therefore,
on e K02 5p % e KO, (F.16)

and so according to (F.11) we can project dn onto moduli space and use the natural inner

product to do so:
(677,¢j) :/Zdzd26nzz¢jzz, (577,qz_5j) :/Zd2d55ﬁzz¢jzz- (F.17)

This inner product is Weyl invariant (there is no dependence on g,z) and the kernel of
(-, ¢;) is the tangent space to the orbits of Weyl(X) x Diffq(X). For a given choice of
¢; and (Ej, the resulting linear forms define local complex coordinates m;,m; on moduli
space Mj,:

(0n,¢;) = omy, (67, ¢;) = om;. (F.18)

z

More generally, we may decompose 675 according to

dimMy, dimMy,
on° = Véfl)évz + Z 5ij§2’ 57722 _ vgl)évé + Z 5mjﬂ;:'z7 (F.lg)
j=1 J=1

with p?, € K 0.2) (and correspondingly fif, € K (270)) Beltrami differentials which can be

chosen as follows

0 0
pi = g% o gzz(mpma) 5, =97 o = Gzz(mj, my). (F.20)

We thus derive from (F.19) and (F.11) that

dimM,, B dimMy, o
(57’] ¢j Z 5m, /Jzzzy ]zz) (5777 ¢j) = Z 5m2 (ﬁfZ7 ¢j55)7 (le)
i=1

which is to be compared with (F.18). We see therefore that the Beltrami differentials
parametrize the gauge slice and their corresponding projection onto ¢ (and ¢) guarantees
that we project our chosen slice onto moduli space. In particular, their projection onto

¢; guarantees that changes in moduli dm; correspond to true deformations of metric. See
also Fig. F.1.
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Met(X%)

|7

My,
(mj,m;j)

Figure F.1: A section s of moduli space M}, in Met(X), parametrized by (m;,m;). Note
also that H = Weyl(X) x Diffo(2).

Now, from (F.15) we deduce that
16g]1* = 4lloc 3 + 2llonlI3 + 2(1s7l3, (F.22)
leading to a measure
Dg = DoDnDn. (F.23)

Notice the relevant Jacobian for the change of coordinates J = 1. As we have derived
above, 0n also admits an orthogonal decomposition (see (F.11) and (F.16)). Given the

orthogonality of ¢; with Rangev(;l) we can project 0n onto ¢; in the following manner:
1) -1
260> = 195 V67?4 3 (5n.65) (65 85) " (65.60)
J

_ -1
= (v, AZ,00%) + Z5mi5mk(ﬂia¢j) (05, 05) (&5, k),
i7j7k
where use of (F.21) has been made and in the first term we have integrated by parts.
Therefore, we may deduce that the measure associated to Dn can be written as
dimM,,
Dn = D'v* H dmy, det (,ui, gzbj)det*l/2 (gbj, (;5]) det’l/QA:I, (F.24)
k=1

where the prime indicates that we are not to integrate over CKV’s or, equivalently, zero

modes of Vg) and V(g_l).ﬁ It follows that the measure decomposes according to

Dy = DoD'v dhﬁAh B A (LX) | N (F.25)
9= F ldet (07, 65)] - '
k=1

where D'v = D'v*D'v?.

SThis restriction of the integration measure is required given that CKV’s generate the overlap in H =
Weyl(X) x Diffo(X), which in turn corresponds to (what is assumed throughout) to be a true symmetry
of bosonic string (but also superstring) theory. We must integrate over configurations in the path integral

that are orthogonal to the orbit of H and hence the integral over v must not include CKV contributions.
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Now let us complete the description of the path integral measure associated to the
space of metrics by making explicit the CKV contribution. Conformal Killing vectors
live in the kernel of the operators Vgl) and ngl) and if there are 2k such independent
CKV’s denote them respectively by %Z and 1?, 1 < s < k. Now, the CKV vector space
is finite dimensional, and we can read off k from (F.13), given that k£ = dim kervgl) =

dim kervg—_l). Let us then orthogonally decompose dv* and dv?

Sv® = 60° + dayZ,  Sv* = 60° + da?, (F.26)
such that ¢Z € ker v (and ¢Z € ker V(E_l)) while 00 generates orbits of Diffy (X), with
Diffg (¥) the subspace of Diffg(¥) orthogonal to CKV. Tt thus follows that

6072 = [165°||* + [|6a®Z|?

= ||65° | + i sa*sa’ (vZ,v7), (F.27)
s,i=1

and likewise for the holomorphic part. Hence, we can read off the Jacobian for the change
of coordinates dv® — §9%,da® (note that D'dv = Do)

Dov* = det'/? (%, 4%) D'ov® d*6a, (F.28)
(1,0)

associated

to diffeomorphisms connected to the identity (see (F.7)) including zero modes of v,

so that now the integral over Jv® is an integral over the full vector space K

Therefore, due to the fact that K10 @ K1) is an orthogonal decomposition we deduce
that the holomorphic contribution is entirely analogous with z replaced by z. We can then
infer from (F.28) that”

Duv = D'vdfadialdet (42, ¢7)), (F.29)

where Dv = Dv*Dv*. We therefore conclude that D'v in (F.25) is given by

1(CKV)~!
_pp YO (CKV) ,
| det(%, 9%)]
where we have identified the volume vol(CKV) with [ d*ad*a; an integral that can be

performed provided the integrand of the path integral is invariant under conformal Killing

D'y (F.30)

transformations, which is the case in critical string theory where there are no conformal
anomalies provided the spacetime dimension d = 26. Note that for the specific case of

genus h > 2 we have D'v = Dv. The full path integral measure over metrics is thus given
according to (F.25) and (F.30) by

dimMy,

det (i, ) 1(CKV)~!
Dg = DoDv H almkalﬁvbkM det/ A~ M

k=1 |det(¢ja¢j)| -1 |det(wz’¢z)|' (F.31)

Thanks to the uniformization theorem [114, 141, 227] we may, by performing an appropri-

ate conformal transformation, bring an arbitrary smooth metric to a metric of constant

"Recall that Jacobians of coordinate transformations on tangent spaces are equal to Jacobians of co-

ordinate transformations on the corresponding base manifold.
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curvature, the sign of the curvature depending on the genus of the surface. Given that in
the path integral we must integrate along a slice orthogonal to conformal transformations,
we may use this freedom to choose the gauge slice (which is in practice specified by a
choice for the Beltrami differential) to be tangent to constant curvature metrics. This

choice of gauge slice defines the Weil-Petersson measure:

det (i, 6)|°
L F RIS T

and we shall evaluate this explicitly for the genus one surfaces. Therefore, writing Dg =

(F.32)

DoDv duwp, we may now drop the measure associated to diffeomorphisms and conformal
deformations given that the integrand® does not depend on these.” Finally therefore, using
the notation of (E.2), and taking into account the effect of the mapping class group (F.3),
we find that the full gauge fixed path integral takes the form

—d/2

“y ,n_ VOl(CKV)~! 42/ ,
Z 9; Z)/ (WP) det Afl ‘ det(1/127 wz)‘ <fE dQZ\/g det A(m) << L. >>

(F.33)

where " ... " denotes vertex insertions of the form V(1) .. V().

One-Loop Amplitudes

Let us next compute the measure (F.33) at one-loop, that is the case when the worldsheet
has the topology of a torus, 72. Here there is a single A- and a single B-cycle and the
period matrix, €7, thus reduces to the single, see Appendix F, complex modulus of the
torus, {5y — 7 = 71 + im2, 70 > 0. Using the uniformization theorem we may map an
arbitrary h = 1 worldsheet via conformal transformations to a flat worldsheet Ry = 0;
that is, the complex z-plane with the identification z ~ z 4+ m+ 7n. The torus is therefore
identified with the Jacobian variety, J(X) = C/(Z + 7Z). The abelian differentials are
globally defined and we may take w(z) = @(z) = 1, with the diffeomorphism invariant
worldsheet distance given by ds? = 2g.:dzdZ, g.> = 1/2. The isometry group is therefore
generated by z — az + b with |a|] = 1 and b a complex constant. The only fixed-point
free subgroup of the isometry group are the translations. These correspond to the two
translations along the A- and B-cycles of the torus and define the conformal Killing vectors
1, 1, see below.

Let us compute the measure associated to the moduli space of metrics, at genus one.

There is a single modulus and so we need to determine the measure, du(r,7), in (F.33),

_ _ vol(CKV)™! [ 4n2/ o
= d(WP) det/ A=, - ‘A F.34
du(r,7) = d(WP) det' A~ Aot (9,0) (fg P/ det’A ) (F.34)

8The integrand is independent of the conformal factor only in 26 spacetime dimensions, when the

counter-term g2 in the string action (3.22) is chosen appropriately [144] and provided the external states
are onshell. We shall assume this is the case. This is related to the principle of ultralocality of Polchinski
[144], see also p. 923, 931 in [141]

9There is a loose end here that we have not had time to cove, relating to the normalization N/ =
Vol(Diff (X)) x Vol(Conf(X)) and the cardinality |[MCGy,|, see D’Hoker and Phong [141], p. 931.
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in terms of the modulus 7. Let us first consider the CKV contribution; let us choose a basis
such that det(¢,v) = (1,%) = 1, recall from above (or the Appendix for a more detailed
explanation) that there is a single CKV at h = 1. Then, given that these are holomorphic
globally defined vectors we may write 1* = ad, and * = ads, with a,a constants. From
the definition of the inner product (B.5) we deduce that (¢,v¢) = [y, d*z,/g|a|?. Therefore,
in the coordinate system z = o' + 702, z = ¢! + 702 with o!,0% € [0,1], and using the

conventions of Sec. B, it follows that [ sz\/g =19, and so a = 751/2 (

we have dropped the
phase). Given that the CKV generates translations in the complex plane modulo lattice
translations, z — 2z + 7'2_1/2(1)1 + ivg) ~ z + 7'2_1/2(1)1 + ivg) + m + mn, we deduce that
7'2_1/2(1)1 + ivg) lies in a parallelogram with endpoints at (say): 0, 1, 7 and 7+ 1 . This

parallelogram has volume fdQZ\/ﬁ = 7'51 fd2v, leading to,
vol(CKV) = / d>v=72,  when  det(¢),9) = 1. (F.35)

The gauge slice of constant curvature worldsheets, in this case R(3) = 0, defines the

Weil-Peterson measure,

d(WP) = drar L9 (F.36)

(¢, ¢)

Recall that, see Appendix F, the (anti-)holomorphic quadratic differentials ¢,, = kerv(;)
(and ¢zz = kervg_z)) are globally defined and orthogonal to gauge deformations of metric
and hence are tangent to moduli space. On T2, ¢ must therefore be of the form ¢ =
¢..dz ® dz = adz @ dz with a € C, leading to (¢, ¢) = [ d*2\/9(97%)*(¢22)* ¢2> = 472lal?,
with respect to the inner product (B.5). The Beltrami differentials, 4% € K(~bD (and
correspondingly ji*, € K (1’*1)) are tangent to the gauge slice and the projections in (F.36)
guarantee that the gauge slice is projected onto moduli space. We used the uniformization
theorem to choose a gauge slice tangent to zero curvature metrics, ds? = |dz|> = |do' +
7do?|, and this choice leads uniquely to explicit expressions for the Beltrami differentials.'®

From the definition 9
W= gzga 9z:(T,7),
it follows that the Beltrami differential is in turn determined by considering infinitesimal

deformations of metric,
6g = |dz|* — |dz + 67g.p*dZ)?. (F.37)

In the coordinates z = o' + 702, Z = 0! + 702, such deformations correspond to variations

in 7, because under a small variation 7 — 7 + T,

\dz\z = ]da1 + Td02]2 — ]da1 + (7 + 57’)d02[2
107 ‘2 (F.38)

ONote that when we specify a metric g. > on the surface we can use this to raise and lower indices and
so it becomes that there is very little difference between a quadratic and a Beltrami differential. If however
we do not make such a choice of metric, it is the Beltrami differentials that should be thought of as being

tangent to moduli space, see [141] p. 928.
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Comparing with (F.37) leads to the following expression for the Beltrami differential,

Hzz = —Hzz = -

From above we have ¢.. = a and (¢, $) = 4|a|?7, and so given that (u,¢) = 2ia, we
deduce that the Weil-Peterson measure (F.36) reads,

d(WP) = deT‘

72

Let us now consider the determinants of the differential operators appearing in the
measure (F.34). From (B.7) and (B.8) it follows that on a flat worldsheet the two

Laplacians that appear in the measure are equal,
A(O) == A:l == —29’22&265.

Therefore, we need to compute the spectrum of the Laplace operator A on T2. In the
same coordinate system as above, with metric ds? = |dz|? = |do! + 7do?|?, g.; = 1/2
with o!,02 = [0,1] and 0, = %(7"81 — 09), 05 = —%(T@l — 09), we learn that, Ay =
—71—22‘7'(91 — 62|2. In the o', 02 coordinates, the worldsheet is a square of sides equal to 1,
such that o' ~ o' 4+ 1. Therefore, to compute the spectrum of the Laplace operator we
need a complete set of eigenfunctions which satisfy this periodicity. The correct choice is
Y = €Xp (2m’nal + 2m’m02), and so defining A, », according to A(g)Ym.n = Amn¥mn

we learn that the determinant (which excludes zero modes) is, [, ).2(0,0) Amn O,

/ ! (27T)2 2
det'Ag) = H 5—|m +7n|". (F.39)
m,n 2
where we have written Hlmn = Il(mm)200)- Consider the first factor in the above

product. Given that [232], Hlmn a= (Hm;ﬁo a)( [T 20 a) ( [Toz0 L0 a) and [0, a =
exp[In[],0a] = exp[(Ina) 3, -0 1] = exp[(Ina)¢(0)], we find that [[22, a = a~1/2, given
that ¢(0) = —1/2. Therefore, H;n;éo a =1/a and so H;nm (277_;)2 = (2;2)2 . To compute the

non-zero mode contribution to the determinant we can make use of the Eisenstein series

and its properties. The Eisenstein series is defined by,
’ T2 s
E T,8) = < > 9
)= X (e
m,n

and has a simple pole at s = 1. This enables us to write,

det’A gy = _2_=0sE(rs)

(2r)?

To evaluate the exponential consider the identity [226],

(F.40)

s=0.

7T (s)E(r,s) = 7~ 179ID(1 — $)E(,1 — s),

1We have left out one of the two 7o factors because it is convenient to group it together with the non-zero

mode pieces, as will soon become clear.
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and in particular the s ~ 0 region. Given that the pole is at s = 1, the strategy will be to
Taylor expand this identity around s = 0 and solve for dsE(7,0). The Taylor expansion
of E(r,s) on the left-hand side is, E(7,s) ~ E(1,0) + s0sE(7,0) 4+ .... To consider the
right-hand side in the neighborhood of s = 0, we need the limit,

lim E(1,1 —s) = lim { ~ T iop [fy —In2—1In (7'2\77(7')]4)} + (’)(s)},
s—0 s—0 S

with v Euler’s number and 7(7) the n-function. Plugging this and the aforementioned

Taylor expansion into the above identity, and using the asymptotic form of the Gamma

function I'(s) ~ 1/s and I'(1) = 1, it follows that E(7,0) = —1 and 0,E(7,0) = 27y —

In (472|n(7)[*). Therefore, we learn that the determinant of the Laplacian is,
det’A(O) = (6771)*2 7'22\77(7')]4. (F.41)

The constant, (¢77)~2, is often dropped, and the overall normalization is fixed by unitarity,
or by comparing with the operator formalism result.
Collecting all the results, we can now write down the measure associated to moduli

deformations for genus h = 1 amplitudes,

B drdr 1 [4r2d/ -1
n(r7) = G A 2 (= oAl

273 7 (F.42)
drdr 2 1 \—13 _48
=TT ) ()],

The combinations 73 |n(7)|* and drd7 /73 are invariant under SL(2,Z)/Z, under which

T 7 = m——i_b, with (ad —be) =1,
cT +d
which is generated by 7 — 7+ 1 and 7 — —1/7. That is, the torus with modular
parameter 7 is equivalent to any other torus with modular parameter 7. The group of
large diffeomorphisms, the mapping class group, also contains transformations that flip
both sides of the torus and so the full modular group is SL(2,Z). This is all as expected
because the metric |do! + 7do?|? is invariant under o! — ac! + bo?, and 02 — co! + do?
with a, b, c,d integers given that we are to identify o' ~ o' +1 and 0% ~ 02 + 1. Under
these large diffeomorphisms the parameter 7 is mapped precisely to 7/. This means that
when we integrate over the moduli 71, 75 we are to restrict the region of integration to

within a fundamental domain, a convenient choice being [231],
My :{T:Tl—i—iTg with —%gn < %, T >0, |7 21}.

The invariance under large diffeomorphisms is then fixed, although there remains a Zo

1 2 and so we need to include an overall factor

gauge invariance, o! — —¢!, and 02 — —0
of 1/2 in the amplitude.
We have therefore shown that at one-loop, the amplitude (F.33) reduces to,

(...} = /Ml AT g2ty ()45, (F.43)

41y

where we have noted that x(7?) = 0.



Appendix G

Scalar Green’s Function

The scalar Green’s function, G(z, w) is the fundamental object which appears in all string
amplitudes. We therefore consider it appropriate for completeness to present a rather com-
plete overview of the definition of G(z,w) broadly following the approach of [190, 141, 114].
For a general discussion of the Green’s function on various two-dimensional surfaces see
[233] and for particular emphasis on open strings see [177]. We shall concentrate on the
form of the Green’s function which is appropriate for arbitrary genus closed string calcula-
tions, namely in terms of the prime form, F(z,w), which was first (possibly independently)
described in [190] and [234].

In any local coordinate patch we may render the metric conformally flat, g = g.z(dz ®
dz+dz®dz). We define the Green’s function, G(z,w), by the correlation function (X (z, z)-
X (w,w)). This corresponds to the inverse of the Laplace operator (see Appendix B),

Ay = —2¢7°0.0:,

subject to certain boundary conditions. For closed strings the boundary conditions trans-
late into periodicity requirements of G(z,w) under translations around the A; and By
cycles of the Riemann surface — more about this later. Given that A ) is Hermitian, we
may decompose X (z,Z) into a complete set of eigenstates, ¥, (z,2), of Ay, X#(2,2) =
>, ahtbn(z, 2), such that

Ay¥n(z, 2) = Anthn(z, 2). (G.1)

Let us further require that this decomposition be orthogonal,

(wmﬂpn) /Z dZZ\/@/Jmibn,

= Som. (G.2)

However, Ay is not invertible in general due to the presence of zero modes and hence
we need to be careful in interpreting G(z,w) as the inverse of the Laplace operator. If we
denote the zero modes kerA ) by 1o, defined by A\g = 0 in (G.1), we deduce from (G.2)

that 12
o = (/2 d2z\/§> . (G.3)
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We may however invert A ) provided we restrict to the space of functions orthogonal to
zero modes 1y — we call the Green’s function associated to this restricted spacel G/(z,w).

This Green’s function has then the explicit representation,
, 2wl B B
G'(z,w) = Z )\—wn(z, Z)thp (w, ). (G.4)
n#0 n

This is the inverse of A(g) in the sense that, on account of (G.1) and (G.3),

ma'g.z
Jsd*z\/g’
/ d*2,/g G (z,w) = 0. (G.5b)
%

0,0:G' (z,w) = —wa/6*(z — w) + (G.5a)

One often defines a (covariant) é-function, 62(z,w), which in terms of the usual J-function
would read: §2(z,w) = ﬁ(p(z —w) = Y ¥n(2,2)n(w,w). This representation of

§2(z — w) in terms of the basis {1, (z, 2)} follows from the completeness of X (z, z),
X(z,2) = Z antn(2, 2)
= > ( &2\ g (2, )X (2, z’>) Yn(2, 2)
b

n

— /E ?2\/g <Z wn(z,z)zpn(z',z')> X(,7), (G.6)

whereas the second equation is a consequence of (G.4) given that the integrand, on account
of (G.1), can be expressed as a total derivative. The Green’s function may be defined by
(G.5) up to an immaterial constant together with additional periodicity requirements
determined (in the case of closed strings) by the genus of the Riemann surface.

The solution of (G.5a) should be that corresponding to a genus h compact Riemann
surface. We are considering orientable surfaces and so the Green’s function G(z,w) should
therefore be single-valued and periodic if we transport z around a cycle nyA; + m;Br.?
Furthermore, as we consider only closed Riemann surfaces there are no distinguished
regions in ¥ at which G(z,w) is required to vanish. When z = w we see from (G.5a) that
G(z,w) should have a logarithmic singularity, G(z,w) ~ —%/ In |z —w|?+regular terms. To
extend this solution to the entire surface we thus need the (hopefully unique) generalization
of z —w on C to higher genus Riemann surfaces. Such a generalization is provided by the
prime form E(z,w), defined in (C.16). Recall that F(z,w) is a (—1/2,—1/2) differential

with a single zero at z = w, being analytic elsewhere. We therefore suspect that G(z,w) ~

"We have placed a prime on the Green’s function to remind the reader that zero modes are omitted.
As we shall only be dealing with the Green’s function which excludes zero mode contributions, we shall
eventually drop the prime in what follows, G'(z,w) — G(z,w).

*We are being a little bit sloppy here. The coordinate z should really be thought of as the image z(p) of
a point p € ¥ under the Jacobi map, see (C.7). In particular, by transport z around a cycle nyA; +m;Br

we mean z(p) — z(p +nrAr + mrBr).
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—%/ In |E(z,w)|? + regular terms is the required generalization. However, it is only quasi-
periodic on X: if we transport z around the cycle v = nyA; + m;By, we have [192],

E(z,w) — E(z,w)exp 27i (—%m[Q[JmJ +mr fzw wI) and therefore,
w
In|E(z,w)]* = In|BE(z,w)|* + 2rm;(ImQ) rymy — 47Tm11m/ wr. (G.7)
z

It then follows that if we add ma/Im [ wy(ImQ)7/Im [* w; to —% In |E(z,w)[* the res-

ulting expression,
, w w
G(z,w) = —%ln |E(z,w)|]* + wa’Im/w[ (ImQ)I_J1 Im/wJ + regular terms  (G.8)
z z

will be single-valued and periodic around the A; and Bj cycles of the Riemann surface.
This is indeed (almost) the correct form for the Green’s function on a closed Riemann
surface of genus h. Note also that we have the freedom of adding holomorphic regular
terms [233] in (G.8) which do not appear in the amplitudes, see e.g. [181]. However, this
is not quite the end of the story given that this object is singular at z = w and we shall
therefore need to adopt a regularization prescription which removes this divergence and
this is what we focus on next.

Close to z = w the singular term in the Green’s function is —%l In |z — w|?. We shall
regularize this divergence by introducing a cut-off, a minimum distance |¢|. We would
like this cut-off to be present for arbitrary diffeomorphisms. The relevant diffeomorph-
ism invariant quantity is g.z|z — w|? and so we should set lim,, .. g.z|z — w|?> = |¢|?, or
limy, .. |z — w|?> = g2 |e|?, leading to the following regularized expression for the Green’s
function at coincident points,

!/

Gr(z,2) = % (Ing.: —Inle?) +... (G.9)

The terms " ..." are non-singular regular functions of z, Z which are independent of g,z
and vanish in all amplitudes due to momentum conservation. In string amplitudes we can
always absorb the coordinate and moduli independent cut-off |¢| into a renormalization
of the vertex operator coupling constants g., see e.g. [235], given that G(z,w) appears
non-differentiated only in an over-all exponential. Therefore, we shall drop the cut-off
term in (G.9) in what follows. From (G.8) on account of (G.9) we finally conclude that

the correct regularized expression for the Green’s function is

w w
—%ln|E(z,w)|2 +7a/Tm [w; (ImQ);;Im [wy+..., if 2z #w
z 4

G(z,w) = (G.10)

%/(lngzz—ln|e|2)+..., if z=w

in agreement with [190, 141]. The dots denote terms that do not appear in string amp-
litudes due to momentum conservation of the external states. The cutoff also vanishes
when the external string states are on the mass shell after a wavefunction renormalization

— this is elaborated on in the main text.
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What remains to be shown is that the Green’s function (G.10) satisfies (G.5). From
(G.10) we have 0,0:G(z,w) = —ma/§?(z —w) +ma’w;(2)(2ImQ); ;@ (2). Comparing with

(G.5) we see that we are to make the identification,

% o wy(2)(2mQ) 7 J@s(2), (G.11)

which can be shown to be consistent with the Riemann bilinear identity (C.6) on account

of the defining properties of the Abelian differentials (C.4). In particular, integrate both

sides of the correspondence over ¥ with measure d?z = idz A dZ and use the fact that
Z/ wr \Nwy = Q(ImQ)[J.
X

We hence deduce that both sides of the correspondence when integrated reduce to unity.
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Gamma Function Identities

We list a number of identities that are useful in manipulating gamma functions. The

gamma and beta functions are defined respectively by

. L(z)I'(w)
L(z)= [ dza™'le ™ B = H.1
@)= [Tdeen Bew) - g (H1)
The following gamma function identities are used extensively throughout:
™ 0
D(z+1) =2l (1 —2)(2) = PA+2)rG —2) = . (H2
(+1)=20(), TA-2l()=="—, TIE+all-2)=—— (H2)

From these we find that:
I'(n)=(n—-1)! r/2) =vr [(-1/2) = -2/ (H.3a)
I'(e—n) ~ % (le] < 1), I'(n+ %) =2""/7(2n — 1)!! (H.3b)

A very useful (exact) representation of the gamma function is given by the Stirling formula
[236],

2—1/2 —=z > Pl(t)
I'(z) == e “V2mexp ( — dt —>,
1
~ 2—1/2 —2z < )
~ z e *V2m 1+—12z+28822+“' , (|z2| = o0, Jargz| <)

with Py(t) =t — [t] — 1/2 the sawtooth function, [t] denoting the largest integer, n, with,
n < t. The integral in the exponential tends to zero in every sector of complex numbers,

z = re'?, such that:
—m+d<0<m—9, with 0<d<m,

Notice that this is potentially (depending on §) the entire complex z-plane with the negat-
ive real axis (where the gamma function has poles) deleted. In the limit |z| — oo dropping
this integral becomes a better and better approximation as can be seen in the second line
— this is Stirling’s approximation. In terms of the beta function the leading order term in
Stirling’s approximation reads,

B(z,w) ~ V2 12 for |z|, Jw| — o0

(Z _{_w)erwfl/Z’ (H5)

B(z,w) ~ z7“T'(w), for |z| — o0, z/w = fixed
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which follows from (H.1) and (H.4). The following integral is required [141],

; r(1+A(1+B)T(-1-A- B)

/d2zzA(1 —2)Bz01-28=2n FAL1B 1Y) TATCE) (H.6)

which holds true provided A— A and B — B are integers, which is always the case in string
theory.

Another useful identity is the Gauss multiplication formula,

_n—1

T AT ()T (2 4+ LTz + 2) .. T(z + L) (H.7)

n

I'(nz) = (27)



Appendix 1

Polarization Tensor for Monomial

Vertex Operators

In this section we shall construct explicit representations for the polarization tensor which
satisfy the physical state conditions associated to the massive monomial covariant gauge
vertices of Sec. 4.1.

Let us primarily focus on the holomorphic part ¢ of the polarization tensor Z = ¢ @ .
For massive states we may boost to the rest frame, k = (k,0,...,0), and the condition
k-¢ = 0 can then be satisfied if the zeroth component of every index vanishes: ¢, ... [ =
0 when p; = 0 for any j.

Traceless tensors whose indices are associated to a Young tableau correspond to irre-
ducible representations of the orthogonal group. To construct such tensors we consider
the partitioning I = (|I1|, |I2], ... ), which corresponds to a Young tableau with |I;| boxes
in the 15° row, |I5| in the 279, and so on. Similarly, define the conjugate quantities, namely
denote by |J;| the number of boxes in the 3™ column for all columns j, which ranges from
1 to ¢ = |I1]. We therefore have the following equivalent Young tableau partitioning in

terms of the conjugate quantities |.J],
S PARVANNA] (1)

According to the standard Young tableau prescription [189] for the construction of
irreducible tensors with respect to SO(N), we write down a general tensor with as many
indices as there are boxes in the Young tableau of interest. We then symmetrize the
indices associated to rows and subsequently anti-symmetrize indices associated to columns
of the tableau. The trace of such tensors is invariant under SO(N) rotations and so
tensors constructed in this manner are not yet irreducible; the subspace of traceless tensors
however does correspond to the space of irreducible representations of the orthogonal
group. Therefore, we also require that the trace of { with respect to any two indices
vanishes.

Let us introduce one complex vector ey for every row A of the tableau, namely A =

1,...,m. We then symmetrize the indices associated to the rows by writing down a tensor
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that is trivially symmetric with respect to any two spacetime indices when both label

elements of the same row,’

e1Re1IR - RVe1ReReaR - Rea®@ Ry ey Q- X ey,

[11] |12 [T
or alternatively,
el®62®"'®6|J1‘®61®62®"'®6‘J2|®"'®61®62®"'®6‘Jq|7 (1.2)
[J1] | J2] [Jql

where in the first and second line we have grouped the indices in the standard and con-
jugate form, i.e. in terms of rows and columns respectively. Note that the total number
of boxes is the same in both cases, [I1| +...|Iy| = |Ji| + -+ |J;| = |I|.? This is clearly
not the most general form of a rank-|I| tensor which is symmetric on the groups of in-
dices associated to rows of a tableau.® In particular, this step largely reduces the space of
available irreducible representations.* The remaining space however is sufficiently large in
that there still is a very large number of non-trivial states that can be constructed from
the above monomial. The physical implications of this restriction is obscured by the fact
that these states also carry unphysical degrees of freedom.

We next anti-symmetrize the resulting object (I.2) on the indices associated to any
given column by contracting the elements associated to the j* column (j = 1,...,q),
which is composed of |J;| boxes, with the Levi-Civita symbol € 4p... of dimensionality |.J|.

Therefore, the resulting polarization tensor will be of the form
¢ =Cln | ®Clp @ @ Cyys (L.3)

with |[I| = | 1| + |J2| + - -+ + |J,| and the completely anti-symmetric tensors C), defined
as C, = 1%5141...%1;76141 ® -+ ®@ea,. In order for this polarization tensor to be physical it
must satisfy the physical state conditions (4.4), which for the holomorphic sector read
09 gty = 0 and KHiCu, = 0, and the normalization condition (4.3),
namely CﬂLnH‘[‘C*Ml.“M‘” = 1. In terms of the bases vectors ¢/; these three conditions read
respectively:

esa-eg =0, 6?4:0, and ey -ep =048, (1.4)

"We suppress the spacetime indices of e’y in the following.

2Recall that the total number of columns, ¢, equals the number of boxes in the first row, ¢ = |11],
whereas the number of rows, m, equals the number of boxes in the first column, m = |J1].

3One may construct more general polarization tensors by introducing as many basis vectors as there
are boxes, namely |I| vectors e/}, and subsequently sum over all permutations for every row independently.
The resulting object is to replace (I.2). One may then proceed to the second step in the construction as

described below, the computation is analogous but more tedious.
“Consider as an example the Young tableau (2) or equivalently [1,1] in the notation (4.5) and (I.1)

respectively. This would be equivalent to choosing from the space of symmetric rank-2 tensors which can
in general be written as a’d’ + a’b’ just the subset of tensors for which a = b, tensors of the form a’a’.
This reduces the dimensionality from d(d + 1)/2 to d.
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for all [Young tableau] rows A, B = 1,...,m. The second condition takes this form if we
boost (for massive states) to the rest frame where k = (k°,0,...,0). We may subsequently
Lorentz-boost to more general frames if we so please and the above choice reflects the fact
that under Lorentz transformations the polarization tensor transforms according to a real

5

representation of the little group for k, namely SO(25).° These conditions are solved by

the following basis expansion,

el = M* Napéy, (L.5)
with
0
0 0 0
KO 1 0
. 0 X 1 . 1|1 5 L]0
- ) €1 = —= ’ €2 = —(= ) ) € = = )
Lo Ve Ve
0 : 0
0 0
0
(1.6)
provided we take
M*nupM:y =1y, M°% =0,  NagNppdop = das, (L7)

with j =1,...,25 and A, B =1,...,12. That is, M and N must be elements of SO(25)
and SO(12) respectively — we are free to fix 25(25 — 1)/2 = 300 and 12(12 — 1)/2 = 66
parameters in M and NN respectively. It is the choice of the 66 parameters in N that lead
to physically distinct polarization tensors for the left-movers — from (I.7) it is seen that
the matrices M can only generate Lorenz transformations and this is a symmetry of the
theory. Notice that we have restricted the number of basis vectors to a total of 12, namely
we consider states with mode numbers m < 12. This is due to the fact that [189] the sum
of the number of boxes of the first two columns must not exceed 25, in accordance with
(4.6), and that we would like to in general consider irreducible representations with more
than just a single column.

The anti-holomorphic part of the polarization tensor, namely ¢#'#I1l, follows by direct

analogy to the holomorphic case (I.3). We consider the expression,
(=Clyy @ Cyy ®-- 0 Cgy, (L8)

with || = |J1| 4 |J2| + - - - +]J;] the total number of boxes of the tableau associated to the
right-movers, |jj| the number of boxes in column j and ¢ the total number of columns,

given by the size of the first row, ¢ = |I;|. The anti-symmetric tensor C,, in terms of its

5Recall that vertex operators transform like one-particle states under Lorentz transformations and that
the irreducible representations of the full Poincaré group SO(25,1) are determined from an irreducible
representation of the little group [189, 198].
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components reads, Ch" " = z%a Ay Apéff‘ll ...éj’; . In direct analogy to the holomorphic

case, the €4 must satisfy the conditions
€a-ép =0, ey=0, €A €p =04RB, and ea-eég =0, (1.9)

for all rows A, B = 1,...,m. This last condition is required in order to cancel potential
anomalies of the form discussed by de Alwis [142]. To solve these constraints we make the
following ansatz,

ey = M" Napép, (1.10)

with M and N some constant real matrices, the constraints on which follow from the four
conditions (1.9),

M“pnw,M”O:npo, Moj:O, NacNppdcp = 6ap and M = M, (I.11)

respectively. As for the holomorphic sector we see that M and N must be elements of
SO(25) and SO(12) respectively. Any possible asymmetry between e4 and €4 is completely
described by the real SO(12) matrices Nag and Nag.% In particular, it follows from (I.5)

and (I.10) that the left- and right-mover basis vectors of the polarization tensor are related:
€q = (NNT)ACec. (1.12)

By representing the left- and right-movers’ polarization tensors by Young tableaux we
allow explicitly for the possibility of having states with a large number of harmonics
excited (provided m,m < 12). By allowing in addition the basis vectors of the left-movers
to be related by an SO(12) rotation to that of the right-movers’ basis vectors, we are
implicitly considering states with potentially (but not necessarily) asymmetric left-right
excitations.

An example where left-right asymmetry can become important is in the context of
cosmic strings. It is plausible that in massive string states left-right asymmetry is generic
and such an asymmetry seems to be responsible for the presence of cusp-like features in
the corresponding classical evolution of strings [83].

We have therefore constructed a rank-|Z| physical polarization tensor Z = ¢ ® ¢ which
under Lorentz transformations transforms according to a real representation of SO(25)
(actually SO(24) as both é% and é1245 are empty and so there are no quantum fluctuations
in the 0- and 25- directions in our construction unless one Lorentz transforms to a more

general frame). The full polarization tensor Z takes the form
Z=(a(
_ _ _ (I.13)
= (Clay ® Cly @ -+ @ Cly,)) @ (Cpyy @ Clpyy @+ @ Clyy)-

Recall that it is the choice of the matrices Nap and Nap that gives rise to different
polarization tensors and hence physically distinct states whereas the choice of M and M

corresponds to a symmetry of the theory, in particular Lorentz rotations.

5The bar on Nap is just a label and does not denote any kind of conjugation. These matrices are not

to be confused with the worldsheet level operators.
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Let us finally describe briefly the case when we have d non-compact and 26 —d compact
dimensions. We limit ourselves to the case when there are no quantum fluctuations in the
compact dimensions. This is equivalent to setting M*, =0 for uy =d+1,d +2,...,d +
(26 — d), a case of interest being for example d = 3 for our universe. The polarization

tensor is otherwise unaltered.



Appendix J

Schur Polynomials

In the current section we collect all the necessary polynomials that appear in the closed

and open string covariant vertex operator construction of the main text.

Closed String Polynomials

Elementary Schur polynomials [145] are defined by the generating series, !

[e.e] [e.e]
Z Sm(at,...,am)z™ = exp Z an 2",
m=0 n=1
and read explicitly:
k1 km
a a
Sp(at,. .. am) = > ﬁﬁu (J.1a)
1! mt

k1+2ko -+ mky=m

= —i}{dw w ™! epoasws (J.1b)
0 s=1

with dw = dw/(27), Sy =1 and Sp<o = 0. When ay = —Ling - 0°X(z), with ¢* defined
in (4.65) we write Sp,(ng; 2) = Sim(a1,...,an). For instance, when a;, = —Zing - 9°X(2)

or a; = —Ling - 0°X (%),

dw " ws
cx) — -m —inag - —0°X 2
Sm(ng; z) 7€2m’w w~ ™ exp < ng 551 o o5 (z)), (J.2a)
s dw " s
7) = — 5 —ing- Y Sosx(z 2
Sm(ng; z) 7€2m’w w- ™ exp ( ng 2 o 03 (z)), (J.2b)

and when there is no ambiguity we shall write instead S,,(ng) for the same object, and

similarly for S,,(nq). The following Taylor series is useful,

efinq-X(z) _ Z z“Sa(nq; O)efinq-X(O).
a=0

'Elementary Schur polynomials, S,,(x), are not to be confused with the Schur polynomials, Sy (x).

Given a partition A = {A\1 > A2 > ...} these are related however, Sx(x) = det(Sx, —i+;(x))1<i j,<|x-
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Elementary Schur polynomials, .S,,, are related to the complete Bell polynomials, B,,,

according to, Sy, (a1, as,...,ay) = %Bm(al, 2lag, ..., mlay,). Properties of the latter have

been studied in [194, 237, 238, 239, 240].

The following polynomials in 9% X and 0# X are the fundamental building blocks in

normal ordered covariant vertex operators and are recorded here for easy reference,

Pn<z>—\/;le(m_1)!a XH(2)Sm(ng; ), (7.30)

pi(s)— (23 X (2)S ng; z

H}, () =\ 59'Sulng: 2) + Pi(2), (J.42)
n(2) =\ 5P Sn(ng; 2) + P (2). (J.4b)
When necessary we shall also note the argument of the Schur polynomials by writing

Pi(mgq; z) and H!(mg;z) although usually n = m which is why we have written instead

P,(z) and H,(z). For vertex operators whose lightcone gauge representation is not trace-

n

Smn(2) =D 1Smir(mg; 2)Sn—r(ng; 2), (J.5a)
r=1

Smn(2) =D 1Smir(mg; 2)Sn_r(ng; 2), (J.5b)
r=1

see (4.98). These polynomials have the properties, So(ng; z) = \/Wq-Ho(nq; z) =1, and
Hi(ng; z) = \/04’—/2 p' and vanish when the subscripts are negative. Explicitly, for the first
few level numbers, Pi(z) = 0, Pi(z) = i0X'(z), Pi(z) = 20X'q - 90X (2) +i9>X*(z), and
so on, where we have taken o/ = 2 for simplicity; also, So(N¢) =1, S1(N¢q) = —iNg- 90X,
So(Nq) =2(q-i0X)? —q-i0*X,. ..

Open String Polynomials

In the open string sections of the main text we give explicit results for normal ordered
vertex operators with excitations in the directions, A = 1,...,p — 1, tangent to the Dp-

brane. The various polynomials that appear in the open string analogous to (J.3), (J.2),
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(J.4) and (J.5) of the closed string are in holomorphic language given respectively by,

Sn(ng;z) = jé ler?;}w w™N exp ( —ing - Z Z—j@ﬁX(z)), (J.6a)
0 s=1
Hi(z) = V2a/'pSn(Ng; 2) + Pi (2), (J.6b)
N .
Pi(z) = \/gn;ﬁamXA(Z)SNm(NQ; z), (J.6¢)
Sm,n(z) = Z TSmtr (m(ﬁ Z)Sn—r(n(ﬁ 2)7 (JGd)

r=1

and further properties and examples for N = 0,1 and 2 of these are given in Appendix K.

The o = 2 results there correspond to o/ = 1/2 results here.



Appendix K

Commutators and Operator
Products

As shown in Sec. 3.1, for two operators

A= jfdza(z), and B = }{dwb(w),

there exists the interpretation,

[A,B]| = A-B= jédwj( dza(z) -b(w) and [Ab(w)] = A-b(w) = jé dza(z) - b(w),
0 w w
(K.1)
the dot denoting an operator product expansion (OPE), where for a free scalar contractions

are taken with respect to the propagator,

/

(XH(z,2) X" (w,w)) = —% 7" 1n |z — wl?.

Closed String DDF Operators and Covariant Commutators

The relevant components of the DDF operators are defined according to,

Al = \/3/ jl{dz 0XiemaX(?) and Al = —\/3/ jl{dz@Xiei”q'X(z).
a a

The spacetime vector ¢* is transverse to the spacelike indices i, and ¢? = 0. These satisfy

an oscillator algebra,

[AL AT ] 2 n6Y6pmo,  and  [AL, AL] 2166, 4m0 (K.2)
from which it follows that (A%)T = A’ . We define a vacuum according to, ok, -
e X(22) 2 (0 and Al - e X(22) = ( with,

4 2
P’=—, pg=-, and ¢ =0.
a a

From the above definition of the commutators we learn that,

. . a/ . a,
o AL) = md" Bl +ny [ S0 Dl [0f, B] =y S0 Bl
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o o
(o}, D},n] = %M’ZBnM*'”\/ qqu—l—Zm o, Bf] = my 5 ¢ Bmye—n V 5 ¢ Emiey

where following [208] we have defined,

dz o . [9 o
BQL :%Ezmequ(Z)’ Dfn,n — Jy{dzzm(?Xlequ(z),

E} = j{d‘zzmq L9XemaX (),

and

From these commutators and (k)" = o, (4))T = A", it follows that (B2)' = B~",
(Di,,)t=D", _, and (EL)' =EZ]. In addltlon we learn that,

(A}, DI, | =69 EL™, DY, D] ] =69 (nEy™™ — By,
and, [By, D}, | = [A}, By,] = [AL, El,] = 0= B}, Bf] = [E},, Ef] = [B,, Ef].

ip-X(2)

On the chiral half of a (tachyonic) vacuum state, e , one can readily compute the

operator products,

B X(E) =26 (ng; z) !PT X)) (K.3a)

Dy X 2 H1 (g )X, (<)
. I .

EM. P X(E) /%q . Hym(ng; 2)e!® 0 X() (K.3¢)

where the polynomials S, _,,(ng; z) and H:_, (ng; z) have been defined below and we have
made use of the Taylor expansion, e =4 X(®) = 3% (1) 2)28, (ng; 2)e~"4X (=) Note that
n (K.3c) we have extended the definition of H! _, (ng;z), to include also longitudinal
indices, H!'_, (ng; z), without changing the form of the polynomial.

Open String DDF Operators and Vertex Operators

The relevant propagators on the upper half plane are,

/

N:  (XF(55)X (w,m)) = %(myz—wmln\z_wy?),
/
N: (X4(z,2) X" (w,w)) = —%5AB(111|Z—U)|2+ln|z—w|2), (K.4)
a/
D <XI 2) X (w, 7)>:—551J<ln\z—w\2—ln]z—w]2>,

for the Neumann (N) or Dirichlet (D) directions respectively, with the normalization con-
vention 0,0:G(z,w) = —ma/8%(z — w), and G(z,w) = (X (z,2) X (w,w)).
To construct vertex operators we now distinguish between excitations tangent or trans-

verse to the brane respectively,

= \l %%dz aXA(Z)einq.X(z’g), and Aé = v %%dz aXI(Z)einQ'X(Z72), (Ks)
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ip-X(2,2)

and these act on the open string vacuum, e , which is restricted to the real axis,

z = Z. This procedure gives rise to vertex operators of the form,

V(z,2) = 0&; A, AL ... ePXE2) (K.6)

—nq

as explained in the main text. Self-contractions are subtracted using the correlation func-
tions (K.4). The integrands of the DDF operators are to be restricted to the real axis,
z = Z, and only after the normal ordering has been carried out are we to analytically
continue the integrand in the complex plane so as to perform the contour integrations
shown in (K.5). At this point the integrations should all be analytic in z.

Given that open string vertex operators live on the boundary of the worldsheet it is
sometimes useful to represent them as holomorphic functions of a single variable, z. In the
main text we concentrate on open string vertex operators with excitations in the directions

tangent to the Dp-brane, and so it is possible to construct vertex operators using instead

of (K.5) the DDF operator,
/ 2 ng-X(z
A;? = J 7{&‘2 8XA(2)6 7 X( ), (K?)

with the corresponding vertex operators given by,

V(z,2) = Céap. A4, AB, . X3 (K.8)

—niTT—n2

in which case to obtain the normal ordered expression, the self-contractions are to be

subtracted using the propagator,
N: (X(2) X (w)) = —(2a/ )™ In(z — w), (K.9)

which follows from (K.4) by restricting the worldsheet arguments to the real axis. To
carry out the contour integrations shown in (K.7) we analytically continue in z around
the real axis and the contour is to contain the vacuum.

On a Minkowski signature worldsheet the DDF integrals are along the boundary of
the worldsheet which is coincident with the Dp-brane.! The vacuum momenta p* and null
vectors ¢ are restricted to lie within the D-brane worldvolume, see (2.41), and the ¢ are

transverse to the DDF operators:

The onshell constraints for the open string are,

1 1
2 2
_ o — and =0 K.10
= Pa= g q : (K.10)
n Minkowski signature, where z = e o=7) and TEuclidean = TMinkowski, We have instead,

AL =

1 2 A ing-X I 1 % I _ing-X
m/o dro-X"e , and A, = m/o dr 0. X e ,

with the integrals along the worldsheet boundary and the derivatives, 0. and 0, in the tangent and
inward normal direction to the worldsheet boundary respectively. Note that: A£|Euc1idean = Aﬁ + Aﬁ
and A£|Euc11dean = Al — Al  The derivatives appearing in (K.5) are purely holomorphic because of the

boundary conditions.
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so as to ensure that the vertex operators (K.6) are onshell with mass spectrum m? =

—(p— Ngq)? = (N — 1)/’ as appropriate for open strings. The contractions appearing in

(K.10) are with respect to all spacetime indices p.

Open String Covariant Commutators

In direct analogy to the closed string case above we learn that,
[ak, AL] = mé"' Bl +nv 20/q“Din7n, (o, By =nv2a'q¢" By,

[045, D:nn] = fMJBZwﬁ‘” \ QQ/QMD%MW [O%a E?] =mV2/'q" By, ;—nV2/'¢"Ep, Ly,

where we have defined,

dz ing- X . /9 oy
B;’LI :%Ezm e (3)7 D:n,n — J%dlzzma)(zeznq (z)’

Bl =

and
dz2"q - 9XemaX (),

e

From these commutators and (af)" = o, (A))T = A%, it follows that (B2)' = B~

(D)t =D",, _, and (E})' = EZ). In addition we learn that,
(AL D] = VB, [DLy Dy ] = 89 (g™ = £B5 ™),

—no

and, [BEann,n] = [A;’Bﬁm] = [A:'L’Efl’b] =0= [B%’Bf] = [E%’Ef] = [B%’Ef]
On the chiral half of a (tachyonic) vacuum state, e~ (2), one can readily compute the

operator products,

BT X (@) > g (ng; 2) P X () (K.11a)
Dy, P XE) = H L (ng; 2)e TG, (K.11b)
Em e XE) 2 \o0lg - Hyy_n(ng; 2)e! PO X () (K.11c)

where the polynomials S, _,,(ng; z) and H:_, (ng; z) have been defined below and we have
made use of the Taylor expansion, e~ X (W) = 3% (1) 2)2S, (ng; 2)e "X (), Note that

in (K.11c) we have extended the definition of H! . (ng;z), to include also longitudinal

indices, H!'_, (ng; z), without changing the form of the polynomial.
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Gauge Invariant Position Operator

The position operator (2.37) is not a gauge invariant quantity, [L,, X*(z, z)] # 0, and so
cannot be inserted into covariant path integrals. It is sometimes useful to have an operator
that is gauge invariant, and that does in many respects have the properties of a position
operator, properties such as (2.38). We discuss this next.

Motivated by the isomorphism of the algebras satisfied by of and A’ see (2.38)
and (4.69) respectively, and by the fact that the DDF operators are gauge invariant,
[L,, Al] = 0 see Sec. 4.4, let us by direct analogy to (2.37) define the following position-
like gauge invariant operator for the transverse indices [241, 242],

Xi(z,2) =% —z%lp In |z|? —|—’L( 5 >1/2Zl (AL zm+ ALz ). (L.1)

n
n#0

Here p' = Aé = 046 and x' = O‘%un # with the null vector ¢* and the angular momentum

operator J* as defined above. On account of (K.1) one finds,
[Afl, Afn] = néij5n+m7o, [Xi(z), BTXj(z')] = 5”5(0 —a), and [xi,pj] =364,

in direct analogy to (2.38). Unlike the standard position operator, X (z, z), however, the
quantity (L.1) is gauge invariant given that the DDF operators and the zero modes % and
p* commute with the Virasoro generators, [Ln,Xi(z,E)] =0, and [L,,%] = [L,,p'] = 0,
for all n € Z (and similarly for L,), and therefore define sensible operators that may be
inserted into covariant path integrals.

In fact, X(z, Z) can in some sense be thought of as the covariant version of the lightcone
quantity X*(z, 2): the A’ reduce to the o!, when one restricts to lightcone gauge in which

case (L.1) reduces to (2.37). We can use ¢ to define a lightcone time ¢- X (z,2) = —iln |2|?

to find that (at least classically),
Sy 7{@2 OX(2) " = o,

Al = \/77{dz6X’ emaX(z

where we have formally factorized ¢- X(z,z) into ¢- X(z) = —ilnz and ¢- X(2) = —iln z.

We hence deduce that at least at the classical level,

(Xi(z, z) — xi) |1_C. = X¥(2,%) — 2'.
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We conjecture that this be elevated to a quantum-mechanical statement:

(VIF(X'(z,2) = x)|V). . = (V|F(X'(z,2) —a")|V) (L.2)

cov Ie?

for some well behaved functional F'(A) of the argument A. Here by [V)coy = V (2, 2) we
mean the covariant vertex operator (4.63),

V(2,2) = C&j. . AL, AL, AR AL e X (R (L.3)

—n1

and |V represents the corresponding lightcone gauge state (4.61),

Ve =C&j gyl ..ak. &l 00,07, p%). (L.4)

The expression (L.2) follows from the isomorphism of lightcone (in terms of the o, &)
and covariant states (in terms of the A%, A%), the isomorphism of the lightcone gauge and
gauge invariant position operators, the fact that the states (L.3) and (L.4) have the same
mass and angular momenta, the isomorphism of the corresponding oscillator algebras and
finally from out main conjecture that the lightcone and covariant states, (L.4) and (L.3),
share identical correlation functions (provided these are gauge invariant).

For example, (L.2) implies that the expectation value of the gauge invariant posi-
tion operator in some covariant state tells us about the position expectation value of the

lightcone gauge description of this covariant state.
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