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Introduction

In its usual first-quantized formulation, string theory was understood only as a per-
turbative theory, arising from the study of S-matrices and conceived of as a new tool to
describe interactions of massless particles including gravitons as well as the infinite tower
of massive particles associated with excited string states. The usual perturbative approach
to string theory is that of a first-quantized theory whose degrees of freedom are the fields
living on the two-dimensional world-sheet described by the string and mapped into the
“target” space-time as a set of coordinates X*. The world-sheet Polyakov action provides
the means to derive any amplitudes of external on-shell strings, by calculating correlation
functions on the string world-sheet using techniques of two-dimensional conformal field
theory.

String Field Theory and the AdS/CFT correspondence, each of which is analyzed
in some aspects in this thesis, arise as true nonperturbative descriptions of string theory.
Though in completely different frameworks - the latter is formulated in the fixed specetime
background AdSs x S° while the former should be in principle background independent -
these two approaches should in some sense fulfill one of the primary theoretical goals of
string theory: the formulation of a nonperturbative theory of quantum gravity.

In this thesis, two main approaches to String Field Theory (SFT) will be analyzed,
Cubic SFT [1] and Boundary SFT [2, 3, 4, 5]. While in the former the basic idea is to
promote to spacetime gauge symmetries those invariances which ensure physical consis-
tency to the world-sheet theory, the latter addresses the question of finding an appropriate
gauge invariant Lagrangian on the “space of all two-dimensional field theories”.

One of the most interesting problems in string theory, that goes beyond those acces-
sible to the perturbative formulation of the theory, is to understand how the background
space-time on which the string propagates arises in a self-consistent way. Due to the
existence of a tachyon in the bosonic string theory, the 26-dimensional Minkowski space
background about which the string is quantized is unstable. An unstable state should de-
cay to something and the nature of both the decay process and the endpoint of the decay
are crucial questions. Some understanding of this process has been achieved for the open
bosonic string, thanks to the key idea of Sen [6]. The open bosonic string tachyon reflects
the instability of the D-25 brane. This unstable D-brane should decay by condensation of
the open string tachyon field, i.e. by the tachyon building a nonzero vacuum expectation
value so as to minimize its effective potential. A precise claim was formulated by Sen
in a set of three conjectures, which we describe here for the case of open bosonic string
theory ! 1) The tachyon effective potential has a local minimum, and the difference in
energy between the local maximum and the local minimum of the potential must exactly
cancel the tension Ty5 of the space-filling D25-brane; 2) There are also intermediate un-
stable states, solitonic configuration of the tachyon condensate, which are the D-branes
of all dimensions between 25 and 0; 3) The locally stable vacuum of the system is the

!These conjectures generalize to any unstable system of D-branes in string theory.
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closed string vacuum, in which the D25-brane is absent and no conventional open string
excitations exist 2.

The first and the second conjectures can be proved exactly in the context of Boundary
String Field Theory (BSFT) [2]-[5]. It is formulated as a problem in boundary conformal
field theory - a boundary interaction with arbitrary operators is added to the free world-
sheet theory on the disk. The configuration space of open string field theory is then
taken to be the space of all possible boundary operators modulo gauge transformations
and field redefinitions. If the boundary perturbation involves terms which correspond to
the massive states in the first-quantized open string Hilbert space, the theory may be
ill-defined as a two-dimensional field theory - such terms represent non-renormalizable
interactions on the world-sheet. Consequently, an ultraviolet cut-off parameter has in
general to be introduced [7]. In the special case of tachyon condensation, however, one
has only to deal with the relevant perturbation 7'(X) ® and the problem of ultraviolet
divergences is avoidable. The tachyon field (not the whole string field) acquires the
nonvanishing vacuum expectation value, so one can proceed without any approximation
scheme . This fact means that one can obtain some ezxact results about the off-shell
tachyon physics, as the tachyon potential and the description of the D-branes as tachyonic
solitons [10, 11]. If 7(X) and the other fields are adjusted so that the sigma model
that they define is at an infrared fixed point of the renormalization group (RG) these
couplings arise as background fields, being solutions of the classical equations of motion
of string theory. Witten and Shatashvili [2, 4] have argued that these equations of motion
come from an action which can be derived from the disk partition function Z through a
prescription involving the g-functions of the couplings. The usual choice of coordinates
in the space of string fields is the one in which the g-functions are exactly linear, and is
well suited to studying processes which are far off-shell, such as tachyon condensation.
A complete renormalization of the theory in fact makes the [-function non-linear in
T(X) [41] so that, since the vanishing of the -function is the field equation for T, these
nonlinear terms describe tachyon scattering. One of our goals, which will be directed in
the first chapter of this thesis, is to construct non-linear expressions for the (-function
which is valid away from the RG fixed point [13]. With this expression we shall derive the
Witten-Shatashvili (WS) space-time action S in a very simple form, which is universal
as it does not depend on how many couplings are switched on. The knowledge of the
non-linear tachyon g-function is very important also for another reason. The solutions of
the equation 37 = 0 give the conformal fixed points, the backgrounds consistent with the
string dynamics. It is only with a non-linear (G-function that the equations of motion for
the WS action can be made identical to the RG fixed point equation 57 = 0 in the case
of slowly varying tachyon profiles. The solitons thus derived, as we will see, are lower
dimensional D-branes for which the finite value of S provides a quite accurate prediction

2A fundamental step forward our understanding of open SFT has been made recently by Schnabl [8].
An analytic form for the nontrivial vacuum of Cubic SFT was found, in which the first and the third [9]
conjectures can be proved analytically.

3By classical power counting, the tachyon field has dimension one.

4Such as the level truncation method in Cubic String Field Theory.
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of the D-brane tension.

The tachyon effective action up to the third power in the fields is known exactly also
from Cubic SFT, and it seems clear that they should be related through a particular
choice of coordinates on the space of string fields (or worldsheet couplings). We shall
derive in Chapter 1 such a field-redefinition, showing that it is well suited to confirm the
first Sen conjecture.

In the Cubic formulation of string field theory all the infinite number of degrees of
freedom associated with the states in the string Fock space are encoded in a “string field”.
The latter can be thought of as a functional of string embeddings V¥ [z#(0), c(0), b(o)],
where z, ¢ and b are the matter, ghost and antighost fields describing a one-dimensional
string of coordinate o. For concreteness, this string field is expanded in terms of first-
quantized modes; for every vertex operator that appears in the first-quantized theory,
there corresponds an element in the string field. String Field Theory is defined by giving
an action functional £(¥) depending on the string field. Witten’s proposal [1] for the
bosonic open string consists in a quadratic term - which reproduces the free bosonic
string in a BRST formalism - plus a cubic interaction, that from the point of view of
conventional field theory seems more exotic, containing exponentials of derivatives. The
appearance in the action of an infinite set of spacetime fields forced people working on
the subject to adopt a systematic approximation scheme, known as level truncation [14],
which can be used to solve numerically the theory. It involves dropping all fields over a
certain level - which is defined as the sum of the level numbers of the creation operators
acting on the oscillator vacuum to create the state associated with the field. Beyond
this issue, the unbounded number of derivatives at all orders makes even the classical
time-dependence of the string field difficult to analyze. The string field seems to obey a
differential equation of infinite order, thus suggesting that an infinite number of boundary
conditions are needed.

Despite these difficulties, the cubic action gives a systematic way of constructing per-
turbative string amplitudes in terms of vertices and propagators; in principle, this ap-
proach is easier to generalize than the world-sheet approach, that requires conformal field
theory on higher genus Riemann surfaces. Indeed, formal arguments have demonstrated
many years ago that in a particular gauge (Feynman-Siegel gauge) Witten’s cubic bosonic
open string field theory gives rise to a diagrammatic expansion which precisely covers the
moduli space of Riemann surfaces of arbitrary genus with at least one boundary and
with an arbitrary number of open string punctures on the boundaries [15, 16]. An exam-
ple of this correspondence is the tree level 4-point Veneziano amplitude, which was first
computed through conformal mapping techniques by Giddings [17], that reproduced it
correctly in the Cubic SFT formalism. This calculation was generalized by Samuel and
Sloan [29, 19] to off-shell momenta - a procedure that allows in general the calculation of
any amplitude [20]. Explicit computations of perturbative amplitudes using string field
theory, however, have only been done for the tree level 4-point function, as said, and the
one-loop 2-point function [21]. These results are defined implicitly by involved relations
between elliptic integrals. Although numerical approximations are necessary to get con-



crete numbers, amplitudes computed with this method are in principle exact and can be
used to derive some very accurate results [22].

On the other hand, closed-form expressions for any perturbative amplitude even at
higher loop order can be derived, rather than trying to relate string field theory calcula-
tions to conformal field theory, by using the oscillator representation [23] of the vertices
and propagators in Cubic SFT and using standard squeezed states techniques [24]. The
only complications is the appearance, in the final expression for each diagram, of infinite-
dimensional matrices whose elements are called Neumann coefficients. While no analytical
way is known at present to exactly calculate such expressions, one can evaluate the am-
plitudes to a high degree of precision truncating the Neumann matrices to finite size [25].
This truncation method, known as level truncation on oscillators, is more powerful than
the method of level truncation on fields used to address the tachyon condensation prob-
lem in [14, 26, 27, 28], since rather than having to include a number of fields which grows
exponentially in the level, we simply need to evaluate the determinant of some matrices
whose size grows linearly in the truncation level.

In the second and third chapters of this thesis we will use all the technologies above
described to carry on explicit calculations for the off-shell tachyon amplitudes. We will
start by explicitly solving Samuel’s elliptic equations for the four-tachyon amplitude,
obtaining a new series solution for the off-shell factor in terms of the original coordinates
used in [29]. We will perform then a level truncated analysis of the four tachyon amplitude,
truncating on oscillators, to derive the quartic term in the tachyon effective action up to
level L = 14. We will finally provide higher order terms in the effective action by using
the standard field theory approach that makes use of the level truncation on fields [14].

From these numerical results we shall extract off-shell informations both on the non-
perturbative stable vacuum and on the tachyon dynamics, improving the numerical ap-
proximation for the evaluation of the exact quartic self-coupling ¢, in the tachyon poten-
tial and the first few coefficients of a time-dependent solution of Cubic SFT expressed in
powers of e'.

String theory must eventually address cosmological issues and hence it is crucial to
understand the role of time dependent solutions of the theory. The rolling tachyon is an
example of such a solution describing the decay of unstable space-filling D-branes. An
important aspect of the open string tachyon which is not yet fully understood, however,
is the dynamical process through which the tachyon rolls from the unstable vacuum to
the stable vacuum. A review of previous work on this problem is given in [30].

The boundary states approach to the rolling tachyon is the one that initiated the
new investigation on time dependent solutions in string theory [31], and is based on the
correspondence between conformal field theories and classical solutions of SF'T equation of
motion. Analogue computations using CFT and RG flow analysis show that the tachyon
should monotonically roll towards the true vacuum, but should not arrive at the true
vacuum in finite time [31]-[49]. In the decay, the energy density remains constant and
the pressure approaches zero from negative values as the tachyon rolls toward its stable
minimum.
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These conformal field theory methods provide an indirect way of constructing solutions
of the classical equations of motion without knowing the effective action. A more direct
derivation of the classical solutions can be realized by explicitly constructing the tachyon
effective action. Namely one starts from a string field theory in which, in principle, the
coupling of the tachyon to the infinite tower of other fields associated with massive open
string states could be taken into account. String field theory should then be a natural
setting for the study of time dependent rolling tachyon solutions. In the Boundary SFT
approach to string field theory [2] a rolling tachyon solution has been found that can be
directly associated with a given two dimensional conformal field theory [49, 50, 51]. The
strategy adopted is to deform the world-sheet CFT of an unstable D-brane by an exactly
marginal operator and interpret the deformed CFT as a time-dependent solution to the
classical string equations of motion. Starting from a bare homogeneous tachyon profile
T(t) = €', interpreted as a perturbation at ¢ = —oo displacing the tachyon infinitesimally
from the unstable maximum, one derives the partition function of the world-sheet theory,
the world-sheet action and finally the energy-momentum tensor. As expected from the
CF'T picture, the energy Ty associated with this tachyon profile does not depend on time,
which is just the statement of conservation of energy. Moreover, one gets vanishing spatial
components of the energy-momentum tensor, T;; — 0, as t — oo, so that the pressure
vanishes and the decay product is pressureless matter, as in [31]. This form of tachyon
matter could have astrophysical consequences and it then seems of utmost importance to
confirm its existence.

The direct approach based on the analysis of the classical equations of motion of Cubic
SFT [1] is generally believed to be equivalent to the approach based on two dimensional
conformal field theory. This equivalence is however less than manifest, the rolling tachyon
dynamics being in this framework much more complicated °.

An analysis of CSFT time-dependent tachyonic solutions has been addressed in refs. [54,
55, 56, 22| by using level truncation methods. It turns out that the tachyon rolls down
toward the vacuum, goes far beyond it then turns around and begins to oscillate with ever
increasing amplitudes, still the energy being conserved. The pressure starts from negative
value at time ¢ = 0, forcing the tachyon roll to the vacuum. But instead of decreasing
to zero as t — 00, it oscillates without bound at large times, thus not realizing tachyon
matter. In [56], in particular, a systematic level-truncation analysis was carried out for a
time-dependent tachyon solution expressed as a power series in e!. We shall review this
procedure in Chapter 3, where we will improve the accuracy of the first coefficients with
the use of the exact four-tachyon off-shell amplitude derived in the previous chapter. The
qualitative behavior of wild oscillations found in [56] is substantially reproduced, even if
the amplitudes at the turnaround points beyond the first are sensibly diminished. An
alternative procedure to find a solution of the CSFT equations of motion at the lowest
order in the level truncation scheme will be presented [57], which shows many appealing
analytic features but confirms a pathological behavior of the tachyon past the origin of
time. In [56] an argument was done to reconcile this discrepancy, based on the field redef-

5Relevant exceptions, in a framework strictly related to Cubic SFT such as Vacuum SFT, are the time-
dependent solutions interpolating between the nonperturbative and the true vacuum analyzed in [52, 53].
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inition derived in Chapter 1 that takes the CSFT action to the BSFT action [13]. We will
discuss this argument, rising the question whether this field redefinition is a real tool to
reconcile the apparent discrepancy with the results of BSF'T or the problem is still open.

The final part of this thesis concerns AdS/CFT correspondence, which in its purest
form asserts an exact duality between a ten-dimensional type IIB superstring theory
on AdSs x S° background and N/ = 4 supersymmetric Yang-Mills theory in flat four
dimensional Minkowski spacetime [58, 59, 60]. Though it has many spectacular successes,
it is still a conjecture and it is not yet clear whether it is an exact correspondence, or
is only valid in some limits of the two theories. Given its potential importance as a
quantitative tool for strongly coupled gauge and string theory, it is important to check it
wherever possible.

AdS/CFT is a strong coupling — weak coupling duality. This makes it powerful, as it
can be used to compute the strong coupling limit of either theory using the weak coupling
limit of the other. On the other hand, it makes it difficult to check since it is not easy
to find situations where approximate computations in both theories have an overlapping
domain of validity. More recently it has been realized that some large quantum number
limits yield domains where accurate computations in both gauge theory and string theory
could be done and compared directly with each other. The first and most powerful of
these is the BMN limit [61]. It began with the observation [62, 63] that the Penrose
limit of the AdSs x S® metric and 5-form field strength of the string background are the
maximally supersymmetric pp-wave metric and a constant self-dual 5-form respectively.
Then Metsaev [64] found an exact solution of the non-interacting type IIB Green-Schwarz
string in the pp-wave background. Shortly afterward, Berenstein, Maldacena and Nastase
(BMN) [61] noted that one could take a similar limit of A/ = 4 supersymmetric Yang-
Mills theory by considering states with large R-charge. They identified the Yang-Mills
operators corresponding to the free string states on the pp-wave background.

The AdS/CFET correspondence predicts that the spectrum of scaling dimensions and
charges under R-symmetry of these operators in the 't Hooft planar limit [65] of Yang-
Mills theory should match the free string spectrum. The computation of such anomalous
dimension is usually non trivial, but the situation has profoundly changed since it has been
recently realized [66] that it is possible to construct an effective Hamiltonian describing
the matrix of the one-loop anomalous dimension of the composite operators of scalar fields
of N =4 SYM theory. In the planar limit this Hamiltonian is in correspondence with the
one of an integrable SO(6) XXX spin chain. Such a relation with an integrable system
can then be used, by means of the algebraic Bethe ansatz [67], to compute the anomalous
dimension of the gauge theory operators.

The idea that the planar limit of N' = 4 supersymmetric Yang-Mills theory and
its string theory dual, the IIB superstrings propagating on the AdSs;xS® background,
could both be exactly integrable has attracted a good deal of attention [66], [68]-[84].
In particular, the gauge theory results have progressed to the point where integrability
has been checked explicitly up to three loop order [73] and there are now proposals for
integrable systems in various sectors of the theory which would be equivalent to planar
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Yang-Mills theory to all orders in its loop expansion [73, 76, 85, 86].

If string theory on AdSs x S? is integrable, the theory on simple orbifolds of that space
would also be expected to be integrable. In the Yang-Mills dual, orbifolding reduces the
amount of supersymmetry and this gives some hope of finding integrability in theories
with less supersymmetry [87]-[90]. In the final part of this thesis, we shall consider the
issue of integrability of an N' = 2 supersymmetric SU(N)M quiver gauge theory [91]
which can be obtained as a particular Zy-orbifold of NV = 4 [92]. This system is also
conjectured to be integrable using a twisted version of the Bethe ansatz [93]. Its string
theory dual is IIB superstrings on the space AdSsxS®/Zy;.

Thus far, explicit solutions of string theory on these backgrounds are not known.
Quantitative results are limited to the supergravity limit, or to some large quantum
number limits [94, 95, 96, 90]. For example, a Penrose limit of AdS;xS®/Zy,, together
with a large order limit of the orbifold group, M — oo can be taken in such a way
that it obtains a plane-wave [64] with a periodically identified null coordinate. The IIB
superstring can be solved explicitly in this background. Mukhi, Rangamani and Verlinde
(MRV) [92] observed that it is possible to find the Yang-Mills dual of this theory by taking
an analog of the BMN limit [97, 98] of the N' = 2 quiver gauge theory. In that limit,
they found a beautiful matching of the discrete light-cone quantized (DLCQ) free string
spectrum and planar conformal dimensions of the appropriate Yang-Mills operators.

In the fourth chapter of this thesis we will present a computation of the leading
finite size correction to the MRV limit, focusing on planar Yang-Mills theory and non-
interacting strings, both using an effective Hamiltonian technique and a twisted version of
a long range spin chain Bethe ansatz [76]. The results in the string dual show a three loop
disagreement very similar to the known one in the near BMN limit of N = 4 super Yang-
Mills theory [70, 73], which can be solved by adding a “dressing factor” to the twisted
Bethe ansatz. These findings are shown to be consistent with integrability of the N = 2
SYM theory [99].

This thesis contains five chapters. In the first one we will give an introduction to the
Boundary formulation of SFT, then proceed in the evaluation of the two objects defining
the space-time action when a tachyonic boundary perturbation is considered - the partition
function on the disk and a non-linear tachyon S-function. We will check the correctness of
the latter by solving the fixed point equation perturbatively, thus generating the correct
scattering amplitudes of open string theory. We will then calculate the space-time action
both in a derivative expansion to any power of the tachyon field and to the third power of
the field and to all orders in dereivatives. Its solitonic solutions will be showed to verify
in a very accurate way the second Sen conjecture. A field redefinition relating the two
actions in the Boundary and Cubic SF'T formulations will be also derived.

In the second chapter, we will briefly present Cubic SFT and the ways to implement
off-shell scattering amplitude calculations there. We will then derive an analytic series
solution of the elliptic equations providing the four-tachyon off-shell amplitude. This
will be used to increase the precision in the evaluation of the exact quartic self-coupling
coefficient in the tachyon potential and, later in Chapter 3, to improve the accuracy of
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the coefficients of a time dependent solution.

In the third chapter, we will describe two different approaches for deriving tachyonic
time-dependent solutions in Cubic SF'T. The first one will be a level truncated analysis of
the equation of motion for a solution expressed as a power series in the exponentials e’.
Then the analytic procedure based on the diffusion equation satisfied by a given tachyon
profile will be presented. It will be showed that both the solutions present a pathological
behavior after the origin of the time, and it will be discussed the field redefinition that
would map these problematic trajectories in a “well behaved” rolling tachyon solution of
the type existing in the Boundary formulation of SFT.

In the fourth chapter, we will first give an introduction to the tools for studying the
integrability of N' = 4 SYM theory. Then the structure of the orbifolded N' = € theory
will be presented, together with its string dual type IIB superstrings on AdS;xS®/Zy;.
The spectrum of both the theories will be then computed and compared, and the three-
loop disagreement solved by means of a phase factor added to the sring Bethe ansatz for
the string sigma model on the orbifolded background AdSsxS°/Zy;.

In Chapter 5 we will summarize our results and discuss open problems and possible
applications.

The results described in this thesis have also appeared in four publications during the
past three years [13, 57, 22, 99].



Chapter 1

The tachyon effective action in
boundary string field theory

1.1 Introduction

Boundary open string field theory [2]-[5] has been useful for finding the classical tachyon
potential energy functional and the leading derivative terms in the tachyon effective ac-
tion [10, 11, 100, 101]. Tt is formulated as a problem in boundary conformal field theory.
One begins with the partition function of open-string theory where the world-sheet is a
disk. The strings in the bulk are considered to be on-shell and a boundary interaction
with arbitrary operators is added. The configuration space of open string field theory is
then taken to be the space of all possible boundary operators modulo gauge transforma-
tions and field redefinitions. Renormalization fixed points, which correspond to conformal
field theories, are solutions of classical equations of motion and should be viewed as the
solutions of classical string field theory. The subject of this chapter is the construction
of the space-time tachyon effective action in background independent open string field
theory is the subject of the present chapter.

By classical power-counting the tachyon field 7'(X) has dimension one and is a rele-
vant operator. If T'(X) is the only interaction, the field theory is perturbatively super-
renormalizable. If T'(X) and the other fields are adjusted so that the sigma model that
they define is at an infrared fixed point of the renormalization group (RG), these back-
ground fields are a solution of the classical equations of motion of string theory. Witten
and Shatashvili [2, 4] have argued that these equations of motion come from an action
which can be derived from the disk partition function Z by a prescription which we shall
make use of below. According to this prescription the effective action for a generic cou-
pling constant g* (which can be identified with the tachyon, the gauge or any other field
that correspond to excitations of the open bosonic string) is related to the renormalized
partition function of open string theory on the disk, Z(g%), through

s=(1-05:) 26 | (1)

)
0gt

1



where (' is the beta-function! of the coupling ¢g°. Note that (1.1) fixes the additive
ambiguity in S by requiring that at RG fixed points g*, in which 3*(¢*) = 0,

S(g*) = 2(9") - (1.2)

The derivative of the action S with respect to the coupling constant ¢g° must be related
to the g-function through a metric according to

oS
dg’

= —FGy(9) - (1.3)

G;; should be a non-degenerate metric, otherwise there would be an extra zero which
could not be interpreted as a conformal field theory on the world sheet. Eq.(1.3) indicates
that the RG flow is actually a gradient flow. The prescription (1.1) provides a definition
of the metric G;; in the space of couplings.

The [-functions appearing in (1.1) are in general non-linear functions of the couplings
g'. When the linear parts of the 3 (i.e the anomalous dimensions \; of the corresponding
coupling) satisfy a so called “resonant condition”, the non linear parts of the S-function
cannot be removed by a coordinate redefinition in the space of couplings [5]. Such resonant
condition is nothing but the mass-shell condition so that, near the mass-shell, the (-
functions are necessarily non-linear.

However, when the resonant condition does not hold, a possible choice of coordinates
on the space of string fields is one in which the g-functions are exactly linear. This choice
can always be made locally [11] and is well suited to studying processes which are far
off-shell, such as tachyon condensation. These coordinates, however, become singular
when the components of the string field (e.g. T'(X), A,(X) etc.) go on-shell. These
coordinates can be used to construct, for example, the tachyon effective potential, but
become singular when one tries to derive an effective action which reproduces the on-
shell amplitudes. In particular, if the Veneziano amplitude needs to emerge from the
tachyon effective action it is necessary to consider the whole non-linear [-function in
(1.1). A complete renormalization of the theory in fact makes the S-function non-linear
in T'(X) [41] so that, since the vanishing of the F-function is the field equation for T', these
nonlinear terms describe tachyon scattering. One of our goals is to construct non-linear
expressions for the (-functions which are valid away from the RG fixed point. With
these expressions for the non-linear tachyon [-function we shall construct the Witten-
Shatashvili (WS) space-time action (1.1). We shall prove that (1.1) has the following
very simple form in the coupling space coordinates in which the tachyon g-function is
non-linear

S = K/d%’X [1—Tr(X)+67(X)] , (1.4)

where Tg is the renormalized tachyon field and K is a constant related to the D25-brane
tension. This formula is universal as it does not depend on how many couplings are

'In our case the 3 function is positive for relevant perturbations. In some other papers on the subject,
e.g.[11], the opposite conventions are used.



switched on. Eq. (1.4) arises from the expression that links the renormalized tachyon
field to the partition function that appears in (1.1), namely Z = K [ d*X(1—Tg). Tg is
then a non-linear function of the bare coupling 7" and in these coordinates the S-function
is non-linear. When couplings other than the tachyon are introduced in Z, 47 will depend
on them so that S will provide the space-time effective action also for these couplings.

With this prescription we shall compute the non-linear S-function 57 for the tachyon
field up to the third order in powers of the field and to any order in derivatives of the
field. From this we shall show that the solutions of the RG fixed point equations generate
the three and four-point open bosonic string scattering amplitudes involving tachyons.
Then, with the same renormalization prescription, we shall compute 57 to the leading
orders in derivatives but to any power of the tachyon field and we shall show that S
coincides with the one-found in [10, 11, 100]. Obviously, S up to the first three powers of
T and expanded to the leading order in powers of derivatives can be obtained from both
calculations and the results coincide. In the case of profiles Tr(k) that have support near
the on-shell momentum k2 ~ 1 the equation 87 (k) = 0 can be derived as the equation of
motion of an action. We shall show that this action coincides with the tachyon effective
action computed, for the almost on-shell profiles, from the cubic string field theory up to
the fourth power of the tachyon field.

The knowledge of the non-linear tachyon [-function is very important also for an-
other reason. The solutions of the equation 37 = 0 give the conformal fixed points, the
backgrounds that are consistent with the string dynamics. In the case of slowly varying
tachyon profiles, we shall show that the equations of motion for the WS action can be
made identical to the RG fixed point equation 7 = 0. We shall find solutions of this
equation to which correspond a finite value of the WS action. Being solutions of the RG
equations, these solitons are lower dimensional D-branes for which the finite value of S
provides a quite accurate prediction of the D-brane tension. In this chapter we shall also
show that the WS action constructed in terms of a linear [-function [42] is related to
the action (1.4) by a field redefinition, and that this field redefinition becomes singular
on-shell. This is in agreement with the Poincaré-Dulac theorem [43] used in [5] to prove
that when the resonant condition holds, namely near the on-shellness, the g-function has
to be non-linear.

The tachyon effective action up to the third power in the fields is known exactly also
from the cubic string field theory [1]. This raises the interesting question of how the
action S obtained here is related to the cubic SFT. It seems clear that the cubic SFT
must correspond to (1.1,1.3) for a particular choice of coordinates on the space of string
fields (or worldsheet couplings). The two sets of coordinates are related by a complicated
transformation which we shall derive in this chapter. The cubic SFT parametrization
of worldsheet RG is regular close to the mass shell. It very well reproduces tachyon
scattering [102], to it must correspond a non-linear beta-function. Thus a coordinate
transformation that relates the two effective actions needs a non-linear beta function in
the definition (1.1). We shall show that this field redefinition exists and that it is non-
singular on-shell only when K in (1.4) coincides with the tension of the D25-brane, in
agreement with all the conjectures involving tachyon condensation [6, 44, 45].
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1.2 Boundary string field theory

In Witten’s construction of open boundary string field theory [2] the space of all two
dimensional worldsheet field theories on the unit disk, which are conformal in the interior
of the disk but have arbitrary boundary interactions, is described by the world-sheet
action .

S=5 +/ d—TV (1.5)

0 2m

where S is a free action describing an open plus closed conformal background and V
is a general perturbation defined on the disk boundary. We will discuss the twenty six
dimensional bosonic string, for which (1.5) can be expressed in terms of a derivative
expansion (or level expansion) of the form

V=T(X)+ A, (X)0, X"+ B, (X)0, X"0, X" + C,(X)O2 X" + - (1.6)

Without the perturbation V the boundary conditions on X are 0, X*|,—; = 0, where r is
the radial variable on the disk.
V is a ghost number zero operator and it is useful to introduce a ghost number one

operator O via
YV =0b_,0. (1.7)

We shall consider the simplest case in which ghosts decouple from matter so that, as in
(1.6), V is constructed out of matter fields alone

O=cV. (1.8)

The space-time string field theory action S is defined through its derivative dS which is
a two point function computed with the worldsheet action (1.5). More generally one can
introduce some basis elements V; for operators of ghost number 0 so that the space of
boundary perturbations V can be parametrized as

V=> gV (1.9)

where the coefficients ¢° are couplings on the world-sheet theory, which are regarded as
fields from the space-time point of view, and O = Y. ¢"O;. In this parametrization the
space-time action is defined through its derivatives with respect to the couplings and has

the form o5 ) )
K [“"dr [*"dr’

= [ 2 o, O, 1.1

o5 | Eemeom, (1.10)

where () is the BRST charge and the correlator is evaluated with the full perturbed
worldsheet action S.
If V; is a conformal primary field of dimension A;, for O’s of the form (1.8), one has

{Q,cVi} = (1 = Ay)cd-cV; (1.11)
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so that from (1.10) one gets

08 ,
9g —(1=4)g’Gi(g) (1.12)
where
Mdr (Tdr |, T —T ,
G, _QK/O %/0 s (C ), (1.13)

Eq.(1.12) cannot be true in general, since it does not transform covariantly under repara-
metrizations of the space of theories, ¢/ — f7(¢"). Indeed, 9;S and G;; transform as
tensors, (the latter is the metric on the space of worldsheet theories), but g* does not.
The correct covariant generalization of (1.12) was given in [4, 5]. The worldsheet
RG defines a natural vector field on the space of theories: the B-function $(g), which
transforms as a covariant vector under reparametrizations of ¢g°. The covariant form of
(1.12) is thus (1.3). If we assume that total derivatives inside the correlation function
decouple and that there are no contact terms, it turns out that the f-function in (1.1) is
the linear -function. This implies that the equations of motion derived from the action
(1.1) are just linear. However, as shown by Shatashvili [4, 5], contact terms show up in the
computation on the world-sheet and cannot be ignored. The point is that the operator
(2, which is constructed out of the BRST operator in the bulk and should be independent
on the couplings because the perturbation is on the boundary, actually depends on the
couplings when the contour integral approaches the boundary of the disk. A way to fix the
structure of the contact terms is to consider that, since dS is a one-form, the derivative
of dS should be zero independently of the choice of the contact terms that one makes in
the computation. This leads to the following formula for the vector field in equation (1.1)

B'=01—-A)g" + g d" +7udd" g + - (1.14)

This is an expression for the f-function with all the non-linear terms. According to the
Poincaré-Dulac Theorem about vector fields (whose relevance to the f-function related
issues was stressed many times by Zamolodchikov [43]) every vector field can be linearized
by an appropriate redefinition of the coordinates up to the resonant term. In the second
order of equation (1.14) the resonance condition is given by

A+ A =N =1, (1.15)

The resonance condition means that the S-function cannot be linearized by a coordinate
transformation and that all the non-linear terms cannot be removed from the G-function
equation (1.14). When ¢’ is the tachyon field T'(k), the resonant condition (1.15) corre-
sponds to the mass-shell conditions for three tachyons. We shall prove in what follows
that the WS action S up to the third order in the tachyon fields, constructed in terms of
the linear [-function [42], is related to the S made of a non-linear S-function by a field
redefinition, but that this field redefinition becomes singular on-shell.



1.3 Integration over the bulk variables

Let us now restrict ourselves to the specific example of open strings propagating in a
tachyon background. The partition function reads

Z:/[dX“(J,T)]eXp(—S[X]) | (1.16)
where the action is
S[X] —/dadTiaaX(a,T)-8aX(a,T)+/O ﬂ;l;T(X( ) . (1.17)

Here, the first term in (1.17) is the bulk action and is integrated over the volume of the
unit disk. The second term in (1.17) is integrated on the circle which is the boundary
of the unit disk and describes the interactions. The scalar fields X# have D components
with ¢ = 1,..., D and we shall assume D = 26 in what follows for a critical string. We
are working in a system of units where o/ = 1.

We begin with the observation that the bulk excitations can be integrated out of (1.16)
to get an effective non-local field theory which lives on the boundary [46]. To do this we
write the field in the bulk as [101]

XZXC]"'Xqua

where
82 cl -
and X approaches the fixed (for now) boundary value of X,
Xcl — dery and Xqu — 0.

Then, in the bulk, the functional measure is dX = dX, and

d*c dr
sz/ 9 5% anu+/2ﬂ Lo xr o)\ (1.18)

where we omitted the cl index in the last integral. Then, the integration of X, produces
a multiplicative constant in the partition function - the partition function of the Dirichlet
string, which we shall denote K. The kinetic term in the boundary action is non-local.
The absolute value of the derivative operator is defined by the Fourier transform,

li0-|0(7 — 7') Z‘n‘ nl

The partition function of the boundary theory is then

K/dX ;L 1X“\18|X“+T(X)7J-X) : (1'19>



where we have added a source J#(7) so that the path integral can be used as a generating
functional for correlators of the fields X* restricted to the boundary. In particular, this
source will allow us to compute the correlation functions of vertex operators of open
string degrees of freedom. The remaining path integral over the boundary X*(7) defines
a one-dimensional field theory with non-local kinetic term. If the tachyon field were
absent (1" = 0), the further integration over X*(7) would give a factor which converts the
Dirichlet string partition function to the Neumann string partition function.

1.4 Partition function on the disk and the renormal-
ized tachyon field

When only the tachyon field is considered as a boundary perturbation, the Witten-

Shatashvili action is given by
= 1—/5Ti Z (1.20)
orT ’ '

where Z is the partition function of the boundary theory on the disk and 37 is the tachyon
[S-function. It is useful to introduce a constant source term k for the zero mode of the
X field, the integral over the zero mode variable will just provide the energy-momentum
conservation Jd-function. The partition function (1.19) in the presence of this constant
source reads

K/dX - 02"%: $XH]i0- | XH+T(X)—ik-X) 7 (1.21)
where X is the zero mode which is defined by
2
5 d
X“:/ T xn(r) (1.22)
0 2m

In this section we shall expand the exponential in eq.(1.21) in powers of T'(X). The first
non-trivial term is

27 .
_ —K/ dX,] /dkl/ @T (k1)e R02”g—;(%X“\i87|X“)—ikX+ik1X(rl) . (1.23)
The functional integral over the non-zero modes of X (1) gives

)= —-K / X, / dky T (ky e Otk —k)X (1.24)

where G(7) is the Green function of the operator |0 |

G(Tl - 7_2) —9 Z eenw E—— ]()g [1 — 2e € cos (7’1 — Tz) + 6726] (1.25)
n=1



and € is an ultraviolet cut-off. In all the calculations we shall use the following prescription
for G(1)

—log [csin? 5)| 7#0
G(r) = { g—[2 loge( )} T=0 (1.26)

The coefficient ¢ reflects the ambiguity involved in subtracting the divergent terms. Its
value is scheme dependent and should be fixed by some renormalization prescription. We
choose the value ¢ = 4 for later convenience. This arbitrariness was discussed in [100, 101].
The integrals over the zero-modes in eq.(1.24) give a 26-dimensional J-function so that

—ZW(k) = KT(k)e* ! (1.27)

and we can identify

Z(l)( k)

i
This equation provides the renormalized coupling Tk in terms of the bare coupling T" to
the lowest order in perturbation theory. 1 — k? is the anomalous dimension of the tachyon
field. The second order term in T is given by

Tr(k) =T (k)" ' = — (1.28)

T dry dr- , 4 -
Z9(k) = K/ 2T T(kNT < ik1 X (11) pika X (12) =ik X\ 192
(k) . dr on dkydkyT (k)T (k2) (e e e > (1.29)

Again in (1.29) the integral over the zero modes X* gives just a 26-dimensional J-function,
0 (k — k1 — ko), and we can perform the integral over the non-zero modes of X (7) to get

2 dTl dTQ

ZP (k) = K/O o dkydky(270)P6 (k — ky — k) T(ky)T (k)
1
The integral in (1.30) becomes
ZO(k)= K / dkydks (27)P8 (k — ki — ko) € TP 2T (k)T (k»)

27 i k1kso
/ dn dry [431112 (Tl TQ)} . (1.31)
o A4m 27 2

The integral over the relative variable z = (77 — 73)/2 does not need regularization, it
converges when 1 + 2k ks > 0, providing the result

I (1 + 2krk)

K 272
Z(Q)(k}) = ? /dk’ldkg(QTr)D(s (k’ — ki — k'Q) €k1+k272T(k1)T(k2>m .

(1.32)

The integrand in (1.32) can be analytically continued also to the region where 14 2k ks <
0, so that the integral can be performed.



To the second order in perturbation theory the renormalized coupling in terms of the
bare coupling reads

ZW(k) + Z@ (k)

Tr(k) = —
K
_ €k2—1 {T(k‘) _ %/dklde(Qﬂ)D(S (k — k1 — k?Q) T(k1>T(k2)€_(l+2klk2)%
1R2
(1.33)

The third order contribution to the partition function is given by

3
P
20(k) = 5 [ diydhodr(2m)°5 (k—Z&) & RS (e T (k)T (ks (ks Ko, K
’ i=1

(1.34)
where I(ky, ko, k3) is the integral

22k’1k2+2k22k’3+2k1k3 2 ] T — T k1ka
I(kl,kg,kg) = (27-()3 /0v dTldTQdTg |:SIH2 ( ! B 2>:|

{smz (TQ S T‘”’)}MS {sinQ (Tl 3 73)} " (1.35)

The complete computation of I(ky, k2, k3) will be given in Appendix A. The result is given
by the completely symmetric formula

F(]_ + aq + a9 + CL3)F(1 + 2&1)P(1 —f- QGQ)F(]_ —I— 2&3)

(14 a)T (14 a)T (14 a3)T'(1 4+ a; + a)T(1 4+ as + a3)T'(1 + a1 +(Clg) 7)
1.36
where we have set a; = kiko, ay = koks and ag = k1ks. The integral (1.35) converges
when 1+ a; + as + ag > 0, but its result (1.36) can be analytically continued also outside
this convergence region. The result (1.36) is in agreement with the one obtained, with a
different procedure, in [42] but does not coincide with the one provided in the appendix of
ref. [11]. Up to the third order in powers of 7" and to all orders in k; the relation between
the bare and the renormalized couplings reads

I(afla ag, CL3) =

ZW(k) 4+ Z (k) + ZO) (k)
K

=M1 T(k) — % / dkydks (27)P 5 (k: = ki | T(k1)T(ks)e

(2m) i

7
3!

Tr(k) = —

—(1+2k1k2) I (1 + 2k1k2)
T2 (1 + Fka)

D 3 P
+ / dk: dkodks 5 (k: - Zki> et YT (o) T (g) =20+ <5548 [y oy, o)
i=1
(1.37)

In section 1.6 we shall use this expression to construct the non-linear -function.
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The renormalized tachyon field can be constructed to all powers of the bare tachyon
field in the case in which the tachyon profile appearing in (1.21) is a slowly varying function
of X*. In this case one can consider an expansion of (1.21) in powers of derivatives
of T. To this purpose consider the n-th term in the expansion of (1.21) in powers of
T(X(1)), Z™ (k). Taking the Fourier transform of the tachyon field and performing all
the contractions of the X (7;) fields, for Z™ (k) we get

(—nll)ne—n/lljldkiT(ki)/o%ﬁ (Z—D

i=1

ZMW(k) = K

P

2 P n
e I FGO- I kikiGnT) 5 <k - Zk’i> : (1.38)
i=1

Note that with our regularization prescription the dependence on the cut-off in (1.38)
comes only from the zero distance propagator G(0) and from the explicit scale dependence
of the tachyon field. If the tachyon profile is a slowly varying function of X* we can
expand inside the integrand of (1.38) in powers of the momenta k;. The leading and next
to leading terms in this expansion read

Z(”)(k‘) = K(_nl!)n ﬁ/dkié (k — i kz) E_nf[T(ki)

<1+Zk§ loge+ Y kikjlog 2) : (1.39)
=1

1<j

where the last term comes from the integral over a couple of 7 variables of the propagator
G (1, — 7;), the other integrations over 7, k # i,j being trivial. Here we have kept
explicit the ambiguity ¢ appearing in the propagator (1.26) to show that the result greatly
simplifies with the choice ¢ = 4. Unless otherwise stated, we shall adopt this choice
throughout this chapter. As before, the renormalized tachyon field Tx(k) can be obtained
from (1.39) by summing over n from 1 to oo, changing sign and dividing by K. Taking
the Fourier transform of Tg(k) with ¢ = 4, to all orders in the bare tachyon field and to
the leading order in derivatives, we get the renormalized tachyon field Txr(X)

Tr(X)=1—exp {—l [T(X)— AT(X)log e]} (1.40)

€

where A is the Laplacian. Again in section 1.6 we shall use this expression to compute
the non-linear tachyon S-function.

From eqs.(1.28,1.33,1.37,1.40) it is clear that the general relation between the renor-
malized tachyon field Tr(X) and the partition function Z = Z(k = 0) is simply

7 = K/d%X [1—Tr(X)] . (1.41)

This expression is true also when other couplings are present. T in this case would be
a non linear function also of the other bare couplings but its relation with the partition

10



function of the theory would always be given by (1.41). We shall prove eq.(1.41) in the
next section.

1.5 Background-field method

The partition function of the boundary theory on the disk in general is given by
_ Ram ar
Z=K / [dX ] (SolXI+ 67 SEVIX () (1.42)

where Sy = [ drX*[id;| X" and V[X(7)] is given in (1.6). Our goal is to determine the
relationship between the renormalized and the bare couplings of the one-dimensional field
theory. To this purpose we shall make use of the background field method [41]. We
expand the fields X* around a classical background X' which satisfies the equations of
motion and which varies slowly compared to the cut-off scale,

Xt = X4+ YH,

The effective action is Ser[Xo| = —log Z[Xo| and the aim of the renormalization process
is to rewrite the local terms of Seg[X] in terms of renormalized couplings in such a way
that Se[Xo] has the same form of the original action

™ dr

— Su[Xo] + / 9Ty 1 Xo(r)] (1.43)

Seff [XO] o o

local

Z[Xo) can be conveniently calculated in powers of the boundary interaction V. The first
order for example reads, up to the multiplicative constant K,

_ /% ;l_; /dkeikxo ([T(k) + Ay (k)0 (XE + Y*) + By (k)0 (XL + Y™ (XE +Y")
FCOL(R)D2 (XY +YH) + -] ™) . (1.44)

The renormalized couplings Tg(k) will be given by the opposite of the coefficient of the
term in (1.44) that does not contain Xy derivatives. Analogously, the renormalized Aff(k)
will be determined by the coefficient of 9, X{', B, (k) by the coefficient of 9, X9, X and
so on. The second order term in the expansion of Z[X] is

21 @ /27r @ /dkldk2€iklxo(7—l)_H‘kQXO(TQ) <€ik1Y(Tl)+ik2Y(Tz)
0o 2m J, A4m
T(0) + Au(ka)Ony (X +Y) + ] [T(0k) + Ay (52)00y (Xg +Y7) 4. ]) (1.45)

An expansion of the background field X, in powers of its derivatives is required to deter-
mine the coefficients of 1, 9, X}, 0. X0, XY, ...,

X()(TQ) = XO(T1> + (7'2 - Tl)aTlXo(Tl) + ... (146)
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If we are interested in renormalization of couplings of the form exp[ikXy]|, namely in
the renormalized tachyon field Tg(k), we can disregard the terms in (1.46,1.45) involving
derivatives acting on X,. For example, at the second order, the only non-vanishing terms
in 7" and A, contributing to T are

2 dTQ . .
/dkl/dkz ]{Z /{21 /{;2)/ _<6lk1Y(ﬁ)+zk2Y(7—2)
0 4
T (ks) + Au(h) Ay (k2) 0 Y0,Y " 4 ]) (1.47)

where the correlator does not depend on 7 since the propagator (1.26) of X (7) and its
derivatives are periodic functions on the unit circle. It is not difficult to see that Tg(k)
in (1.47) coincides with the opposite of the second order term in the expansion of the
partition function

Ror 4o .
Z(k) = / [dY, Je™ (ol o7 SEVI () —iky (1.48)

in powers of the couplings. Here k is a constant source for the zero mode of the Y* field,
Y# (1.22). Such a constant source will just provide the d-function in (1.47) that imposes
the energy-momentum conservation. This will be true at any order in the expansion in
powers of the coupling fields. Therefore, to all orders in whatever coupling, the expression
for the renormalized tachyon field Tx(X) is related to the partition function Z = Z(k = 0)
precisely by (1.41), which is the relation that we wanted to prove. Note that Tk depends
not only on the bare tachyon field but also on the other coupling fields (in particular Tx
will exists also if one starts from a boundary interaction that does not contain the bare
tachyon). As a consequence, the tachyon [ function will contain for example also the
gauge field [47], and this is as it should be, since the solution of the equation 47 = 0 will
then describe the scattering of a tachyon by other excitations (e.g. from (1.47) by two
vector fields).

1.6 (-function

In this section we shall perform a calculation of the non-linear tachyon (g-function. The
resulting expression will then be used to derive the Witten-Shatashvili action (1.4,1.20).
Following [41], the most general RG equations for a set of couplings ¢g* can be written as

dg’
dt
where the scale t is t = —loge, \; are the anomalous dimensions corresponding to the

couplings ¢° and there is no summation in the first term on the right-hand side. This
equation has the solution

g =

= \ig' + O‘;'kgjgk + V;kzgjgkgl +oe (1.49)

i

’Lt —_ Ait i 0 (Aj-i-)\k)t_ Ait
g(t) = Mg (0) + e S v veuyy

9 (0)g"(0) + b, ()¢ (0)g*(0)g" (0) +- - -,
(1.50)
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where ¢*(0) are the bare couplings and

' ' 20/1 a™ 4 6/\'Lt
b (D97 (0)g(0)g' (0) = |~ —
ju(t)g’(0)g"(0)g'(0) {(AjJFAm_Ai LY Sy vy vy

QOz;mOéZ} ; PIOYERVE L
20t ol .
— Jm "kl N+t | g 0 k 0 l 0) . 151
B 2 —20) Ot M= A }9()9()9() (L51)

Let us now consider the case of interest for our purpose: open strings propagating in
a tachyon background. In this case the coupling ¢° is the tachyon field T'(k). Then
Ai = 1—Fk and \; = 1 — k7. Comparing the general solution (1.50) with eq.(1.37)
derived in the previous section, we will be able to identify the renormalized tachyon field
in terms of the bare field up to the third order in powers of the field and to all orders in its
derivatives. In the second order term of (1.37) the coefficient proportional to e* = ¢!=*°
appearing in (1.49) is absent. This is due to the fact that the convergence condition for
the integral (1.31), 1+2k1ky > 0, implies that A\; + A, > A; so that in the limit ¢ — oo the
dominant contribution comes from e+*) From similar arguments, the first and the
second terms of the right-hand side of (1.51) are negligible compared to the second term,
due to the convergence conditions for the integral I(ky, ko, k3) computed in the previous
section. This is a general feature of our renormalization procedure. At the n-th order in
the bare coupling in the expansion (1.50), the renormalized coupling will contain only the

term of the form -
el k=1t (1.52)

This is due to the fact that the integrals over the 7’s do not need an explicit regulator,
rather they can be evaluated in a specific region of the k; variables and then analytically
continued. Therefore the only dependence on the cut-off does not come from such integrals
but from the propagators (1.26) evaluated at zero distance.

Comparing our result for the renormalized tachyon field (1.37) with the general ex-
pressions (1.50,1.51), for the coefficients in the expansion (1.49) we find

i LT+ 2kk)
k221 4 kjky)
1

v;kl = g/dk:jdkzkdkﬁ(k —kj =k — k) [2(1 + kjky + kjk + kek)L(kj, ki, k)

- (r(z + 2k + 2k k)DL + 2kk) )1
T2(1 + kjky + k;k)T2(1 + kyky) ’

§(k — k; — k)

(1.53)

where I(k;, ki, ki) is given in equation (1.36). The perturbative expression for the -
function up to the third order in the tachyon field obtained using this procedure therefore
is

1
2

(2 + 2k ko)

B (k) = (1= k*)Tr(k) — T2(1 + kiky)

/dkldk’g(QW)D(S(k’ — ]{?1 — k’Q)TR(k‘l)TR(k’Q)
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1
t— [ dkydkydks(2m)P5(k — ky — ko — k3)Tr(ky)Tr (k) Tr(ks)

3!
(2 4 2k1 kg + 2k1k3)T (1 + 2koks)

2(1 + kyko + kvks + koks)I(ky, ko, k) — 1

l (14 Eyko + kiks + koks) I (ky, ko, ks3) (F2(1+k1k2+k1k3)F2(1+k2k3) c

(1.54)

We have thus succeeded in deriving a S-function for tachyon backgrounds which do not
satisfy the linearized on-shell condition. Exactly the same result can be obtained by
taking the derivative of (1.37) (or of the opposite of Z(k)) with respect to the logarithm
of the cut-off —loge. The result obtained in this way must then be expressed in terms of
the renormalized field by inverting (1.37) and it coincides with (1.54).

It is interesting to note that all the known conformal tachyon profiles, like ¢X° or
cos X* where i is a space index, are solutions of the equation 57(X) = 0, where 7 (X) is
the Fourier transform of (1.54). These solutions and perturbations around them have been
used to construct tachyon effective actions around the on-shellness [48, 36, 38, 37, 40]
and to study the problem of the rolling tachyon [31, 32, 33, 34, 35, 49, 39].

That the non-linear S-function (1.54) is the correct one can be shown by solving the
BT (k) = 0 equation perturbatively. The solution of this equation will generate the correct
scattering amplitudes of open string theory [41]. This in turn will show the validity of the
general formula (1.41). To the lowest order the equation is (1 — k%)Ty(k) = 0, so that the
solution Ty (k) satisfies the linearized on-shell condition. By writing T'(k) = Ty(k) + 11 (k)
and substituting into the equation Gr(k) = 0, to the next order we find

I'(k?)
(- &) (k/2)

T (k) = %/dkldkg(%r)[’é(k — Ky — ko) To (k1) To (ko) (1.55)

The presence of the couplings Ty in (1.55) sets two of the three k; on-shell. To pick out
the propagator pole corresponding to the third £ we set it on-shell too. The scattering
amplitude for three on-shell tachyons is given by the residue of the pole and is 1/27 with
our normalization.

The calculation at the next order proceed in a similar fashion. One sets T(k) =
To(k) + Ti (k) + To(k) and finds

(2m)P

Tolk) = T3I(1— k2)

/ dleydkadlisS(k — ky — ky — k) To(ky)To (ko) Ty (ks) 1 (K1, ko, k)

T(2 + 2kiky + 21 ks)T(1 + 2hks)
2 (1 kik: | T(ky b, keg) —
{ <+; j) U, iz, ) lF2(1+k1k2+k1k3)F2(1+/€2/€3)

3 { (2 + 2k1ky + 2k ks)D(2 + 2ksks) +evel } }
T2(1 + kb + Faks) D2 (1 + kaka) (1 — (ko + k)] ]S

+ cycl.]

(1.56)

When all the tachyons are on-shell, the last two terms on eq. (1.56) cancel and, as it
should be for consistency, the residue of the pole in £ is the scattering amplitude of four
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on-shell tachyons. It is given by

D(1 + 2k k)T (1 4 2koks)T(1 + 2k k3)

T(1 + k1ko)T(1 + kok3)T(1 + kik3)T(1 + kyko + koks)T(1 + koks + kik3)T(1 + kiko + kiks)

(1.57)

where the on-shell condition is 1 + ki1ky + koks + k1ks = 0. By means of the on-shell

condition, from the above expression, we recover, up to a normalization constant, the

Veneziano amplitude, the scattering amplitude of four on-shell tachyons. Eq.(1.57) in
fact becomes

1
— (1 + 2K k)T (1 + 2k2k3) (1 + 2k1k3) sin(mky) sin(7ks) sin(7ks)
1
= B (1 + 2k1ko, 1 + 2ksok 1. 1.58
(27)2[ (14 2k1ka, 1+ 2koks) + cycl] , (1.58)
where B(x,y) is the Euler beta function. The expression between square brackets is just
the Veneziano amplitude. The ambiguity ¢ appearing in the propagator (1.26) could be
kept undetermined throughout the calculations of the scattering amplitudes. It is not
difficult to see that this would just consistently change the normalization of the on-shell
amplitudes.
For tachyon profiles Tr(k) supported over near on-shell momentum k? ~ 1, the equa-
tion of motion 7 = 0 with 37 given in (1.54) becomes

B = (1— k) Tn(k) —

2
(2m)”
31272 dkydkedksd(k — ki1 — ko — k3)Tr(k1)Tr(k2)Tr(k3)

{[B (1 + 2]€1k2, 14 2k2/€3) + CyCl.] + 27 tan(ﬂ'kll{?2> tal’l(ﬂ'klk’g) tan(’ﬂ'k'gkg)} =0.
(1.59)

/ dleydkad(k — ky — ko) T (k) Tr (k)

+

The coefficients of the quadratic and cubic terms in (1.59) are symmetric with respect
to all the k; and k& when these are on the mass-shell. Thus (1.59) can be derived as the
equation of motion of an effective action. Such effective action for near on-shell tachyons
up to the fourth order in powers of the tachyon fields can be derived from the results
of the cubic string field theory. In [25] it was shown that the cubic SFT reproduces the
Veneziano amplitude with great accuracy already at level L = 50. The tachyon effective
action arising from the cubic string field theory for near on shell tachyon profiles ®(k)
therefore reads

Se = 2nTys(2m)P {—%/dk@(k)@( k) (1— k) + /Hdk@ (Zk)
/Hdkcp (Zk) 1+2k1k2,1+2k2k3)+cycl.]} ,

(1.60)
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where the tachyon momenta in the fourth order term satisfy

k1 =(0,1,0,0,...,0) ks = (0,sin 6, cos 0,0, ...,0) (1.61)
ks = (0,—1,0,0,...,0) ky = (0, —sin 6, — cos6,0,...,0) . (1.62)

Since the Veneziano amplitude is completely symmetric in the four momenta k;, it is not
difficult to see that the equation of motion deriving from (1.60) becomes precisely (1.59)
once the simple field rescaling 7' = 27® is performed. Thus the cubic string field theory
for almost on-shell tachyons reproduces the non-linear 37 = 0 equation of motion.

In section 1.4 we also derived the renormalized tachyon field for the case of a slowly
varying tachyon profile, to all orders in the bare field and to the leading order in deriva-
tives, eq.(1.40). From this we can easily compute the corresponding 3 function. The task
in this case is much simpler, as we just need to take the derivative of (1.40) with respect
to —loge

0 = 5 = o (222) oo ron o (=P}

Then we have to invert the relation (1.40) between Tx and T. To the leading order in
derivatives one has

T(X) = —e{[1+ (loge)A]log(1 — Tr(X))} (1.64)

from which it is clear that the admissible range for Tx is —oo < Tg < 1. Plugging (1.64)
into (1.63) we get the non-linear tachyon (-function to all powers of the renormalized
tachyon and to the leading order in its derivatives

AT(X) = (1 = Tr(X)) [~ log (1 — Tr(X)) — Alog (1 — Tr(X))] . (1.65)

BT(X) = 0 is the tachyon equation of motion for a slowly varying tachyon profile.

Since in our calculations of the non-linear f-function we have always used the same
coordinates in the space of string fields, the two results (1.65) and (1.54) should coincide
when expanded up to the third power of the field and to the leading order in derivatives,
respectively. This is indeed the case and the result in both cases reads

BY(X) = ATgr + 8,Tr0,Tg + Tr0,Tr0,Tr . (1.66)

It is interesting to compute the S-function also in the case in which the ambiguity con-
stant ¢ appearing in (1.26) is kept undetermined. Tx(k) can be easily obtained as before
from (1.39) without fixing ¢ = 4. By taking the Fourier transform and by differentiating
with respect to —loge, the [-function expressed in terms of the renormalized tachyon
field Tr(X) turns out to be

AT 1 c\ 0,Tr0,T
T _ _ _ _ R - e nt RYuL R
B(X)=(1—Tg)|—log(1—Tg)+ T, + (1+ 2log 4) T=—To2 _TR)2:| . (1.67)

In the next section we shall use also this form of the f-function to construct the Witten-
Shatashvili action.
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1.7 Witten-Shatashvili action

In this section we shall compute the Witten-Shatashvili action. From the simple expression
that relates the partition function to the renormalized tachyon (1.41) it is easy to deduce
a simple and universal form for the WS action of the open bosonic string theory

S = <1 — /6T%> Z[Tg)] = K/dDX [1—Tr(X)+6"(X)] . (1.68)

This can now be computed in both the cases analyzed in the previous sections. We shall
show that the expressions for S that we will obtain are consistent both with the known
results on the tachyon potential [11] and with the expected on-shell behavior. Thus a
choice of coordinates in the space of couplings in which the tachyon (-function is non-
linear allows one to find not only a simple general formula for the WS action, but provides
also a space-time tachyon effective action that describes tachyon physics from the far-off
shell to the near on-shell regions.

Let us start with the evaluation of (1.68) up to the third order in the expansion of
the tachyon field using the non-linear S-function (1.54). A similar computation was done
in [11, 42] by means of the linear 3-function, 3(k) = (1 — k%) T'(k). We shall later compare
the two results. From the renormalized field (1.37) and the S-function (1.54) we arrive at
the following expression for the Witten action

S=K {1 - % / dk(%)DTR(k:)TR(—k)%

1
+§ /dkldkzzdkg(Qw)DTR(kl)TR(krg)TR(kg)é(k:l + ko + k3)

I(1 + 2koks)T(2 4 2k1 ko + 2k k3)
211 kik; | I(k1, ko, ks) — 1. .
( + ; J) (K1, k2, k3) < T2(1 + aks)T2(1 + kaka + kiks) + cyc

(1.69)

The propagator coming from the quadratic term in (1.69) exhibits the required pole at
k* = 1. There are however also an infinite number of other zeroes and poles. We shall
show that these are due to the metric in the coupling space appearing in (1.3). The
equations of motion derived from the action (1.69) are

08 (2 — 2k?)

Tk~ A= (2m)"T (k)

K

+E /dkldk}/(Qﬂ')D(S (k‘l + k?l — ]{3) TR(k’l)TR(k‘/>

T(1 — 2kk)[(2 — 2kk' + 2k k)

T2(1 — kk)T2(1 — kK + K'ky)

(1 — 2kK")D(2 — 2kky + 2k'k1)  T(1+ 2K'ky)T(2 — 2kK' — 2kk) (1.70)
T2(1 — kENT2(1 — kky + K'k1)  T2(1+ KEkO)T2(1 — k&' — kky) |

: {2(1 — k4 koK — kDI (=k, ki, k) —

As we did for the equation 37 = 0 in the previous section, by solving these equations per-
turbatively it is possible to recover the scattering amplitudes for three on-shell tachyons.
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To the lowest order the equation is

(2 — 2k?)

A k) =0 (1.71)

At variance with the lowest order solution of 37 = 0, there are infinite possible solutions
of (1.71). We choose the solution for which the tachyon field Ty(k) is on the mass-shell,
which corresponds to a consistent string theory background. This choice is also a solution
of 7 = 0 to the lowest order. As we shall show, the other possible zeroes of (1.71) could
be interpreted as zeroes of the metric in the space of couplings through eq.(1.3). With
such a choice of Ty(k), to the next order we recover the scattering amplitudes for three
on-shell tachyons. By writing T'(k) = To(k) + 71 (k) and substituting it into (3.11) we find

I2(1 — k?)
2T (2 — 2k2)
21 — kil + koK — kK I(—k, k1, k') —

Tl(k?) = /dkldk/(Qﬂ')Dé(k} — k‘l — k/)To(kl)To(k/>

(1 — 2kky)D(2 — 2k’ + 2k, &)

T2(1 — kky)T2(1 — kk' + k'ky)

CT(1— 2kK)TD(2 — 2kky + 2K'k1)  T(L+ 2k'k)D(2 — 2kK' — 2Kk, ) } 172
T2(1 — kkND2(1 — kky + K'ky) D21+ KkOT2(1 — kK — kky) |

Since the two couplings Tj satisfy the on-shell condition, k; and &’ are on-shell. To pick
out the propagator pole corresponding to the third k we set it on-shell too. The scattering
amplitude for three on-shell tachyons is given again by the residue of the pole and with
our normalization is (27)~!, in precise agreement with the result obtained in the previous
section.

The equations (3.11) must be related to the equation 7 = 0 through a metric
Gr@yrey as in (1.3), which in this case becomes

55 , :
— = / dk' Gryran B7*) (1.73)

0Tr(k)
The Witten-Shatashvili formulation of string field theory provides a prescription for the
metric Grx)r() Which can then be computed explicitly. To the first two orders in powers
of Tk, it is given by
2m)PT (2 — 2k2 K

(1—E2)2(1 — k2
) , o D(1+ 2kk)T(2 + 2kK + 2k1 k)
21+ kik + ki k' + kKDY (b K, K —
(L hak Wb o KR (R, b K) T2(1 + kki)T2(1 + kk' + K'k;)

D(1+ 2kk\D(2 + 2kky + 2K'ky)  T(1 + 2Kk )T(2 + 2Kk’ + 2kky )

COT2(1 4 kEOD2(1 + kky + K'ky)  T2(1 + Kky)T2(1 + k' + kky)
D(2 + 2Kk )D(2 4 2kk + 2kky)

— : 1.74
[2(1 + k'k)T2(1 + kK + kky)(1 +kk'+kk1)} (1.74)

Ta(k)
1= k?

The first term in this metric coincides with (1.13) for a conformal primary given by the
tachyon vertex. From (1.74) it is possible to see that the infinite number of zeroes and
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poles that the second order term in eq.(1.69) exhibits at k> = 1+ n and k* = 3/2 + n,
respectively, is in fact due to the metric. This is true except for the zero corresponding
to the tachyon mass-shell k¥ = 1. In fact the metric (1.74) is regular for k£ = 1. This
indicates that the kinetic term in eq.(1.69) exhibits the required zero at the tachyon mass-
shell and the metric (1.74) can be made responsible for the other extra zeroes and poles.
If these zeroes and poles are just an artifact of the expansion in powers of 7', it is an open
question. It would be interesting to consider for example an expansion around k2 = 1 +n
to all orders in T" and check if in this case one would still find that the kinetic term exhibits
a zero at k% = 1 +n.

Let us turn now to the cubic term in eq.(1.69). If one or two tachyons are on-shell,
then the cubic term vanishes. This means that any exchange diagram involving the cubic
term vanishes [42]. When all the three tachyons are on-shell, the scattering amplitude for
three on-shell tachyons should arise directly as the coefficient of the cubic term. How-
ever, the cubic term in (1.69) is ill-defined on shell. Nonetheless, with the most obvious
regularization (i.e. by going on-shell symmetrically by giving to the three tachyons an
identical small mass m, k? = 1+m? and then by taking the m — 0 limit) one gets a finite
result for the scattering amplitude [42]. Recalling the first of eqs.(1.53) we conclude that
this scattering amplitude is (27) ™' with our normalization. Also the cubic term in (1.69)
has a sequence of poles at finite distances from the tachyon mass-shell. This is related
to the fact that the set of couplings that we have taken into account is not complete. If
we get far enough from the tachyon mass-shell, we run into the poles due to all the other
string states which have not been subtracted.

In the next section we shall compare (1.69) with the corresponding action derived
from the cubic string field theory. Here we would like to show that, by means of a field
redefinition, (1.69) can be rewritten in the form of the WS action obtained from a linear
[-function [42], but that this field redefinition becomes singular on-shell. The partition
function up to the third order in the bare tachyon field is again given by

Z(k) = Ko(k) — Ke” 1 [T(k)

1 T (1+ 2k k
—E/dk1dk2(27r)D6(k—k1—k2) =200k P (1 VT (k) (1 + 2k1ko)

T2 (1 + kyks)
3
1 P
—f—? /dkldkgdk3(2ﬂ')D5 (k? - Z kz) 6_2(1+ i<j klk])T(k}ﬁT(k}Q)T(k’g)](kl7 kg, k?g) 5
) i=1

(175)

where we have used (1.37). If instead of following the general procedure of ref. [41] one
renormalizes the theory simply by normal ordering, the g-function turns out to be linear.
Thus the renormalized field to all orders in the bare field would just be

dr(k) = T(k)e" " (1.76)
so that (k) = (1 — k*) ¢r(k). The WS action with a linear S-function up to the third
order in the tachyon field then reads

1

S =K {1 — §/dk(2W)D¢R(k’)¢R(—k)F(2 —2)

T2(1 - £2)
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; dkydkodks(2)P dr (k1) dg (ke dr(ks)o (Zk:) <1+ > kk:) k:l,kg,krg)}

1<j=2
(1.77)

in agreement with what found in [42]. If we assume that the fields ¢r and Tx are related
as follows

or(k) = Tr(k) + /dklf(k, k) Tr(k)Tr(k — ki) + ... (1.78)

by comparing the cubic terms in (1.69) and (1.77) one finds

(2 + 2kyky + 2kyks)
(k ks, k2) 1
[f 2+ ky, o) T2(1 + kyky + kyks) ¢
1 [T(1 + 2koks) I'(2 + 2k1 ko + 2k k3) d
2 F2(1+/€2k3) F2(1 —|—l€1]€2+k‘1]€3) 7

(1.79)

so that the solution for f is f(ky + ko, k1) = T(1 + 2k1k2)/(2T2%(1 + kik»)) and the field
redefinition becomes

(1 + 2k ko)

mTR(kl)TR(kz)5(l€ —ky — k) . (1.80)

on(k) = Tah) + [ kit
It is not difficult to see that if we evaluate this relation when the three tachyon fields
are on-shell it becomes singular since f(k, k1) has a pole. This is in agreement with the
Poincaré-Dulac theorem [43] used in [5] to prove that when the resonant condition (1.15)
holds, namely near the on-shellness, the G-function has to be non-linear. We showed in
fact that the field redefinition that gives from S the WS action constructed in terms of a
linear B-function, Sy, becomes singular on-shell.

Let us now turn to the WS action computed in an expansion to the leading order in
derivatives and to all orders in the powers of the tachyon fields. If we keep the renormal-
ization ambiguity ¢ undetermined, the S-function is given in (1.67). Using (1.4), S then
reads

S:K/dX(l—TR) [1—10g(1—TR)+ (1+ ;1ogzl> %} , (1.81)
where —oo < Tg < 1. With the field redefinition
1—-Tp=e¢T (1.82)
S becomes
S:K/czxe-TKH%log )8T6T+1+T] , (1.83)

which for ¢ = 4 coincides with the space-time tachyon action found in [10, 11]. In
particular we shall show in the next section that K coincides with the tension of the
D25-brane, K = Ty, in agreement with the results of ref. [11]. It is not difficult to show
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that (1.83) can be rewritten, by means of a field redefinition, in the form found in [100]
where the renormalization ambiguity was also discussed.

Note that (1.82) is the coordinate transformation in the coupling space that leads
form the non-linear S-function (1.65) to the linear beta function 37 = (1 + A)T. The
[-function in fact is a covariant vector in the coupling space and as such it transforms.

We have left the ambiguity ¢ in (1.83) undetermined because we want to show that it
is possible to fix ¢ in such a way that the equation of motion deriving from (1.83) coincides
with the equation 87 = 0 with 87 given in (1.67). In fact, in terms of the coordinates
(1.82), this equation reads

- N 5 1 .
87 =T+ AT+ 5 log zauTé)uT ~0. (1.84)

where we have kept into account that 57 transforms like a covariant vector in the space
of worldsheet theories. Choosing log(c/4) = —1, eq.(1.84) becomes the equation of mo-
tion of the action (1.83). This is important because if we find finite action solutions of
the equation (1.84), these would be at the same time solutions of the renormalization
group equations and solitons of the tachyon effective action (1.83). These could then be
interpreted as lower dimensional branes. Being solutions of the renormalization group
equations they are interpreted as background consistent with the string dynamics, being

solitons they must describe branes. The finite action solutions of eq.(1.84) are easy to
find

T(X)=—n+ % Z(Xi)? . (1.85)

These codimension n solitons can be interpreted as D(25 — n)-branes. 26 — n are in fact
the number of coordinates on which the profile 7'(X') does not depend. Substituting the
solution (1.85) into the action (1.83) with log(c/4) = —1 we get

S = T25(€\/ 277—)“‘/26—71 . (186)

Comparing this with the expected result T55_, Vo6, we derive the following ratio between

the brane tensions
o T25—n €

L \Vir
With our notation, o/ = 1, the exact tension ratio should be R,, = (27)". Thus R,, differs
from the one given in (1.87) by a factor e/v/2m = 1.084. It is remarkable that a small
derivatives expansion of the WS action truncated just to the second order provides a
result with the 93% of accuracy. In particular the result (1.87) is much closer to the exact
tension ratio then the one found in [11] with analogous procedure. The solutions of the
equations of motion of the WS action considered in [11] were not in fact solutions of the
equation 37 = 0, so that they could not be interpreted as consistent string backgrounds
(this was already noticed by the authors of [11] and for this reason the exact tension ratio
was obtained with a different procedure). The equations of motion deriving from the
WS action are in fact related to the -function through (1.3) where the metric should in

R, 2)" | (1.87)
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principle be non-degenerate. However, if the metric is computed in some approximation,
it could be singular and present solutions that introduce physics beyond that contained
in the g-functions. The action (1.83) with log(c/4) = —1 gives an equation of the form
(1.3) with the non-degenerate metric ¢e=7. The solution of this equation can be at the
same time a soliton and a conformal RG fixed point.

In conclusion the general formula (1.4) reproduces all the expected results on tachyon
effective actions both in the far off-shell and in the near on-shell regions.

1.8 Cubic vs. Witten-Shatashvili tachyon effective
actions

In this section we shall compare the result (1.69), which gives the WS action up to the third
order in the powers of the renormalized tachyon field Tg(k), with the tachyon effective
action S¢ computed with the cubic open string field theory of [1]. Like (1.69), S¢ is known
exactly up to the third power in the tachyon field. A similar comparison was already
done in [11] where, however, the WS action constructed in terms of the linear tachyon
S-function BT (k) = (1—k*)Tr(k) was used. With such a choice of coordinates in the space
of string fields, the relation between the tachyon fields of the cubic and the WS string
field theory becomes singular on-shell [11]. The cubic string field theory parametrization
of worldsheet RG is regular on-shell and it very well reproduces the tachyon scattering
amplitudes [102], thus indicating that to it should correspond a non-linear g-function. We
shall show that, comparing the result (1.69) for the WS action with the corresponding
cubic string field theory action, a field redefinition between the tachyon fields in the two
formulations can be found which is non-singular on-shell. In particular, by requiring the
regularity of the coordinate transformation that links the cubic tachyon effective action
to the WS action (1.69) we find that the overall normalization constant K in the WS
action (1.69) is precisely the tension of the D25-brane. This is in agreement with all the
conjectures involving tachyon condensation and with the result K = Ts; derived from the
tachyon potential.

For a tachyon field ¢(k), the cubic string field theory action can be written as [1, 103]

So =20 |y [ akn)oe(-k) (14

1 53 3—k2—k3—k2
+3 / dkeydkodks(2m)P8 (ky + ko + k3)d(ky ) o (ko) d(ks) <T>

(1.88)

The normalization factor 2m%Th; was derived in [44] and will be important for our analysis.
Let us assume that the relation between the fields ®(k) and Tr(k) of the two theories is
of the form

(k) = fi(k)Tr(k) + /dkldefQ(ku k1) Tr(k1)Tr(k2)0(k — Ky — ko) +- -+, (1.89)
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where fi(k) = fi(—k) from the reality of the tachyon field. The cubic string field theory
action (1.88) becomes

Se = 2nT {—% [ kR TR Ta(—k) (1 = 1) (20

— / dk1dkodks(2m)P 6 (k1 + kg + ks)Tr(ky)Tr(k2)Tr(ks)
P

3v/3

3— k]
(1 + kiky + Kiks) f1(k1) fo(ka + ks, k3) — %f1(/€1)f1(/€2)f1(k3) (T>

(1.90)

By comparing the second order term of eq.(1.88) with the corresponding term of eq.(1.69)
we find

9 K (2 — 2k?)
= . 1.91
When the tachyon field is on the mass-shell, f;(k) is regular and takes the value
1 /K
= —1/—. 1.92
fr=q- T (1.92)
From the comparison of the cubic terms in (1.90) and in (1.69) we get
P
3— . k?
filk2) fi(ks) [ 3v/3 o K
1 — (kg + ks)? ko + k3, k3) = —
(1= (e o ks)"] falha + K, hs) 3 4 31272 s f1 (ko + k)

(1 + 2koks)T(2 — 2(ks + k3)?
2(1—k:glcg—k:g—kg)](—kg—kg,kg,k:g)—( (1 + 2hgha) (2 = 2y + 3))+Cycl.>].

T2(1 + Kok )T2(1 — (ks + ka)?)
(1.93)

We can fix the value of the normalization constant K by requiring the regularity of the
function fy(ko + k3, k3) when the three tachyons are on-shell. The on-shell condition is

2(]411/{2 -+ k‘gk’g -+ klkg) + 3 - O 5

and the factor between square brackets in (3.57) is, on-shell, (27)~!. Consequently, re-
quiring the regularity of the function fs when the three tachyons are on-shell, eq. (3.57)
simply becomes

K =Ty . (1.94)

When (1.94) is satisfied, the field redefinition that links the boundary and the cubic string
field theory tachyon effective actions is regular on-shell. This result shows that the tachyon
dynamics described by the WS string field theory reproduces the conjectured relations
involving tachyon condensation. With analogous procedure, it is not difficult to show
that the coordinate transformation between the WS tachyon effective action constructed
in terms of the linear G-function (1.77), with K = Tss, and (1.88) is, as expected, singular
on-shell.
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Chapter 2

A solution to the 4-tachyon off-shell
amplitude in cubic string field theory

2.1 Introduction

2.1.1 Basics of CSFT formalism

The action proposed in [1] for the open bosonic string field theory is

1
S:—i/qf*mf—%/\p*qf*qf , (2.1)
where g is interpreted as the (open) string coupling constant. The field ¥ is a string field

taking values in a graded algebra A. Associated with the algebra A there are

e A star product
*xt ARA— A

under which the degree G is additive (Gy,o = Gy + Go).

e A kinetic operator

Q- A—-A
of degree G =1 (Ggy =1+ Gy).
e An integration operator

/:A—>C’

that vanishes for all U with degree Gy # 3. The action (2.1) is then nonvanishing
only for a string field ¥ of degree 1.

The elements @, *, [ defining the string fieldtheory are assumed to satisfy the following
properties

(a) Q is nilpotent: Q*¥ =0, VU e A.
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(b) [QU =0, VUc A

(c) Q is the derivative operator of the star product:
QU % B) = (QU) & + (—1)5% T x (QB), VI, d € A.

(d) The star product inside the integral is non commutative:
[Uxd=(-1)CC [dxT, VI e A

e) The star product is associative:
p
(PAxU)x=Z=D% (U xZ), VO, U =€ A

This suggest that each element or operation in (2.1) has its counterpart in the theory
of differential forms on a manifold. The string field ¥ is like a matrix-valued one-form,
the operator () is the analog of the exterior derivative, the star product x and the string
integral | correspond respectively to the wedge product of forms (the only difference is
that U x ® and ® x ¥ have no simple relation in .4) and to the integral of forms over a
manifold times the trace in matrix space.

When the axioms above are satisfied, the action (2.1) is invariant under the gauge
transformations

W =QA+TxA—-AxT : (2.2)

for any gauge parameter A € A with degree G = 0.

When g is taken to vanish, the equation of motion derived from (2.1) and the gauge
transformation (2.2) simply become Q¥ = 0 and ¥ = QA. Thus, if the kinetic operator
@ is chosen to be the BRST operator Qg and the degree G of the A algebra is identified
with the ghost number, these equations coincide respectively with the physical condition
for the first quantized string and with the cohomology of ) = Q. When g = 0 this string
field theory gives precisely the structure needed to describe the free bosonic string. The
extra structure appearing in (2.1) is motivated by finding a simple interacting extension of
the free theory consistent with the perturbative expansion of open bosonic string theory.

All the needed axioms are then satisfied when A is taken to be the Hilbert space of
string fields

A ={V[x(0);c(0);b(o)]}

which can be described as a functional of the matter, ghost ad antighost fields describing
an open string in 26 dimensions with 0 < o < . The string field ¥ can be written as an
expansion over open string Fock space states of the first quantized open string theory [14]

W) = [p(x) + Au(z)a”, +ialx)b_ico + iB,(x)a’, + By, (x)ak ”
+ﬁo(l’)b,200 + 61(.’E)b,1071 + iku<1‘)()élilb,100 + - } ‘0), (23)

with coefficients given by an infinite family of space-time fields. Here, = is the center of
mass coordinate, ¢ is the tachyon, A, is the massless vector, B, is a symmetric two tensor
at the first massive level, etc., these descriptions applying in the canonical vacuum. The
fields a, By, (1 ete. are auxiliary fields. The first-quantized string vacuum is |0) = ¢1|Q),
where ) is the SL(2, R) invariant vacuum. The states created by applying o, ,n > 0,
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C_ny,n >0, b_p,n >0, together with |0) itself, are solutions to the first-quantized theory
in a harmonic-oscillator representation. All fields are real; the factors of ¢ are needed to
ensure the reality condition for the string field W. The level of a state is defined as its
mass squared in units of 1/a’ as measured above the tachyon-mass squared. The tachyon
0is at level 0, A, is at level 1, etc. and the level of a field is defined to be the level of the
state associated with it. Now that we have defined the level number for the expansion of
the string field, level of each term in the action is also defined to be the sum of the levels of
the fields involved. For example, if states | W), |W¥s), |W3) have level ny, ng, ng respectively,
we assign level ny 4+ ny 4+ n3 to the interaction term Wy x Wy x ®3. Then truncation to
level L means to keep only those terms with level equal to or less then L. The level (L, I)
truncation of the full string field theory involves dropping all fields at level N > L, and
disregarding any interaction term between three fields whose levels add up to a number

that is greater then I.
Gauge fixing is necessary to render the functional integral well defined. We choose the

Feynman Siegel gauge
b =0 . (2.4)

The interaction in Eq.2.1 is characterized as follows. The star product x acts on string
functional ¥, & by gluing the right half of the string represented by ¥ to the left half of
the one represented by ®, and the interaction still glues the remaining half of the strings.

This gluing is realized by means of delta functions, and factorizes into separate matter
and ghost parts. Defining the embeddings of the strings ¥, ®, ¥ x ® respectively as xy (o),
ze(0) and Ty (o) with (0 < o > 7), then the matter part of the product x reads

0 5 D] (2g2a(0 / Dy (0)Daa(0)T (Dag (o)) & (Dra (o)

[lococz 0 (wa(0) = 2u(m = 0)) 0 (20(0) = Twsa(0)) 0 (Tusa (T — 0) — zo(T — 0))
(2.5)

While the first delta function glues the left half of ¥ with the right half of ®, the second
delta function gives the condition that the right half of ¥ coincides with the right half
of ¥ x ® and the third one imposes that the left half of U coincides with the left half of
U x .

vl e

Similarly, the matter part of the integral over a string field is given by

/\I/ = /'D:Eq,(a) U (zy(0)) H d(xg(o) — zy(m — 0)) (2.6)



This corresponds to gluing the left and right halves of the string together with a delta
function interaction.
I

The ghost part of all the operations is analogously defined.

The rather formal derivation of (2.1) is not suitable for concrete calculations, since
the star product = and the integration operator | have been defined only geometrically
as the gluing procedure. There is a more convenient form for the CSF'T action

1 g
S = —5{¥,QU) — S(V. U x V) (2.7)

where (-, -) is a bilinear inner product related to the * product and the integration through
<\I/,<I>>:/\If*®, <\I/,<I)*E>:/\I/*CI>*E. (2.8)

The form (2.7) allows to relate the geometrical construction seen above to more familiar
formulations of CSF'T, following from a conformal field theory (CFT) approach [104] and
from an operator formulation [23] of the x product, that we briefly resume in what follows.

Before showing how explicit calculations can be performed, it’s worth to mention an
additional algebraic structure of open string theory. It arises from the twist operation,
which reverses the parametrization of a string, and is summarized by the existence of an
operator {2 that satisfies the properties

Q(QA) = Q(24)
(QA, QB) = (A, B) (2.9)
Q(AxB) = ()" Q(B) xQ(A).

Up to a sign, twisting the star product of string fields amounts to multiplying the twisted
states in opposite order, as follows from the basic multiplication rule, for which the second
half of the first string must be glued to the first half of the second one. Applying this to
the string field gives !

QP *x D) =+ (QP) x (D) (2.10)

From the above formulas it turns out that the string field action (2.7) is twist invariant.
From an heuristic point of view, this follows from the fact that the two- and the three-
string vertices are invariant under reflection. The twist eigenvalue of a state is given as
(—=1)N, where N is the number eigenvalue of the state, defined with N = 0 for the zero
momentum tachyon. In terms of level, string states at odd level are twist odd and states
at even levels are twist even.

I This relation follows from the odd Grassmanality of the string field, for which cfr. [105].
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2.1.2 The CFT approach

The CFT language represents the complete gluing of the constituents ¥ fields in the
3-string vertex through the conformal mapping of three upper half-disk, each of which
represents the propagation of one of the three open strings, to the interior of a unit disk
in a conformal plane. The three world-sheets are pictured in Figure 2.1. In the infinite
past (T — 00, 2 =€ =0, P, in the figure) - in the CFT language, a vertex operator
was inserted in z, = 0 - each string appeared, then propagated radially to reach the Q
interaction point |z,.| = 1.

%3 |22 k!

- Q Q an )
N (2 (o0
[ A 2N 7N
c P, B B P, A A P, c

Figure 2.1: 3 half-disks representing three strings that propagate from infinite past P; to the interaction
point Q.

The interaction that defines the vertex is built by gluing the three half-disks to form
a single ‘three-punctured’ disk in the conformal plane of global coordinate w. The trans-
formation needed should map the common interaction point Q to the center w = 0 of
the unit disk, and map the open string boundaries - the line segments —1 < Re(z,) <1
in Figure 2.1 - to the boundary of the unit disk. The explicit maps that send the thrzee

half-disk to three wedges in the w plane of Figure 2.2, with punctures at e%, land e™ 3
are

. % 1+i§1 %
fil&) = e (1_2.&) :
1+ & ;
1—i&) 7
1+z‘53)§
1—i&) 7

This specification of the functions f,.(z,) gives the definition of the cubic vertex

fo(&) = (

(&) = 6‘2?< (2.11)

/w*mxy: (fr 0 T(0) f> 0 T(0) f3 0 T(0)) p (2.12)

where (- - -)p is the correlator over the unit disk and the conformal transformation of W(0)
- i.e., in the CFT language, the expression for the vertex operator O(z, = 0) associated
to the string state ¥ in terms of f,(z, = 0) - is defined as

fr oW (0) = (£1(0)" ¥ (£,(0))
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P3

Figure 2.2: The cubic vertex as a 3-punctured unit disk.

for a primary field of conformal weight h.
The generalization of (2.11) to the gluing of n strings is written as

2ri (1 + 1z,

2
frlz) =en 7D T ) , 1<r<n. (2.13)
— 1z

Each half-disk is mapped by f,. to a 2m/n wedge, and these n wedges are collected and
rotated in such a way to make a unit disk. The formula (2.13) applies to the kinetic term
of the CSFT action, for which the maps result

a(z) = (1 +z’z1) | galza) = — (1 —|—iz1> (2.14)

1—i21 1—2'21

thus defining the quadratic term in (2.1) as
[erQu=trov0foQuo)s | (2.15)

2.1.3 The operator formulation

In the operator formulation opened up in [23], the action (2.1) is written as

§ = S VP IQW): — (VO g0}, [0)3]0); (2.16)
in terms of the 2-string and the 3-string verteces

Vil € i@ 7 (Vissl €M @ H; @ M (2.17)

In (2.17), the subscripts distinguish between different copies of the string Fock space
‘H referred to different strings. Here bpz : ' H — H* is BPZ conjugation. The BPZ of a
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primary field ¢(z) of conformal dimension d creating a state in the infinite past (7 — —o0,
z =¢e"" — () by operator state correspondence, is defined as

) 1
(t(0)] = O]ty (1) (218)
The action of BPZ on the modes of the primary field
Az nia
= ¢ —" ) 2.1
60 = § g 0(e) (2.19)
reads
bpz(¢,) = (—1)" o, . (2.20)

This equation defines BPZ conjugation when we supplement it with the rule

bp (@ -+ 90,10)) = (01Ep=(6n,) - bp=(@n,) (2:21)

The form of the vertices (2.17) is determined by writing the gluing conditions (2.5,2.6)
in terms of the oscillators of the first quantized theory. One starts from associating the
string functional U [z(¢)] with a function ¥ ({x,}) of the infinite family of string mode
amplitudes. In this way the overlap integral combining (2.5,2.6) can be written in term
of modes

Jwee= [ TLdnadun 6 @~ (1700 ¥ (2.1 @ () (2:22)

Using in the above formula a standard result for the delta-function as a squeezed state
representation in terms of the two-harmonic oscillator Fock space

5(z +y) — exp (ia{x)a{y)> (10Y, ®0Y,) . (2.23)

we end with the following squeezed state representation for the two-string vertex

POO
<‘/1(22)’matter - ((O’ X <0|) e n,m=0 *G;I)Cnmag)

where C,,,, = (—1)"0,, is the BPZ conjugation matrix, an infinite-size matrix connecting
the oscillator modes of the two single-string Fock spaces. This expression can be translated
in the momentum space, including the ghost sector one ends with

P h (1), _(2) (1),(2), (2) (1)i
— L (—D™ ay, cay ey by ey by,
(Vi = /dzﬁp |V @ (p|® (Cél) + 082)> em =Y e (2.24)

A direct calculation from the CFT approach, computing the two-point function of an
arbitrary pair of states on the disk, gives the same result for V®.

From (2.24) we can derive the quadratic term of the CSFT action (2.16). The gauge
condition (2.4) sets to zero terms in the expansion of the string field ¥ (2.3) containing
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¢o- In this gauge, the kinetic piece S, of the action in terms of particle fields to level two
is thus

1
Sy = —§<V1(22)|‘1’>1|Q‘1’>2

1
= —/d26x (0> = BB + 37 + - - (2.25)

2
_ Hgba“gé—auAya“AV_aﬂBuAaqu\_’_aﬂﬁlaﬂﬁl_‘_,__]

The procedure for obtaining the 3-string vertex in the pure operator formalism [23] is
more involved and we will not give it in details. A possible way to proceed is to start by
making an ansatz for (V)]

(Vi) = / A p1dpad®py 5(p1 + pa + pa) (| Vel @ (po] D @ (pg| D
1P 1ha£ s a4 0 xrs (o)

o (2.26)

and then calculate the quantities N;° and X]?° . called Neumann coefficients, in terms
of conformal transformations. This is always possible, since due to (2.7,2.16) the vertex
(1/1(233) | is such that

(U, ®,E) = (Vi |9 ()| ®) )| Z) 3 - (2.27)

and in (2.12) it was provided a definition of the left hand side of this equation. It turns
out that the coefficients N7 X' are given in terms of the 6-string Neumann functions

Nrs 1 <r s <6 through
1 \7 \ . 7 —
Ny = 5(N};fn +N£§S+3) +N7(z::3)8 +N7(17J3)(s+3))
Xom = —m(Npn = Noot), s =rr+2 (2.28)

X = m(Ng, = NiGH), s =r+1

For s < r the values of X% are fixed by using (2.28) and the cyclic symmetry of the
coefficients under » — (r mod 3) + 1, s — (s mod 3) + 1. When all momenta are zero the
Neumann functions with n,m > 0, are given, through explicit CFT calculations, by

Vit = 5 G (S ) I (2:2)
with ) 5
f@):z?f;—:l) (2.30)
and

2,25 =13,1/V/3,0,-1/V/3, -3, . (2.31)

An equivalent formula for <V1(22| that will be useful in what follows is
(Vi3] = /d%pld%md%m 3(p1 + 2+ 3) (01| Vel © (pa] Dl © (pa] @)
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h i
P mi,rrs (s T)vrrs o (s )y rsy(s ") xrs p\s
'6_% 3,8:1 a£n>ana£L)+2a$n)Vmop< )4p( )Voo Pl )_2C$H>anb§l) (232)

where the Neumann coefficients V%
as described in Appendix B.

From (2.26) or (2.32) we can derive the cubic interaction term S in the string field
theory action (2.16) for an arbitrary set of 3 fields. In the Feynman-Siegel gauge and for
the fields appearing in (2.3), the interactions at zero momentum are

are related to the 6-string Neumann functions (2.29)

Si = (VO W) W) V)

5 11 24 5-2%/2 ,
= Kg <—¢3 + mBH“CbQ + §51¢2 - 3—2¢Au14” + TBM”AVA

28v2 11 -2
5 B AuA,,JrTﬂAMA“er)

where
37/ 2

H—F.

2.1.4 Off-shell amplitudes

Following the classification of ref.[106], there are four possible approaches for computing
off-shell amplitudes that we briefly describe here since three of them will be used later in
this chapter.

a) Field theory approach

The string field contains an infinite number of component fields, whose number
grows exponentially with the mass level L. In this approach one can approximate
the calculations by truncating the string field up to some fixed level L [107], for
this reason it is called “level truncation on fields”. For example one can construct
the CSFT lagrangian by means of a truncated string field up to some level L and
then compute the cubic terms for each of the field components at the desired level.
From this classical action one can then derive the tree level effective action for some
field component (e.g. the tachyon) by integrating out all the other ones through the
solution of their equations of motion.

We shall use this procedure in Sections 2.4-3.1 to derive the perturbative tachyon
effective action.

b) Conformal mapping

With this method Giddings [17] reproduced the on-shell Veneziano amplitude di-
rectly from Witten’s CSFT. He gave an explicit conformal map that takes the Rie-
mann surfaces defined by the Witten diagrams to the standard disc with four tachyon
vertex operators on the boundary. Following Giddings’ procedure and with some
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additional analysis -related to the oscillator method in c¢)- Samuel [29] and Sloan [19]
computed the off-shell Veneziano amplitude. This procedure allows in principle the
calculation of any amplitude [20]. Amplitudes computed using this method are ex-
act, although numerical approximations are necessary to get concrete numbers for
them. We shall solve Samuel’s equations to derive, from the 4-tachyon off shell
amplitude, some very accurate numerical approximations of the quartic coupling of
the tachyon potential and of the coefficients for a time dependent solution of CSFT.

c¢) Oscillator method

Perturbative amplitudes can be directly evaluated using the oscillator representation
of the vertices and propagators in CSFT. The vertex and the propagator can be
written completely in terms of squeezed states [24], i.e. in terms of exponentials
of quadratic forms in the oscillators creating and annihilating operators. In this
way the complete set of amplitudes associated with a Feynmann diagram results
in an integral over the internal momenta that can be evaluated using standard
squeezed techniques. Any perturbative amplitude is then given in a closed-form
expression containing infinite-dimensional Neumann matrices. While no analytical
way is known at present to exactly calculate such expressions, one can evaluate
the amplitudes to a high degree of precision truncating the Neumann matrices to
finite size [25]. This means truncate the levels of oscillators in the string states
which are considered, this is the reason for which this method is known as “level
truncation on oscillators”. Rather then having to include a number of fields which
grows exponentially in the level, with this procedure one simply needs to evaluate
quantities, as the determinant of the Neumann matrices, whose size grows linearly
in the truncation level. A specific example of this method is given in Appendix B
and will be used in Section 3.1.

d) Moyal string field theory

In this alternative formulation of SFT the string joining star product is identified
with the Moyal product. Calculations performed using this method reproduce di-
rectly the expressions for the off-shell amplitudes as for example the 3-point and
4-point tachyon amplitudes [108]. Some numerical results [109] achieved with this
procedure are comparable to those obtained using the methods (a)-(c).

In this chapter we mainly focus on the four tachyon amplitude which we evaluate by
solving explicitly Samuel’s elliptic equations for the off-shell factor (method (b)). We have
obtained a new series solution for the off-shell factor introduced by Samuel [29], which, at
variance with the one found in [108], provides the off-shell factor in terms of the original
coordinates used in [29].

As a test for the solution we shall first improve the numerical approximation for
the evaluation of the exact quartic self-coupling ¢4 in the tachyon potential. This was
computed for the first time in [107] and repeated to a higher degree of precision in [25].
Our results provides ¢, with a precision that goes up to the ninth significative digit and is
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in complete agreement with the extrapolations of ref. [110]. The solutions of the 4-tachyon
off-shell amplitude that we have found therefore is a very useful tool for providing precise
tests of CSFT. The agreement with previous work on the subject, both on the quartic
tachyon coupling and on the CSF'T rolling tachyon, is an excellent test for the accuracy of
our off-shell solution. A second application will be descripted in the next chapter, where
we shall improve the CSFT time-dependent solution given in [56] as a sum in powers of
el.

The chapter is organized as follows. In Section 2.2 we review the derivation of the
off-shell four tachyon amplitude following ref. [29]. Explicit formulas for the Neumann
coefficients involved in the oscillator formalism are reported in Appendix A. A brief review
of the level truncation method is also given and a specific example is provided in Appendix
B. In Section 2.3 we develop the tools needed to perform the computations of Section 2.4.
A solution to the elliptic equations defining the off-shell amplitude is derived, obtaining a
useful expansion of k(z) in powers of the Koba-Nielsen variable x. This analysis improves
the accuracy in the evaluation of the quartic coupling of the tachyon potential, which is
performed in Section 2.4. In the next chapter, we will use the exact four-point amplitude
to study the first few coefficients of the rolling tachyon solution expressed as a sum of
exponentials €™, and we will compare the corresponding solution with the ones obtained
in the level truncation scheme and in the field theory approach.

Our calculations were performed using the symbolic manipulation program Mathemat-
ica.

2.2 The 4-tachyon off-shell amplitude

The first step in computing the off-shell four tachyon amplitude in CSFT is to relate it
to a world-sheet process. Four-point amplitudes involve one propagator and two vertices.
After gauge fixing, we use the Feynman-Siegel gauge (2.4), the propagator becomes b/ L
where L is the Virasoro generator for the intermediate state including ghosts

Lo=p-p—1+ Z (_p - o +nb_pcy + nc_pby) . (2.33)

n=1

Writing the propagator

bo %
— = dTe Tlo
Lo °/o o

the Schwinger parameter T can be interpreted in the world-sheet language as a modular
parameter describing the lenght of a propagating strip, inserted into the amplitude.

2.2.1 Conformal mapping: on-shell amplitude

A closed analytical expression for the off-shell four tachyon amplitude in CSFT [1] was
derived in [29] by following Gidding’s analysis of the on-shell Veneziano amplitude [17].
Giddings gave an explicit conformal map that takes the Riemann surfaces defined by the
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world-sheet diagrams for the four-tachyon scattering amplitude to the standard disc with
four tachyon vertex operators on the boundary. This conformal map is defined in terms
of four parameters o, 3, 7, 6. The four parameters are not independent variables. They
satisfy the relations

af =1 v =1 (2.34)
and )
— = Ao(01,k) — Ao(02, k) , (2.35)
where Ag(0, k) is defined by
2
No(0,k) == (E(k)F(0,k')+ K(k)E0,k') — K(k)F(0,K)) . (2.36)
T
In (2.36) K (k) and E(k) are complete elliptic functions of the first and second kinds,
F(0,k) is the incomplete elliptic integral of the first kind (we follow the notation of
ref.[111]). The parameters 6y, 0o, k and k' satisfy
> 2 2
k =5 E*=1—k (2.37)
2 2
2 g ) o
Sin 91 = m Sin 62 = m . (238)

By convention § > a and § > 7. Because of (2.34) and (2.35) only one variable is
independent. By convention this is taken to be «, that is related to 7', the lenght of the
intermediate strip, by

3= K(K')[Z (02, k") — Z(64, k)] (2.39)
where Z(6, k) is defined through the ordinary elliptic functions

2(0,k) = K(k)E(0, k) — B(k)F(0,k) . (2.40)

The parameter « is finally related to the Koba-Nielsen variable x - in terms of which the
standard formula for the Veneziano amplitude is written - through

x=<%)2, o= ig (2.41)

Using this conformal map Giddings managed to derive the Veneziano amplitude from
CSFT. Because of the cubic vertex, in CSF'T there are six relevant Feynman diagrams
for four particles processes (fig.2.3). The contribution from the graph (a) in fig.2.3, the
s-channel amplitude, was computed in [17] to be

0 dT
As(p17p27p37p4)=/ doz?Acd

0

(6—04)2(7)1 “p2+p3-pa) (5_|_a)2(p1~p3+p2~p4) (2a)2(p2-p3) (26>2(p1~p4)
(2.42)
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Figure 2.3: The relevant Feynman diagrams for the four particles scattering.

where the integration limits ap = v/2 — 1 and o = 0 correspond to T'= 0 and T = oo
respectively , 244 is the ghost contribution and is given by

1
246 = 8—Va? + 2/ B + (5 — o) K(7") (2.43)
T
and the Jacobian factor almost cancels the ghost factor
dT 4(3* — a?)

=7 ) 2.44
do aAg ( )

2.2.2 Oscillator method: off-shell amplitude

Samuel derived a perturbative off-shell string amplitude [29] directly from string field
theory by requiring that it reproduces Gidding’s result (2.42) when the momenta are set
on-shell. We now briefly review Samuel results.
Let
LIV boe TR V) = (Vi (2.45)

denote the vertex function associated with the graph (a) in fig.2.3, where the subscripts
1,2,3,4,1 and J indicate Fock-space labels. The full contribution to the diagram is

/ AT (V[0 ) 02y D) (2.46)

0
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where |\I/$«T)> is the Fock-space representation of the external states. The explicit oscillator
representations of (V)| and (V)| (see Section 2.1.3)

P h (1), (2), (1),(2) (2) (1)i
— (=D ay cay ey by Hcy by
VS| = /d26p |V @ (—p|@ (081) + 082)) er Y e (2.47)

<V1(2333 = /d26p1d26p2d26p3 5(291 + D2 +p3)<291|(1)6(()1) ® (p2|(2)c(()2) ® <p3|(3)c(()3)-

P3

h i
o remt o ViEnar? 20 Vg p ) Vi p) 26 X by

(2.48)

show that all the terms in (2.46) are given in terms of exponentials of quadratic expressions
in the oscillators. Using standard squeezed state techniques [24], closed-form expressions
can be given for any perturbative amplitude. In the case of the four tachyon amplitude
corresponding to the first diagram of fig.2.3, this procedure gives?

2.2

S-S dT e det () e (249

where A, is a constant related to the Neumann coefficient for the three tachyon vertex,
2 . g it
Ao = e3Vo0 = % . In this formula V' and X! are defined by

A4(p1>p27p3>P4):

~ (m+n) ~ (m+n)
11 _  —mdmpe g 11 . —dnp g
V., =e =2 "V X,m=€ 2 "X (2.50)
where V™ and X" are infinite-dimensional matrices
s s s s s rs
Viv Vs ... | ZASSNE D LI, ¢ S X7

ves OV VB Vi, | XU = XE X X,
(2.51)

whose elements are matter and ghost Neumann coefficients of the cubic string field theory
vertex, for which exact expressions are given in the Appendix B. Q¥ are defined as

QU= Vo (=) VaVid 4 Vi —T(2=6y)  ij=120rij =34
Qi = —voi,{l<m>mncv,};%{{ i—1,2andj—3,4ori=34andj=12

(2.52)

where m,n,p > 1, C' = §,,,(—1)" and the sum over I denotes a sum over the intermediate
states.

The two expressions (2.42) and (2.49) should both represent the contribution to the
four tachyon amplitude coming from the diagram (a) in fig.2.3 when the momenta are

2We follow the notation of refs.[25, 112].
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on-shell. To relate them in the proper way, a general procedure was developed in [29] for
computing the functions Q% appearing in (2.49) from the Giddings map, giving

Q"M =Q" =Ina —Ink, Q¥ =Q% =—-Ina—Ink
Q12:Q21:_1n|a—ﬁ‘, Q13:Q31:_1n(a+6)
Q14 — Q41 — ln(?ﬁ), Q23 — Q32 — 111(20[)
Q" = QR = ~na+7) Q" =QY=-Ia—p (259
where k is given as an integral
_ (82~0?) > d [ V(wta?y?)(w?+a2s?)
In(r) = —2a V(@2 +72)(a2+6?) fl dwn(w —1)35 < (w+1)(F2w?—a?) ) ' (2.54)

As already noticed, although «, 3,7, ¢ all appear in the above equation, there is only one
independent variable, so that the function s in (2.54) is actually a function of a. The
substitution of (2.53) in (2.49) leads to the following formula

) Py (D2 402) b2 2
Ay(p1,p2,p3:p1) = / da Tdet E)\in > [k(a)] =P (a) (P1+p3)+Po+p3
6|20p1 P2+P3 4) (3 + a)2(P1 ‘P3+p2-a) (20{)2(1)2 "p3) (26) (p1-p4) (2.55)

Comparing the two expressions (2.42) and (2.55) on shell (p? = 1), one can see that the
momentum dependence matches and for the momentum independent part the following

identity holds
dT 1 dl" 1
A2 Tdt( X)):2A— . 9.56
(do[) (V11)2 ngé [K,(Oé)]4 ( )

By trading the variable « for the Koba-Nielsen variable x through (2.41) in (2.55), the
contribution from the first graph in fig.2.3 becomes

g [ 2o [(K(x) RS
Ad(p1,p2,p3,p4) = E/ dix g PPIP(] — ) Prtpe) 2 (T) (2.57)

N

The remaining diagrams (b),(c),(d),(e),(f) of fig.2.3 can be obtained from the first
one by a suitable permutation of the string labels, i.e. by permuting the momenta in
(2.57), and the total four-point tachyon amplitude is the sum of these six contributions.
Notice that the Veneziano amplitude is exactly reproduced when p? = 1 in (2.57) and the
additional factor containing x(x) goes to 1.

2.2.3 Level truncation

The infinite-dimensional matrices (2.51) appearing in the final expression for a given
diagram are expressed in terms of the Neumann coefficients of Witten’s vertex. The
level truncation method we use in this chapter consists in the truncation on the level of
oscillators associated with the Neumann coefficients. This procedure is somewhat different
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from the original method of level truncation [107] (method a) section 2.1.4), in which one
calculates the SF'T action by only including in the string field expansion contributions up
to a fixed total oscillator level. While the latter approach involves computations with a
number of fields that grows exponentially in the level, in the former one has to calculate
the determinant of some matrices whose size grows linearly in the truncation level.

Let us explicitly remind the procedure [112] in the case of a tree diagram with four
external fields as (2.49), in which there is a single internal propagator with Schwinger
parameter 7. One starts with a suitable change of coordinates in (2.49)

oc=c¢ T (2.58)

then expands in powers of o, so getting an expression of the form

Ydo . cn(p)
P ) n n
/0 —0 g cn(pi)o™ = g a1 (2.59)

where p = p; + ps = p3 + ps represents the momentum of the intermediate state. The
poles p?> = 1 —n in (2.59) clearly correspond to the contributions of intermediate particles
as the tachyon (n = 0), the gauge field (n = 1) and all the other open string massive
fields. Truncate all the matrices to size L x L means to truncate the sum in (2.59) to
n = L, thus imposing a limit on the mass of the intermediate states.

The analysis can be simplified by noting that, as seen in Section 2.1.1, in CSF'T the
combined level of fields coupled by a cubic interaction must be even. For example, there
is no vertex coupling two tachyons (level zero) with the gauge boson (level 1). It follows
that there are no tree level Feynman diagrams with all external tachyons and internal
fields of odd level. Thus, in calculating the tachyonic effective action we may set odd level
fields to 0, i.e. only even powers of ¢ in the expansion (2.59), need to be considered. An
explicit example of the procedure above explained is given in Appendix C, where the four
tachyon amplitude at level L = 2 is derived in the time-dependent case.

2.3 Solution for the function x(x)

As shown in the previous section the off-shell 4-point string amplitudes are completely
determined once the function x(z) defined by (2.54) is known. To determine the function
r(a,y) we have first to solve eq.(2.35) for one of the two variables in terms of the other, so
that the function s will be a function of only one of the two « or ~. Since the four point
amplitude is written in terms of an integral over x, which is easily related to a through
(2.41), it would be more natural to solve for 7 as a function of « then the opposite. The
solution can be found numerically and for v as a function of x is given by the solid line
in fig.2.4. vy goes from 0 to 1 while x goes from 1 to 1/2 and a goes from 0 to v/2 — 1.
To check for the accuracy of the solution, we have found two different expansions: 1) A
power series in « which gives 7 in a neighbor of 0 and can be inverted so as to give « as a
function of v around 0. 2) An expansion of o around v/2—1 as an expansion in 1 —~, this
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series cannot be inverted due to the presence of terms of the type (1 —+v)" log(1—~)". We
have found a general procedure to obtain as many terms as necessary in both expansions
and the function () can be determined in the whole range 0 <y < 1. As we shall show
in fact the two series for a(7) overlap in an extended interval that goes from v ~ 0.6 to
v~ 0.7.

2.3.1 ~ and a around 0

By using the integral representations of the elliptic functions [111] it is possible to write
the equation (2.35) in a useful form

1 - /
\/t2+74\/1+t2 ") \/t2+7 \/1+t2)

To expand (2.60) for small v and « we have to divide the integration region into three
intervals in such a way that the square roots in the denominators of (2.60) can be con-
sistently expanded and the integrals in ¢ performed. For example consider the integral in
the first term of (2.60), it can be rewritten as

% (2.60)

1
dt =
V2 + 1+ 12
1 ! a
[ — [
a1+ 5VIHEE 1+ 5vVive N t2\/1+ \/1 + 3

(2.61)

In each integral of the rhs the integration domain is contained in the convergence
radius of the Taylor expansions of the square roots containing ~, so that they can be
safely expanded and the integrals in ¢ performed.

With this procedure one gets the following equation equivalent to (2.60)

E(v*) i T F(%EQ
2 T(T = mP(: — ik
{2n+§k+1 - (%)+ (| + (1 =) T I }
o p(_1
(1 ="K () MZ:O F(% _1;2%)(11(% i)k)nlkl
{m N B e %




The series containing Iny* can be resummed, the first gives 2 K (?) the second ﬁE (v?).
Hence these terms cancel and In~+? actually disappears from the equation. As a conse-
quence one can write v as a power series in « whose coefficients are determined requiring
that eq.(2.62) is satisfied. v turns out to contain only the powers a***! n € N. We have
determined the first 12 terms of this series to get a very good approximation for v in
an extended neighbor of zero (in which sense it is an extended neighbor will be clarified

later)

1041 38719 109062913 H278728465
_ 1 4 8 12 16 20
0 V3a 1+ 5a +—16 o + 3 o+ 1006 o +—8192 a®’+
2172202186251 ,, 116561474500179 ,¢  3303689940814193505 4,
a a a

131072 2621 268435456
187301165958864015157 4,  86571446884950765378149 10,
Q o)

536870912 * 8589934592
5078927050639748451791733 ,,
o)

17179869184

+ O(a48)> (2.63)

Any higher order in (2.63) can be in principle computed from (2.62). Using (2.41) we
can plot v as a function of x and compare it to the graph obtained from the numerical
solution of eq.(2.60). As it is clear from fig.2.4 v(x) has in # = 1/2 a vertical tangent,
thus showing the presence of a branch point which cannot be gotten from a power series
of the form (2.63). Nevertheless (2.63) gives a very good approximation for v(z) except
in a small neighbor of x = 1/2. In particular the agreement between the values of ~y
obtained from the series (2.63) and the numerical values is on the 15-th significative digit
for 0.8 < x < 1, where the series (2.63) is expected to give exact results, thus providing a
precision test for the accuracy of the numerical solution. Moreover, the expansion (2.63)
can be iteratively inverted to give a series for « as a function of

W () 5, 959 i 10093, 83350631 ,, 3579242677
/3 o T12067 T 7776 | T 268738561 483729408 |
1297273056905 ,, 6783253984031 ,  168109910408625655 ,,

69657034752 139314069504 | 1283918464548864 |
24949101849547687507 45 10046339553062261150885 4

69331597085638656 7 9983749980331966464
512861712698825472832315 ,,

O™ 2.64
179707299645975396352 | T U1 )> (2.64)

By plugging the expansion (2.63) in (2.54) and using (2.41), the corresponding expansion
for k(a)) can be found by means of numerical integration

k(o) = S exp [-25a —7.15620° — 75.927 o'® — 1238.7a'® — 24301 &*

3V/3
—531290 o®** — 1.2489 - 107 o®® — 3.0923 - 10% o/*2
—7.9627 - 10° &*® — 2.1140 - 10" o™ — 5.7517 - 10" o*] + O(a™) .
(2.65)
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Figure 2.4: Plots of 7(z): the solid line is the numerical solution of the elliptic equation,
the dashed line is the power series.

2.3.2 ~ around 1 and « around v2 —1

Around z = 1/2, i.e a = /2 — 1 and v = 1, it is possible to obtain only z (or a) as a
function of v and not the opposite. Such an expansion can be obtained by first expanding
eq.(2.60) around v = 1 and then looking for an expansion of « in terms of powers of 1 —~y
and In(1 — ~)

a=V2—1+a(1—7)+ax(l =)+ 4+b(1—7)In(l — )+
ba(1—=7)?In(l —9) + -+ er(1 = 7)(In(l = 7)) + e2(1 = )*(In(L — 7))* + e
2.66

The coefficients in (2.66) are determined by requiring that (2.60) is satisfied. We provide
here directly the expansion of x as a function of 1 — ~ up to the ninth order

—_

p= g 5= [1 - 210g (159)] — 101 - )P log (157) -

(=) [143log (159)] — g (1= 2)° [7+ 12108 (5] +

%(1 =7)° [-97 — 108log () — 241og” (5) + G4 log” (55)] -

ﬁ(l — )" [119 + 1001og (152) — 40log® (172) — 32010g® (112)] +

ﬁ@ —7)® [=321 — 60log (12) + 12401og? (12) + 22401og® (152)] +
1

oo

(1—7)? [~1871 4 57401og (1) + 29120 1og® (1) + 31360 1og® (12)] + ...
(2.67)

107520
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Figure 2.5: Plots of x(7): the dashed line gives the expansion of x(y) which holds in a
neighbor of v = 1, the solid line gives the expansion of x(v) around v = 0.

From (2.64) one can easily get x as a function of v in the region z ~ 1 (y ~ 0) so
that x(7y) can be obtained for the whole range 1/2 < z < 1. The two expansions in fact
overlap in a long range for 0.3 <~ < 0.7 as it is shown in fig.2.5. They have an excellent
agreement up to the 13-th significative digit for 0.6 <y < 0.7.

2.4 Coefficient of the Quartic Tachyon Potential

As first check for the solution derived in Section 2.3 we consider the effective quartic term
in the tachyon field ¢* that arises from integrating out all the massive scalar fields in the
theory. For each massive scalar field ¢ in (2.33) quadratic term and coupling to ¢? are
given by

a
Su = S0% + rgeve (2.68)
there is a term in the effective potential for ¢ of the form
2
St = —/{29226—(1@54.

The static tachyon potential has thus the general form?

1
Vi = §¢2 — gk &+ Pk cad® + ... (2.69)

where ¢ is the string coupling constant, k = 3;# and ¢4 is the object of our analysis.

3We follow the notation of refs.[27, 25].
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The four point tachyon potential is obtained from the off-shell four tachyon amplitude
by setting to zero the external momenta and by explicitly subtracting out the term with
the tachyon on the internal line. The amplitude is the sum of the six Feynman diagrams
shown in fig.2.3, the first of which gives the contribution (2.57) that can be usefully
rewritten in terms of the Mandelstam variables

2)\2 1 e t+st+u—4
Ay(s, t,u) = 92—‘3/ dvz =z (1—z)? (@) : (2.70)

N|=

To get explicitly the first diagram contribution to the amplitude one can set t = u =0 in
(2.70), A4 can then be defined through an analitical continuation of (2.70) to the region
s < 1. This can be achieved by adding and subtracting the pole in x = 1 in the integrand
of (2.70)

ot ()" e () (4)

2

T (@)H /1 dz 75 (1 — 2) 2 . (2.71)

1
2

[

where the first integral is now well defined in s = 0. When Re[s] > 1 the last integral in
(2.71) gives
2572 S.ns 1, 2778
(- -2
NG =G -3 +5=

that has a well defined limit for s — 0, so that the four point tachyon potential can be
written

A4(0,0,0) = 92;3 [/1 dx ((%)4 - (%)j (1-2)2— ; (%)4] (2.72)

As already pointed out, the function x(z) in (3.42) can be evaluated numerically in the
whole interval § < x < 1, by using the numerical solution of eq.(2.60) graphed by the
solid line in fig.2.4. The integrand in (3.42) is regular at x = 1, as can be easily checked by
studying the behavior of (2.65) in a neighbor of a = 0. However, problems are expected
in the numerical evaluation of the integral in a neighbor of x = 1 due to the product of a
pole times a zero. To circumvent possible computational problems we divided the interval
3 <2 < 1into two parts . For z € [3,0.95] we used numerical evaluation of x(z), by
plugging the numerical solutions of (2.60) in (2.54). For z € [0.95, 1] we used the analitical
expression obtained substituting (2.41) in (2.65). By summing the two contributions we
have found the value A4(0,0,0) = —%2.94497480(2). To get the the quartic term of the
tachyon effective potential we have to subtract [107] from (3.42) the contribution from
the internal tachyon line

S
2E(L2—&2—§r4>

=

2 g thu 1
Ady(s,t,u) = %)\3 s 1

(2.73)
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evaluated at s =t = u = 0. Each graph in fig.2.3 contributes equally, so that for the
quartic tachyon coupling one eventually gets
6 [A4(0,0,0) — A4,(0,0,0)] = Eg—2(—2 94497480(2) + 3—9) = ﬁ 5.5813353(1)
41 T IRV TID I 2127 41

(2.74)
where the factor 1/4! is required to recover the units of [27, 25]. The numerical evaluation
of the coefficient ¢4 from the exact four tachyon amplitude was given in [29] to an accuracy
of 1%, ¢4 =~ 1.75(2), and in [25] to an accuracy of 0.1%, ¢4 &~ 1.742(1). We have repeated
this calculation to an higher degree of precision, and the result (2.74) gives

9k eq =

¢y A~ 1.74220008(3) . (2.75)

This coefficient was calculated using the level truncation scheme up to level L = 20
in [27], and improved up to level L = 28 in [110], thus obtaining ¢, 95 ~ —1.70028,
with a discrepancy of 2.4% with respect to (2.75). In the same paper, a procedure to
extrapolate the known level truncated results and predict the asymptotic L — oo value
for ¢4 was described, giving an extimated value ¢4 ;o = 1.7422006(9) that agrees within
the 1077 of accuracy with our exact result (2.75).
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Chapter 3

Rolling tachyon solutions in cubic
string field theory

In this chapter, we will describe two different approaches for deriving tachyonic time-
dependent solutions in Cubic SF'T. The first one will be a level truncated analysis of the
equation of motion for a solution expressed as a power series in the exponentials e!. Then,
an analytic procedure based on the diffusion equation satisfied by a given tachyon profile
will be presented.

An analysis of Cubic SFT time-dependent tachyonic solutions has been addressed in
refs. [54, 55, 56] by using level truncation methods. It turns out that the tachyon rolls
down toward the vacuum, goes far beyond it then turns around and begins to oscillate with
ever increasing amplitudes. In [56], in particular, a systematic level-truncation analysis
was carried out for a trajectory ¢(t) expressed as a power series in e’. Increasing the level
of truncation in CSFT leads to a well defined trajectory up to some upper bound t = t,.
For the first turnaround points, the leading terms in the CSFT solution are those with
small powers of e'. Consequently, the very accurate value of the 4-tachyon amplitude that
we have derived in the previous chapter would improve the solution of ref. [56], at least
up to the first extrema of the trajectory. In Section 3.1 we review the procedure followed
in [56] and improve the accuracy of the first coefficients of the pure exponential tachyon
solution. The trajectories ¢(t), obtained by computing the ¢* term in the effective action
exactly and the terms up to ¢” in an L = 2 approximation, show that indeed the position
of the first turnaround point does not change significantly with the improvement in the
¢* term. This suggests the possibility that this value could have the physical meaning of
an inversion point. The second turnaround point instead changes position and amplitude
compared to the one found in [56]. However, the inclusion of higher order terms in
the lagrangian - calculated through the standard field theory procedure that uses level
truncation on fields - does not produce significative changes, so that the trajectory seems
again to stabilize. This substantially confirms that for ¢ > 0 the tachyon does not roll
towards the stable non-perturbative minimum of the potential - and does not represent
tachyon matter, as can be checked by an analysis of the pressure. The qualitative behavior
of wild oscillations is reproduced, even if the amplitudes at the turnaround points beyond
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the first are sensibly diminished.

An alternative analytic procedure to find a solution of the CSFT equations of motion
at the lowest order (0,0) in the level truncation scheme was used in [57]. It is based on
the following steps: i) Treat the CSFT coupling constant A as an independent variable in
the equation of motion; ii) Find an exact solution for A = 1 and interpret it as an initial
condition for an evolution equation with respect to A; iii) Evolve the equation of motion
to find its solution, valid for A < 1 and iv) Try to analytically continue this solution to
the physically meaningful region A = 3(%/2) /26, We will review this procedure in Section
3.2.

In [56] it was also shown that the non-local field redefinition derived in Section 1.8,
which takes the CSF'T action to the BSFT action [13], also maps the first two coefficients
of the wildly oscillating CSFT solution to the well-behaved BSF'T exponential solution.
We will review and discuss this approach in Section 3.3, where we will rise the question
whether this field redefinition is a real tool to reconcile the apparent discrepancy with the
results of BSF'T or the problem is still open.

3.1 The level truncated analysis

The full CSFT action (2.1) contains an infinite number of fields, coupled through cubic
terms which contain exponentials of derivatives. Being the action nonlocal, an initial
value problem is highly nontrivial

Nevertheless, a solution valid for all times can be systematically developed by assuming
that as t — —oo it approaches the perturbative vacuum at ¢ = 0. In this limit the
equation of motion is the free equation for the tachyon field ¢(t) = ¢(t), with solution
¢(t) = ce'. For t < 0, one can perform a perturbative expansion in the small parameter
e'. A level truncated analysis of the tachyon dynamics was carried out in [56] for a

perturbative solution given as a sum of exponentials of the form !

B(t) =D ane™ . (3.1)

n>0

The infinite number of fields of CSFT represents an additional complication. One can,
however, systematically integrate out any finite set of fields to arrive at an effective action
for the tachyon field. This can be done by using two of the approaches described in Section
2.1.4, 1.e “level truncation on the fields” or “level truncation on oscillators”. Integrating
out all the massive fields at tree level results in a tachyon effective action that can be
written in terms of the (temporal) Fourier modes ¢(k) of ¢(t) as

S[¢] = Zgz /H(deki)é(z k)G . (k) An(Fr, - ) (3.2)

n

LA related approach was taken in [54, 55], where an expansion in cosht was proposed. In most previous
work on this problem, solutions have been constructed using Wick rotation of periodic solutions; in this
case one works directly with the real solution which is a sum of exponentials.
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where the functions A, (k1, ..., k,) determine the derivative structure of the terms at order
n—2 in
g "
The coefficients in (3.1) can be determined by perturbatively solving the CSFT equa-
tion of motion. Defining ¢,, = a,, €™, these will have the general form

(32 — 1 Z Z Fp(¢m17¢m2>"'a¢mp)a (33)

p mitma+..mp=n

where the specific form of the F), follows by differentiating (CSFT) with respect to ¢(t).
The functions A,, appearing in (3.2), and thus the corresponding F},_1’s, can in principle be
computed for arbitrary n at any finite level of truncation. An alternative approach - more
efficient for computing F,, at small n but large truncation level - is the level truncation
method reviewed in Section 2.2.3 and in Appendix B. In general, independently of the
method used to compute it, F;, results in a complicated momentum-dependent function
of its arguments.

Equations (3.3) can be solved for a,; iteratively in n. Having solved the equations
for as, ..., a,—1 we can plug them in via (3.1) on the right hand side of (3.3) to determine
a,. Since in the action (3.2) the coefficients As and Aj are exactly known,

3\/5 3+kI+k3+k3
Ag(kfl, l{fg) =1- k?lkfg s Ag(kl, k’Q, ]{?3) = -2 (T) s (34)
the first two coefficients in (3.1) are exact and can be normalized as a; = 1, ay =

—64/(243V/3).

In [56] an L = 2 approximation was explicitly provided for the coefficients a3 . .. ag in
the sum (3.1)

64
O(t) = e — ———€* 4 0.002187 ¢ — 3.9258 10 % " 4 4.9407 107" ¢ — 6.3227 10 2™

243v/3
(3.5)

Plotting the result in Fig.3.1 it can be observed that for small enough ¢ the term e
dominates and the solution decays as e’ at —oo. Then, as t grows, the second term in
(3.5) becomes important. The solution turns around and ¢(¢) becomes negative, with the
major contribution coming from e?. Then the next mode, ¥ becomes dominating and
so on. The solution ¢(t) around the first two turnaround points is shown in Figure 3.1.
Note that the trajectory passes through the minimum of the static potential, which is at
¢ ~ 0.545 [26, 54], well before the first turnaround point.

For negative ¢, Eq.(3.5) describes the rolling of the tachyon off the unstable maximum
along the potential. The physical interpretation for positive ¢ is more problematic. Before
exponentially exploding ¢(t) presents an oscillatory behavior with increasing amplitudes
that makes the rolling tachyon dynamics in the framework of CSFT for positive ¢ difficult
to interpret. In ref. [56], however, it was shown that the trajectory ¢(t) is well-defined.
Increasing both the level of truncation and the number of terms retained in the power
series (3.1) changes the position of the first two turnaround points only slightly, leading
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Figure 3.1: The solution ¢(t) of [56] up to the first two turnaround points, including fields up to
level L = 2. The solid line graphs the approximation ¢(t) = e’ + coe?*. The long dashed line graphs
o(t) = e! + cae® + c3e3t. The approximate solutions computed up to e, e’ and €5 are very close in
this range of ¢ and are all represented in the short dashed line. One can see that after going through the
first turnaround point with coordinates (¢, ¢(t)) ~ (1.27, 1.8) the solution decreases, reaching the second
turnaround at around (¢, ¢(t)) ~ (3.9, -81). The function f(¢(¢t)) = sign(¢(t))log(1 + |¢(t)|) is graphed
to show both turnaround points clearly on the same scale.

to a convergent value of ¢(t) for any fixed ¢ as far as the second turnaround point. The
trajectories ¢(t), obtained by computing the ¢* term in the effective action up to L = 16,
show that indeed the position of the first two turnaround points seems to stabilize [56].
The expansion (3.5) for t > 0 would be justified at least up to those points. For ¢ > 0,
the tachyon does not roll towards the stable non-perturbative minimum of the potential.

We shall now study how this solution is modified by using the exact value of the 4-
tachyon term in the effective action for homogeneous time dependent profiles. The exact
value of the coefficient a3 can be obtained by computing integrals of the type (2.57), that
in the time-dependent case read

g ! 2 Kk(x) i1 P4
A4(p17p27p37p4) - ?/1' dx x—p1'p2—p3~p4<1 - x)—(p1+p4) - (T) (36)
2

To get the equations of motion the function A, in (3.2) has to be evaluated for imaginary
integer values of the field modes so that (3.6) is regular and does not need any analytical
continuation. In the evaluation of as, the relevant integral (3.6) over the Kobe-Nielsen

variable is
gt [ k(@)
Ay(—i, —i,—i,3i) = 3/ dr x7*(1 — x)* <T) (3.7)
3

Summing all the diagrams in fig.2.3 and subtracting the corresponding contributions
coming from the internal tachyon line, Ay = 2%9/3%2) we get az = 0.00241475435(3). This
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value, which is exact, can be compared with the corresponding ones obtained through
the level truncation approximation. The first column of Table 3.1 shows the sequence of

’ Level \ as \ ay \ as \ ag
2 0.002187797562 —3.7830611107¢ | 4.1448524107° —4.7728992 1013
4 0.002245884478 —4.3957017107°% | 4.6338501 10~ —5.4000742 10713
6 0.002281097505 —4.5437634107% | 4.7480437107° —6.2618454 10~ 13
8 0.002304369408 —4.6509193107°% | 4.8933743 107 —6.7366480 1013
10 0.002320816678 —4.7282645107° | 4.9938778 10" —6.9213556 10713
12 0.002333033369 —4.7867688 107° 5.0729134 107 —7.0850857 1013
14 0.002340032469 —4.8250629107° 5.1236425 107 —7.226787510713
16 0.002342489534 | —4.844363210°° 5.1338898 10~ —7.3568697 1013

| ExactAy | 0.00241475435(3) | —5.205903(1) 107° | 5.692641(2) 10~° [ —8.338132(4) 10~ |

Table 3.1: First few coefficients a,, of the time-dependent solution >, ane™ at various levels of trunca-
tion, when only the contribution from the quartic term in the effective action is considered in the EOM.
In the last row the exact four tachyon amplitude is used for the calculations.

the first approximate values of the as(L) coefficients up to L = 14. The level sequence
is perfectly consistent with the exact value given in the last row (first column), which
should then be considered as the limit as3(L — o0).

The amplitude (2.57) can be used to improve the accuracy of the remaining coefficients
an, n > 4. The exact evaluation of ay would require the knowledge of As(p,...,ps), for
which an expression analog to (2.57) is not known. However, when solving the CSFT
equation of motion, one can easily see that the dominant contribution to a4 comes from
the lower order amplitudes As(p1,p2), As(p1,p2,ps), As(p1, P2, 3, ps). Therefore, for a
precise evaluation of a4 seems more relevant to know these lower order amplitudes exactly,
rather than As(p,...,ps) approximate in levels. The remaining columns in Table 3.1
give the behavior of the coefficients ay4, as, ag for increasing levels of truncation, when
only the contribution from the quartic term in the effective action is considered in the
equations of motion. The last row gives the corresponding value obtained from the exact
amplitude (2.57) (i.e. limit L — 00). As can be seen from Table 3.1, for any fixed L,
la,(L)| < |a,(L — o0)|. Notice that the same property holds also in the calculation
of the coefficient of the quartic tachyon potential derived in Section 2.4. Indeed, up to
L = 28 [110], |csr| < |ca|. Moreover, for any fixed n, the sequence (a,(L + 2) — a, (L))
goes like Cya,(L)/L, C, being a constant, confirming the 1/L behavior of the leading
correction [102, 110]. The results given in the last row of Table 3.1 provide the first few
coefficients of the trial solution (3.1).

We can now include in the computation of a4, as, ag the L = 2 truncated expressions
for As(p1,...,p5), As(p1,---,p6), A7(p1,...,p7). The numerical results are listed in Table
3.2. The L = 2 truncated Az(ps, ..., pr), however, gives a contribution to ag which is not
reliable, since increasing the order of the effective action higher level field components
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become more and more important. The inclusion of the ag coefficient, in any case, does
not change the behavior of the solution around the first two turnaround points. This is the
region where we shall mainly focus, only here the solution with the first few coefficients

is reliable.

’ Effective action ‘ as ‘ ay ‘ as ‘
Agract 0.00241475435(3) | —5.205903(1) 107° | 5.692641(2) 10~
Agzact | AL=2 0.00241475435(3) | —5.348643(1)107°¢ | 3.231846(1)10°
Agzact  AL=20 AL=210.00241475435(3) | —5.348643(1)107° | 2.0650063(5)10~

Table 3.2: First few coefficients a,, of the time-dependent solution Y = a,e™. The first column indicates
which terms of the effective action are considered in the EOM.

In fig.3.2 we show how the solution changes at the second turnaround point by in-
troducing higher order terms of the effective action. The higher group of trajectories is
obtained by using the exact value for the four-tachyon effective action and adding to it
the level L = 2 five and six tachyon effective action, the lower group by using only L = 2
terms (the solid line in this group represent the solution of ref. [56] up to the e power).
As it is manifest from the figure the use of an exact A, leads to a decreasing of the
amplitude of the oscillations by at least the 20%. This is however not enough to change
the qualitative behavior of the solutions which maintains huge oscillations and does not
provide a physically meaningful picture. The best approximation we get is given by the
solution obtained using the exact A4 and the level 2 A5, Ag. It reads

64 f ,
el — —— % 4+ 0.00241475 €3 — 5.348643 1075 e + 2.0650063 107 ¢

243v/3

and is plotted in fig.3.3 against the solution (3.5) of ref. [56] up to the coefficient of €.
For t < 0 all the solutions overlap up to the 6-th significative digit. For positive t,
all the solutions present the expected oscillatory behavior with ever-growing amplitudes
and have constant energy, as has been verified [56] by a perturbative calculation including
arbitrary derivative terms in the infinite series defining the energy Tyo(t), along the lines
of [54]. The pressure shows the properties found in [114], where an analog approximate
solution was considered using the coshnt basis, starting from negative value at time ¢t = 0
to force the tachyon roll to the vacuum. But instead of decreasing to zero as t — oo,
it oscillates without bound at large times. So, this solution does not seem to represent
tachyon matter. In CSFT where the action contains infinite derivatives the kinetic energy
can be negative and thus the tachyon can move to higher and higher heights on the tachyon
potential while conserving the total energy [54]. Whatever solution one chooses, the
position of the first extremum seems to be fixed at ¢, ~ 1.27 with amplitude ¢(t;) ~ 1.74.
In addition, such a position is compatible within the 1% also with [54], where an analog
approximate solution was considered using the coshnt basis. This suggests the idea that
the first maximum could have a physical meaning. Actually, since the solution describes

I

¢(t) (3-8)
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Figure 3.2: Solution at the second turnaround point. The higher group of trajectories
is obtained by using the exact value for the four-tachyon effective action (solid line) and
adding to it the level L = 2 five (long dashed line) and six (dashed line) tachyon effective
action, the lower group by using only L = 2 terms. The solid line in the lower group
represents the solution of ref. [56] up to the e power.

the motion of the tachyon rolling off its unstable maximum at ¢ = 0, the naive energy
conservation would confine the motion between 0 < ¢(t) < ¢y, where ¢y, denotes the
maximum value attained by ¢ i.e. is the naive inversion point defined by the condition
Verrl0] = Vissloam] on the effective tachyon potential V.;;. A natural interpretation for
the first maximum is therefore ¢(t1) ~ ¢. Numerically, the value ¢y, ~ 1.7 is in fact in
a qualitative agreement with the available data on the effective tachyon potential [28].

The other extrema, instead, do not have any clear physical meaning. These oscillations
undergo wild ever-growing amplitudes, which, however, depend quite significantly on the
solution chosen. In passing from (3.5) to (3.8), both positions of the second turnaround
points and their amplitudes change. For instance, as shown in fig.3.3, the amplitude of
the second turnaround point is lowered by a 20% factor, the third one by an order of
magnitude.

In conclusion, it seems that up to the first turnaround point all the solutions (3.5),
(3.8), (3.30), practically coincide. After the first turnaround point, the wild oscillations
with increasing amplitudes found in refs.[54, 56] are confirmed. Although the qualitative
behavior is reproduced, the oscillations in (3.8) are sensibly reduced when compared to
those in ref.[56]. Up to the second turnaround point, where low powers of e’ dominate,
(3.8) provides a more accurate estimate for the trajectory of the rolling tachyon in CSFT.
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Figure 3.3: Second turnaround point for the solution (solid line) given in ref. [56] and the
solution (dashed line) obtained using the exact A4 and the level 2 A, As.

3.2 An analytical approach

In [57] an alternative analytic procedure was used to find a solution of the cubic string field
theory equations of motion at the lowest order, (0,0), in the level truncation scheme [54,
55].

At this order one considers only the tachyon field, disregarding any interaction term
between the tachyon and other massive level L fields, and the cubic string field theory
action reads

1 1 1
5= [ @ (G0 @+ o) - . (09%6)" ) (39)
where we remind that the coupling A\, has the value

Ao = 3%2/26 = 219213 . (3.10)

Considering spatially homogeneous profiles of the form ¢(t), where ¢ is time, the equation
of motion derived from (3.9) is

(0 — 1)o(t) + N (A% Po(n) = 0. (3.11)

The procedure followed in [57] is based on the idea that Eq.(3.11) can be generalized to
become a non-linear differential equation with an arbitrary parameter A\ which substitutes
the fixed value (3.10)

(02 — 1)(t) + AI~9/3 (M?/3¢(t))2 —0. (3.12)

Then A can be treated as an evolution parameter. Fixing the initial value A = 1 one
can easily find an exact solution to (3.12) and then study how this solution evolves to
different values of A keeping its property of being a solution of (3.12). We shall find that
the equation governing the evolution in A is extremely simple and we shall look for a
solution of (3.12) for generic A, setting eventually A = A. as in (3.10).
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3.2.1 Diffusion equation

When A = 1, Eq.(3.11) admits a particularly simple exact solution, the following bounce

B B 3 B * o cos(ot)

The boundary conditions of (3.13) are such that 0¢(0,t)/0t =0 at t = +o0.

Now we shall interpret the solution (3.13) as the “initial” condition of an “evolution”
equation with respect to the “time” log A\. The evolution is driven by the action of infinite
derivative operators of the type

¢ = elosa?® = Z (1089)" pon (3.14)

n!
n=0

which act on the function ¢(¢) in (3.12) when A # 1, that play a crucial role in string field
theories and related models.

A particularly convenient redefinition of the tachyon field that leaves invariant the
initial condition (3.13) is

D(log A, t) = N/3H%Bg(log A, t) . (3.15)

With this field redefinition Eq.(3.11) transforms into the following
2
(02 — 1)®(log A, ) + A~/ (A—w?/i*‘cp(log A, t)) —0. (3.16)

Since the operator A"207/3 is defined as a power series of log A through Eq.(3.14), it is
natural to look for solutions of Eq.(3.16) of the form

= (1 /\
B(log \, 1) = Z o8 (3.17)

n=0

It is not difficult to check that at any desired order n in (3.17) the functions ¢, (t) can
always be written as finite sums of the form

n (n)

Pn(t) = Z cosh%kw ; (3.18)

k=0

and the differential equation for the tachyon field becomes an algebraic equation for the
unknown coefficients aggn). Thus, an exact solution of (3.16) can always be obtained as
a series representation. However, it is interesting to look for solutions that, although
approximate, sum the whole series (3.17) rather than to find the exact coefficients a,(fn) at
any fixed truncation n of the sum. In fact, it is easy to show that any truncation of the
sum (3.17) leads to solutions with wild oscillatory behavior with increasing amplitudes.
One may wonder if the resummation of the whole series can smooth such oscillations.
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A more convenient representation of ¢, (t) alternative to (3.18) is given by

* g cos(ot)
ou (1) _6/0 TP (o) do (3.19)
P,(0) being a polynomial of even powers of ¢ of degree 2n. This representation is par-
ticularly useful since it provides the ¢, () in terms of eigenfunction of the operator 92.
The field redefinition (3.15) was chosen in such a way that the form of the coefficients
(3.19) becomes particularly simple. This allows an approximate (although very accurate)
resummation of the whole series (3.17). With this choice, in fact, the polynomials P, (o)
simply become

Po.(0) ~ o™ (3.20)

leading to the following approximate solution of Eq.(3.16)

d(log \, t):6/ 0 ¢o8(01) togao? g, :6A—0?/ ocos(al) 1o n<1 (3.21)
0

sinh(7o) o sinh(mwo)

Note that all the A-dependence in (3.21) is encoded in the operator P acting on the
solution of Bq.(3.16) with A = 1. In fact ®(log A = 0,t) = ¢(log A = 0,t) and \=% plays
the role of the “evolution” operator (with respect to the “time” log A) acting on the initial
condition ®(log A = 0,1),

d(log A\, t) = A% d(logh = 0,1) . (3.22)

Clearly, the representation (3.21) of the solution ®(logA,t) is valid only for A € (0,1].
In our case the physically relevant value of A is the one given in (3.10), which is greater
than one. Consequently, we need an analytical continuation of the representation (3.21)
to positive values of log \.

Eq.(3.21) shows that the evolution of the tachyon field with respect to the parameter
log A is simply driven by the diffusion equation with negative unitary coefficient. In fact
(3.21) satisfies the diffusion equation

0®(log A\, t)  P®(log A, t)
dlog\ o(t)?

(3.23)

with respect to the “time” variable log A and the “space” variable ¢, with “initial” and
“boundary” conditions ®(0,t) = 3/[2cosh2(t/2)] O (log A, +00) = 0.

Therefore, the action of the operator ¢ % on ®(log A, t) can be simply represented as
a translation of log A

g% d(log ), t) = B9 D(log A, 1) = e 8 9Texd(log \, t) = B(log A — logq, t) . (3.24)

This remarkable property can only be used thanks to the fact that we have treated the
quantity A\ as a generic variable. In particular we will make use of the following operator

> log A 9%
ad?
A D (log A, t) EO py 8752nT(log A, t)
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B - _ nllogN)" o"
= HZO( )" a(log)\)nq)(log)\,t)

= ®((1—a)logA,t) . (3.25)

where in the second equality we have used the diffusion equation (3.23).

3.2.2 Analytical continuation

The problem of the analytical continuation of the representation (3.21) to positive values
of log A can be faced as follows. Setting o = —is in Eq.(3.21), we rewrite ¢ as

+100 sest

D(log A, t) = ?A—af / ds . (3.26)

Liso SIn(7s)

In Eq.(3.26) the integral can be closed with semi-circles at infinity to the right or to the
left depending on the sign of t. Let us choose for instance ¢ < 0. Then (3.26) reads

Olog At < 0) = —6A~% > " (—1)"ne" . (3.27)

n=1

By replacing the operator A=% in Eq.(3.27) with its eigenvalue A~"" inside the series, one
gets

—6) (—=1)"A"ne" . A>1, (3.28)
n=1

The solutions in cubic string field theory (CSFT) analyzed in Section 3.1 in the level
truncation scheme have precisely the form (3.28). In order to make a proper comparison
between these tachyon profiles, we remind that the tachyon field ¢(¢) appearing in the
original form of the level truncated CSFT (3.9) is obtained by the field redefinition (3.15)

applied to (3.28) with A = A.. Using (4.22), one has ¢(t) = )\0_5/?@(% log A, t), namely
0o a2
B(t) = —6A2 (=) nA " e (3.29)
n=1
By means of the time translation ¢ — ¢ + log %3 the previous series becomes
-2 = 1\7 —2n243n t
B(t) = —6Ac® Y (—4)"mA 2" e (3.30)
n=1

which reproduces exactly the first two coefficients of the solutions (3.5,3.8). The differ-
ences arising for the coefficients of the higher powers in e’ are due to the fact that (3.30)
represents a level (0,0) solution, while those analyzed in Section 3.1 present corrections
due to the use of effective actions with higher levels of truncation in the fields. Again,
the tachyon profile (3.29) presents an oscillatory behavior with ever-growing amplitudes
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and a position of the first minimum that seems to be fixed at t ~ 1.27. It can be easily
seen that, up to the first turnaround point, Eq. (3.29) practically coincides with all the
solutions written in Section 3.1. The alternative procedure here described would then
confirm the CSFT picture of the rolling tachyon dynamics in which the tachyon does not
converge monotonically to the true vacuum.

Nevertheless, some further considerations can be done, by strictly obeying the prescrip-
tion given in (3.22). Despite of the fact that the series (3.28) has an infinite convergence
radius for A > 1, we should not consider it for positive values of . In order to be a
solution satisfying (3.22) for ¢t > 0, it should obey the same Eq. (3.22) with an inverse
exponential operator on the left hand side. This means that, acting with A% on (3.28),
we should recover the initial condition ®(log\,¢ > 0) for positive values of ¢, which is a
series of exponentials of the type e™™. This is not true, we are thus lead to look for an
alternative representation for the tachyon profile, by a different treatment of the infinite
derivative operator in front of the series in (3.27).

We make use of a Mellin-Barnes representation for the operator PR

2. (—log \)" 1 [fotee
A% = Z % o = %/ s ['(—s)(logA\)*0?* , Rey <0 . (3.31)
n=0 : Y—100
Acting with (3.31) in (3.27), we find
P(log\,t <0) = 3 / Woodsr )(log \) i ) nst et
7 i y—ico n=1
36t Y+100
= — dsT'(—s)(log \)* F(—e', =25 — 1,1)
Uy y—1i00
192¢t  [tice s 00 —2s
_ 20 / dsM/ dy y 7 (3.32)
VT i T(=5—1/2) Jo el +ev
where F is the Lerch Transcendent defined as
F(z,s,v) :Z(v+n)_sz" , lz| <1, v#0,—-1,-2,...
n=0
1 0o ys—le—(v—l)y
_ d - 3.33
) /0 v T (3.33)

and the last equation in (3.32) follows from the integral representation of F given in
(3.33). The gamma function in (3.32) can be rewritten by using the formula

1 1
S A 3.34
T(—s—1/2) zm/c s (3:34)

where C' is the path drawn in Fig.3.4.
Thus, the integral over s in (3.32) can be explicitely performed,

/;”O(()is <4z ;(;g A)s —ir s [logy —log <2 z log )\ﬂ : (3.35)
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In turn, integration of the d-function leads to the expression

d(log A, t < 0) = (3.36)

3 e?
—° | dy -
iValog /C 11 2veTont
It is easily realized that the contribution to the integral (3.36) given by the semicircle
around the origin vanishes. The lower and upper branches of the path C' are parametrized,
according to the notation of Fig.3.4, as

Z = e'_iﬂ—y_iev yE(OO7O) )
z = eTy+ie, y € (0,00) , (3.37)

respectively.

Then, by changing variable ¢ = 1/t and sending ¢ — 0, the integral (3.36) can be
rewritten as

Bllog At < 0) = ——0 / oot 0sin(20y/log}) |
mlog A Jo cosh(t) + cos(20+/Iog \)

If we consider the case t > 0 in (3.26), we obtain for ®(log A,¢ > 0) an expression similar
to (3.38) with ¢t — € replaced by t + €. Therefore Eq. (3.38) can be conveniently written as

A> 1. (3.38)

o 2 in(20+/log A
B(log A 1) = —0 / doe™ 0 sin(20v20g ) L A>T, (3.39)
mlog A\ Jo e€ cosh(t) + cos(20+/log \)

Clearly, the regulator € has to be set to zero, thus leading to a representation that is valid
for all the values of ¢ except the origin, and describes a tachyon that rolls from the top of
the potential at early times, passes the minimum and reaches at ¢ = 0 a point at which
the integrand in (3.39) shows an infinite number of poles.

Eq.3.39 presents a cusp at the origin 2, which is obviously a problem both on math-
ematical and on physical grounds. Mathematically, a cusp prevents the solution even
being C! - in order to belong to the definition domain of the operator A% it should be
C*°. Physically, it leads to apparent inconsistencies in the particle interpretation of the
solution.

2Tt can be seen that setting € to zero in (3.39) corresponds to consider Eq.3.30 with el for which a
cusp in t = 0 is evident.
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The breakdown of the solution (3.39) at the point ¢t = 0 is actually consistent within
the picture of a diffusion driven by Eq.3.23, which has a negative unitary coefficient. The
natural evolution - with respect to the “time” variable - of the initial solution (3.13) at
value log A = 1 is therefore toward negative values of log A, i.e. values of A between 0 and
1. An analytical continuation to positive values of log A would then be the analogue of a
propagation backward in time, and just as in the standard heat equation a non analytical
behavior is expected 3.

It seems then confirmed that a pathological behavior arises in the dynamical process
of a rolling tachyon in CSFT, whatever is the procedure chosen. The field starts from
the maximum of the potential at ¢ — —o0, rolls down to the minimum and past it up
to t = 0. The origin of the time is a breaking point, after which the tachyon experiences
wild oscillations, or becomes singular.

This pathology, when compared with the fairly transparent dynamics of the BSF'T
rolling tachyon [49] in which the tachyon monotonically rolls towards the true vacuum,
rises an obvious puzzle. Which picture is correct? Does the tachyon converge monotoni-
cally to the true vacuum or does it present weird (ever-growing oscillations), or singular
(cusp) behavior? Is there a problem with the BSFT approach or does the CSFT analysis
break down for some reason such as a branch point singularity at a finite value of ¢?
In [56] an argument was done to reconcile this discrepancy, based on the field redefinition
we derived in [13] that takes the CSFT action to the BSFT action. We will discuss this
argument in Section 3.3.

Before doing that we will present an interesting result related to the tachyon profile
(3.39), an explicit calculation of the energy momentum tensor associated. In order to do
that, we need a prescription that defines the derivatives of (3.39) in any point of the real
axis, except the origin. This can be achieved integrating by parts Eq.(3.39) keeping € # 0.
After integration by parts, the singularities of the denominator that would appear at ¢t = 0
in the € — 0 limit become logarithmic (integrable) singularities. Then the regulator € can
be removed, obtaining

3 *d o2
O(log A\, t) = m/o e (ae ) log[cosht + cos(24/log Ao )|do . (3.40)

Iterating the procedure, any even derivative of T can be written in a manifestly regular

3The fundamental solution K (z,t) of the one-dimensional heat equation

0 0?
&K(z,t) = @K(xvt)v

o2
where ¢ and x are standard time and space variables, is the heat kernel K (z,t) = < \/gt. This gaussian

distribution becomes very broad when ¢t — 400, corresponding to the experience that a diffusing substance
tends to a widespread, nearly uniform, density. As ¢ tends to 0, K (x,¢) approaches the §-function, thus
preventing a propagation backward in time.
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way. For example, the formula for the even derivatives of T" reads
d*®(log A, t) 3(=1)" /°°d2"+1
0

- do2ntl

d(t)»  22n/m(log \)"H!

(06_"2> log[cosht + cos(24/log Ao )|do .

(3.41)
Note that, since € can be eventually removed, (3.40) and (3.41) work as a prescription
to define the integral (3.40) with all its derivatives.
Moreover, Eq.(3.40) still satisfies the diffusion equation (3.23).

3.2.3 Energy-momentum tensor

Due to the presence of infinitely many derivatives in the CSFT action, a conserved energy-
momentum tensor is expected to be defined through a generalized Noether procedure. As
observed in [54], however, this would lead to total derivatives ambiguities in identifying
the pressure from the Noether construction of (=77). The energy-momentum tensor can
be therefore calculated by doing a metric variation in the relativistic covariantization of
the CSFT action. This can be achieved by first including a metric tensor g, in the action
(3.9), varying the action S with respect to g,, and setting afterwards the metric to be
ﬂata Guv = Nuv-

It is also possible to add a constant term —a to the action (3.9), it does not contribute
to the equation of motion for the tachyon field but it does determine its dynamical be-
havior. In this way the tachyon potential reads

V[t]:—%t2+%t3+a : (3.42)

Since « just gives the height of the maximum of the potential, a natural choice for
it would be the one that sets to zero the minimum of the potential. In this case, when
coupled to gravity, the potential would not produce a cosmological constant term when
the tachyon is at the minimum. At the (0, 0) level truncation we are considering, such a
constant is 1/(6)2?), which is the 68% of the brane tension. When all the higher level fields
are taken into account, the depth of the “effective” potential increases and the constant
that sets to zero the minimum of the potential should reproduce the D-brane tension,
which in our units is 1/(27?).

Thus, we consider the action

L sy (Lt~ Lo LSy
S—gg/dﬂf 9<2¢> 59" 0uPoup — AP —ar | (3.43)

where ¢ = )\(}% D¢. The stress tensor reads
2 68
V=998
In varying (3.43) with respect to the metric tensor, one has to consider the covariant
form of the D’Alembertian operator

1
0= ——08,/—gg"d, . 3.45
Vg T (3.45)

Thp =

(3.44)
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1
The variation of the operator )\3 with respect to the metric can be performed by using

the following identity

(5)\% 1 Lo 00 L(1-s)O
-1 dsAe ——= A\ : 4
g7 =3 og A / SN 5g°7 A (3.46)

15
An alternative way to get the variation of the infinitely many derivatives operator )\3
would be through a power series [54, 114] representation of the type (3.14).

However, the property (4.22) of our solution is particularly well suited to deal with

operators of the type )\C% 7 In fact, their action on ®(log A, t) consists in a trivial trans-
lation log A — (1 + %s) log A.. This will permit to write the energy momentum tensor
in a simple and closed form, as a bilinear in the fields ®(log A, t) containing only finite
derivatives. The substitution of infinite derivative operators acting on the field with the
field itself, but with the parameter \. traslated, allows to write the energy momentum
tensor in a form analogous to that of an ordinary (finite derivatives) field theory.

Taking the equation of motion (3.11) and Eqs.(3.16),(4.22),(3.43)-(3.46) into account,
after some integrations by parts we get the following expression for the energy-momentum
tensor

1
Tog = )‘0_10/3 { a0 00 (8,@(% log A, t))2 + o {5 (@@(% log )\c,t))2

1 1
—1—5 (@(% log )\,g,t))2 —3 @(g log Ac, t) (1 — 6,;2) O(log A, t) — a/\io/?’]
1 1
~glog, [ ds | gua (1= 5F) @5 log Ao ) FO(52 log )
0

+ gap(1 — 02) OB (4=2 log A, £) BT (£ log A, t)}
+ 26,0000 (1 — 02) 9,8 (4=2 log A, £) OB (£ log A, 1) } . (3.47)

From (3.47) the explicit form of the energy density £(t) = Ty and the pressure p(t) = Ty
can be obtained

—qaa [1 2 1 2
Et) = A 10/3{5(8@(%‘10@@&) — 5 (®(5log A, 1))
1
+30(Flog A ) (1 = 0)@(log Ac, £) + aX?

1
——log/\/ [ — 02) B(*== log A, ) O2D(
4-s
3

3 2 log A, t)
— (1 - 32) 9,8 (452 log A, t) O, 4+81ogxc,t}} (3.48)

_ 1 1
p(t) = 103 {5 (0,2 (3 log )\C,t))2+ 3 (®(3 log )\C,t))2
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1
_gq)<g 1Og )‘Cv t)( - 82)(1)(10g )‘Cv t) - ()‘/)\(1:0/3

—%log)\/ [ (1 — 02) D(52 log Ao, ) 92D(42 log A, 1)
+ (1= 02) 0,0(%52 log A, ) B, (4E2 1ogAc,t)}} . (3.49)

Even if from (3.48) the energy density seems to depend strongly on time, its plot -
considered up to the breaking point ¢t = 0 - shows that £(t) is actually a constant, always
identical to the chosen height of the maximum of the potential, £ = a. The pressure
starts from negative (p = —«), thus forcing the tachyon to roll towards the minimum,
becoming positive between this and the breaking point.

3.3 Are CSFT and BSFT results reconcilable?

The field redefinition derived in [13] and described in Section 1.8 has been used in [56] to
map the well-behaved BSFT pure exponential rolling tachyon solution [49] T, oiing = et
into the oscillatory CSFT solution (3.5) up to the second power in e'. We now review this
argument, reminding the results of [13].

In parallel with the CSFT action (3.2)

SCSFTM:ZQW /H (2 dk;) Zk ks k) (k) o d(k) , (3.50)

with Ay and Aj given in (3.4), one considers the BSFT tachyon effective action derived
up to the cubic order in Section 1.7

n!

SBSFT[T]:ZQ /Hdek Zk w(kyy k) T(ky) - T(ky) . (3.51)

n

In (3.51) the BSFT tachyon T is the renormalized tachyon with the renormalization

scheme [13] described in Section 1.4 and the coefficients B, (ky,. .., k,) are exactly known
up to the third order [13]. The quadratic term is
(2 — 2k ko)
By(ky, ko) = ————"F—= 3.52
2(h1, ko) [2(1 — kyky) (3:52)
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Defining a1 = —wows, ay = —wiws, a3 = —wews the cubic cofficient in (3.51) can be
written as

Bg(UJl, Wa, w3) = 2(1 +a; +as+ (13)1(101, Wa, w3) + J(wl, Way, w3) (353)
where I(ay,as,a3) and J(ay,as, as) are

L(1 4 a; + ag + a3)T'(1 + 2a1)T(1 + 2a9)I'(1 + 2a3)
L1+ a)l(1 4 ao)T(1+a3)T'(1 + a; + ao)T(1 + ay + a3)T'(1 + as + az)’
I'(1+ 2a1)(2 + 2a2 + 2a3)
CT2(1 4 a1)l2(1 + ay + as)

](a/l) as, CL3) —

J(ay,as,a3) = + cyclic. (3.54)

The general field redefinition that relates (3.50) and (3.51) reads
gO(k?l) = /dk25<k1 — k?g)fl(kl, k?g)T(k’Q)
+ /dkgdk'g, O(ky — ko — k3) fo(ky, ko, k3)T (k)T (k3) + - - - (3.55)

where f5 is symmetric under ky «— k3. The requirement that this field redefinition maps
the CSFT action to the BSFT action imposes conditions on the functions f;. From the
matching of the quadratic and cubic terms it follows for f; the expression

2 2 BQ(ka _k)
(fi(k, k)" = (fi(k))" = Aol k) (3.56)
and for f5 the relation
Pk ko ) = e [ DR )y ko Bk k)| 357)

- 24y(ky, —k1) fi(k1)

In order to check that this field redefinition maps the rolling tachyon solution of BSF'T
into the CSFT perturbative solution in powers of €™ one has to plug the pure exponential
solution Ting = e’ into the field redefinition (3.55) and compute the numerical values.
As we are considering powers of e, we are restricting attention to fields expressed in
(imaginary) integers modes k = i n. The CSFT solution to which the BSFT T, g is
mapped thus reads

o(t) = fi(—i) €' + fo =20, =i, —1) € 4 - - (3.58)

It is easy to see, from (3.4,3.52,3.56), that fi(—7) is a constant. It actually can always
be set equal to the first coefficient a; of a solution expressed as a power series of the
type (3.1) by means of a time translation. As for the coefficient fo(—2i,—i,—1), it has
to be evaluated when in (3.55) T'(k1) and T'(kg) are on mass-shell (k3 = k3 = —1) while
©(k1) is not (k¥ = —4. As already noticed in [13], in this case the BSFT cubic coefficient
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B3 (ky, ko, k3) in (3.57) has a zero stronger then the one exhibited by f; (k% = —4), so that
it can be written (reminding that a; = f1(—1))

1

- s s 2
2A2(22’,—2i)A3(21’ i, —1)ay (3.59)

fo(—2i, —i, —i) =
It is not difficult to check that the right-hand side of (3.59) is exactly the formula defining
the second coefficient ay of the tachyon profile (3.1) given by a sum of exponentials, as
results by solving iteratively the equation of motion as described in Section (3.1). This
might suggest that the wild-oscillating solutions analyzed in Section 3.1 correspond to the
well-behaved T 4ing of BSFT [56]. However, it seems to us that a relevant observation is
the following. The quadratic and cubic coefficients (3.52) and (3.53) of the BSF'T tachyon
effective action are such that, when the pure exponential tachyon profile 7T;.qyng is plugged
in to the BSFT equation of motion *

T(—k)By(k, —k) + %/dlﬁ Bs(k, —k — ki, ki) T(ky) T(—k — ki) =0 (3.60)

each term in (3.60) identically vanish. This amounts in a lack of information on the
BSFT side of the field redefinition (3.55) from which follows the formula (3.59). This
formula states that fo(—2i, —i,—7) = as because the features of By and Bj are such
that we are left, at this order, only with the CSFT information. On the other end, the
first coefficient a; can be always be recovered through a translation in time. Thus, some
more informations should come at least from the analysis of a further coefficient, that
would require the knowledge of the quartic coefficient B, of the BSFT tachyon effective
action - not a trivial task, dealing with integrals more involved that the ones considered
in Appendix A. From this one could derive a f3 function in the field-redefinition (3.55).
In any case, we have checked that, in order to reproduce from such a f3 exactly the third
coefficient a3 in (3.1) as it comes by solving iteratively the CSFT equation of motion,
the quartic coefficient B4 of the BSFT tachyon effective action should, again, identically
vanish - which is certainly not obvious.

We believe therefore that the problem of reconciling the BSFT and CSFT results
about rolling tachyon solutions in string field theory is still far from being completely
understood.

4The equation of motion are written - in the momentum space - up to the order for which we know
the coefficients, i.e. the third.
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Chapter 4

DLCQ strings on a pp-wave and the
integrability of =2 SYM

4.1 Introduction

The AdS/CFT duality [58] claims the equivalence of N = 4 extended supersymmetric
gauge theory and IIB string theory on the AdSs x S° background. Unfortunately, quan-
titative tests of this conjecture are usually prevented by its strong/weak nature.

A first step to face these difficulties was the realization that the Green—Schwarz super-
string, evaluated in the light-cone gauge, becomes a free worldsheet theory if one replace
the AdSs x S® background by a Penrose limit describing the near neighborhood of an
equatorial lightlike geodesic on the S° subspace [115, 64]. The energy spectrum of this
free theory is simply that of a string moving around the equator of the S° and boosted
to large angular momentum J. By the AdS/CFT correspondence, these string energies
should match the dimensions of operators with large R-charge (R ~ J) in strongly cou-
pled four-dimensional N = 4 super Yang-Mills theory. In [61], Berenstein Maldacena
and Nastase (BMN) identified the subspace of gauge theory operators corresponding to
specific free string excited states (i.e. states with different numbers and types of string
oscillator modes applied to the string ground state) and showed that perturbative calcu-
lations of the dimensions of these operators are reliable in the large R-charge limit, giving
evidence that they agree with the string theory predictions. This resulted in a formidable
prediction for the all loop scaling dimensions of the dual gauge theory operators in the
corresponding limit, the formula

An?
Ap=J+24/14 =5 (4.1)

for the simplest two string oscillator mode excitation. The key point was the emergence
of the effective gauge theory loop counting parameter \/J? = \.

A second fundamental step of our understanding of the AdS/CFT correspondence
benefited greatly from the discovery of integrable structures both on the gauge theory
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and string theory side, [66], [68]-[84], which allowed to firmly reproduce the scaling
dimensions (4.1) up to the three loop order in gauge theory [68, 72, 116].

A natural question to ask is to what extent we can deform the model and “enlarge” the
correspondence while preserving full integrability. In this chapter we propose two ways in
this direction. In the first place, if string theory on AdSs x S° is integrable, the theory on
simple orbifolds of that space would also be expected to be integrable. In the Yang-Mills
dual, orbifolding reduces the amount of supersymmetry and this gives some hope of finding
integrability in theories with less supersymmetry [87, 88, 89, 90]. A second way to extend
the duality is the realization that this equivalence should not be restricted to the Penrose
limit of the geometry (or the large R-charge limit of operator dimensions), i.e. one should
go beyond the pp-wave [75]. Corrections to the string spectrum should subsequently be
compared with an expansion in inverse powers of R-charge of the dimensions of BMN-type
gauge theory operators.

In this chapter, we shall consider a particular Z,s-orbifold of N' = 4, an N = 2
supersymmetric SU(N)M quiver gauge theory [91] which can be obtained as a particular
Zy-orbifold of N = 4 [92]. This system is also conjectured to be integrable using a
twisted version of the Bethe ansatz [93]. Its string theory dual is IIB superstrings on the
space AdS;xS®/Zy;, for which a Penrose limit of AdS;xS°%/Z), (together with a large
order limit of the orbifold group, M — o0) can be taken in such a way that it obtains
a plane-wave with a periodically identified null coordinate. The IIB superstring can be
solved explicitly in this background. We will present a computation of the leading finite
size corrections to the string and the gauge spectrum in an expansion about this limit.
We will focus on the Bethe ansatz techniques for solving integrable spin chains which
arise in the gauge theory, that when compared to the string results will in turn confirm
the integrability of A/ = 2 quiver gauge theory within the same framework of A" = 4. In

what follows we will only sketch some topics needed in the next sections .

4.2 Review of the tools

The BMN [61] proposal identifies the energy eigenstates of the AdSs x S° string with
(suitable) composite gauge theory trace operators of the form O, = Tr(®;, 4y ... ;).
Here (®;)q are the elementary fields of ' =4 SYM (and their covariant derivatives) in
the adjoint representation of SU(N), i.e. N x N hermitian matrices, evaluated at the
same point. The energy eigenvalue E of a string state is conjectured to be equal to the
scaling dimension A of the dual gauge theory operator.

The standard way to find the scaling dimensions Ap_ of a set of conformal fields O,
is to consider the two-point functions

(Ou() O5(0)) = 222

N

Classically, these scaling dimensions are simply the sum of the individual dimensions of

LA nice review of these topics is [117].
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the constituent fields obtained by standard power counting. In quantum theory the scaling
dimensions receive anomalous corrections, organized in a double expansion in A = g2, N
(loops) and 1/N? (genera)

= 1

A=NAg+ ) N ~75 A

=1 g=0

(4.2)

For weak coupling gyn, we can compute corrections to the naive dimension by perturba-
tion theory. In practice, extracting these corrections from eq.(4.2) can be problematic.
Startin with a set of operators O, with the same engineering (tree-level) dimension one
generically encounters the phenomenon of mixing: the two-point function is not diagonal
in «, 8, and one rather has a matrix (O, (z)O3(0)) since a generic field does not have a
definite scaling dimension. It therefore seems that one has to diagonalize the two-point
functions order by order in perturbation theory.

This task is facilitated through the use of the gauge theory dilatation operator acting
on states at the origin of space-time (in a radial quantization scheme) as was already done,
for one-loop, in [66] (on the planar level) and in [118] (in the BMN limit). Its eigensystem

A

consists of the eigenvalues A, and the eigenstates O,. One thus has
DO, =A,0,.

In N = 4 there is a sector of local operators in which the dilatation operator takes a
particularly simple form: the SU(2) sector. In this sector, one restricts attention to four
of the 6 scalars of N' = 4 in the complex combinations Z = ®! + i®2 and ® = ®3 + ;d*
and the composite operators 2

Tr (PZZ20ZDZZ7...) (4.3)

with a total number of J Z-fields and M & fields. The full one-loop contribution to the
dilatation operator was first worked out, as an “effective vertex”, in [98]. The dilatation
operator up to one loop reads

2
Dy =Tr(ZZ + 09), Dijoop = —ggY—l\;[ Tr([Z,®][Z, ®]. (4.4)

T
Note that the tree-level piece Dy simply measures the length of the incident operator (or
spin chain) L = J 4+ M, as the engineering dimension of scalars is one. We shall be
exclusively interested in the planar contribution to D, as this sector of the gauge theory
corresponds to the “free” AdSs x S° string. For this it is important to realize that the

2In the BMN proposal [61], single string states map to certain single trace operators in gauge theory,
made up by taking products of the scalar fields at the same point. In particular, the single string vacuum
state is identified with the chiral primary BPS operator

Tt (22Z%...22) = Tr (Z7)

Excitations of the vacuum are obtained by inserting some @ fields (called impurities) in the trace.
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planar piece of D ;,0, only acts on two neighboring fields in the chain of Z and ¢ fields.
By explicitly calculating the action of D on (4.3) 2 it is easy to see that

L
A
lanar

‘DII) loop = @ Z 1 - zz+1 (45)

=1

where P, ; permutes the fields (or spins) at sites ¢ and j and the periodicity Pr 11 = P 1
of the trace is taken into account. Remarkably, as noticed by Minahan and Zarembo [66],
this operator coincides with the Heisenberg XXX/, quantum spin chain Hamiltonian.

Written in terms of the Pauli matrices ; acting on the spin at site ¢ one finds

A
lanar
Di) loop — @HXXXUQ = 16 1.2 Z UH‘l (46)

=1

Actually, since the Z and the ® fields are related by an SU(2) R-symmetry subgroup
of SO(6), they can be thought as a spin up or spin down configuration, Z = | 7) and
® = | |). The local operators (4.3) of the field theory then can be viewed as quantum
mechanical states of a one-dimensional lattice of L sites, an SU(2) spin chain

Te(P2220029727..) & | LTTTLLTITTT  eyetic -

In this picture, the vacuum BPS state is identified with the ferromagnetic vacuum state
Tr(ZZZ..Z) < | 111 ... T )eyaic- The excitations (impurities) on this ground states are
given by spin flips or magnons.

The Heisenberg hamiltonian (4.5) is the prototype of an integrable spin-chain. The
integrability of the spin-chain of lenght L amounts to the existence of L — 1 higher charges
Q) which commute with the Hamiltonian (alias dilatation operator) and among them-
selves, i.e. [Qk, @] = 0. Explicitly the first two charges of the Heisenberg chain are given
by

L
Q2 1= Hxxx, ), Qs = Z(@ X Giy1) - Oiga - (4.7)
i=1
The explicit form of all the higher Q; may be found in [119]. Note that Q) will involve
up to k neighboring spin interactions.

The algebraic Bethe ansatz

The integrability of the Heisenberg spin chain allows its diagonalization by means of the
algebraic Bethe ansatz [67], that we briefly review here. The Bethe ansatz determines the
energy eigenvalues of a quantum integrable spin chain, giving a set of algebraic equations
whose solution directly leads to the energies as well as the eigenvalues of the higher
charges.

3The fission rule TrA®,, B®,, = §,,, TrATrB and the fusion rule TrA®,, Tr®,, B = §,,, TrAB are useful
to see that.
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It makes use of the Bethe equations for M magnons on a chain of length L:

L oi—a+i 1
il _ LB II Swip) 1=1,....M (4.8)
=10 PT TP T

The left hand side is a free plane wave phase factor for the j-th magnon, with momentum
pj, going around the chain. The first formula on the right hand side is “almost” one,
except for a sequence of pairwise, elastic interactions with the M — 1 other magnons,
leading to a small phase shift. Without this phase shift, the equation simply leads to the
standard momentum quantization condition for a free particle on a circle. The details
of the exchange interactions are encoded into the functions ¢; = ¢(p;), called rapidities,
and change from model to model. The two-body nature of the scattering is, however, a
universal feature leading to integrability. It allows the reduction of an M-body problem
to a sequence of two-body problems, as the factorization to 2-body S-matrices show in
the second formula on the right hand side *.

The energy and higher charge eigenvalues are then given by the linear sum of contri-
butions from the individual magnons

M
Qr = ZQ’I‘(pk‘)7 H = QQ-
k=1

This additive feature is due to the almost complete independence of the individual exci-
tations. However, the details of the contribution of an individual excitation to the r-th
charge, ¢,(pr), depend once more on the precise integrable model. For example, the
XXX,z Bethe ansatz is obtained by setting

NJ_I'U

1 2" —1
o) =yeord, ) = s (U5 s

In order to reinstate the cyclicity of the trace condition one needs to further impose the
constraint of a total vanishing momentum

M
Zpi =0 (4.9)

As an example let us diagonalize the two magnon problem exactly. Due to (4.9) we
have p := p; = —p, and the Bethe equations (4.8) reduce to the single equation
cot § + i

eipL:—p —e? = PN =1 o p=
cots —1

2rn
L—1"

(4.10)

4We are discussing here an internal S-Matrix describing the scattering of elementary excitations on a
lattice hidden inside the trace of of gauge invariant composite local operators. It should certainly not be
confused with the ezternal S-matrix of N” = 4 which refers to multi-gluon amplitudes in four-dimensional
space time. Recently dramatic progress was also achieved in this direction, see [120], and references
therein.
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The energy eigenvalue then reads

, ™n
E:Q2=q1+qQ:8s1n2<L_1). (4.11)

Reinserting the prefactor of 8% present in (4.6) and writing L = J + 2, one gets the one-
loop scaling dimension Aj 50, = % sinQ(}r—J’:l) of the two-magnon operators [121, 66]. In
the BMN limit N, J — oo with \/J? fixed, the scaling dimension takes the famous value
A1 100p = n?* N/ J?, corresponding to the first term in the expansion of (4.1), i.e. in the the
level-two energy spectrum of the plane-wave superstring Fiight—cone = \/1 + n2 A/ J? [61].

Hence from the viewpoint of the spin chain the plane-wave limit corresponds to a chain
of diverging length L >> 1 carrying a finite number of magnons M, which are nothing
but the gauge duals of the oscillator excitations of the plane-wave superstring.

Higher loops

Higher loop contributions to the planar dilatation operator in the SU(2) subsector are by
now firmly established to the two-loop [68] and three-loop level [72, 116]. In a s = 1/2
quantum spin chain language the dilatation operator can be expressed in terms of the
spin chain Hamiltonian H as

D(g)=L+¢g’H Q=H
where g> = 25, H = S F (hy + ¢?ha + ¢*he + ...) and
hy = %(1 — 030i11),
hy = —(1-050i1)+ i(l — 0i0it2)
he = %(1 — 0i0i41) — %(1 — 0i0iy2) + }1(1 — 0:0i43)
1

—g(l — OT;EZ+3)(1 - 6i+16i+2)
]. RN - -
—i—é(l — 030i42)(1 — Gi310i43) - (4.12)

In general the k-loop contribution to the dilatation operator involves interactions of k + 1
neighboring spins, i.e. the full dilatation operator will correspond to a long-range interact-
ing spin-chain hamiltonian. Integrability remains stable up to three loop order ® and acts
in a perturbative sense, the conserved charges of the Heisenberg XXX, chain receive
higher order corrections in A 6. An additional key property of these higher-loop correc-
tions is that they obey the BMN scaling (4.1) [68, 73], i.e. the emergence of the effective

5Tt was recently shown [81] the relation between (4.12) and the strong coupling limit of the Hamiltonian
of the one-dimensional Hubbard model at half filling, a well studied integrable model of condensed matter
theory.

SHowever, opposed to the situation for the Heisenberg chain [67], there does not yet exist an alge-
braic construction of the gauge theory charges at higher loops. Nevertheless the first few @ have been
constructed manually to higher loop-orders [78].
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loop-counting parameter X' := \/J? in the J — oo limit leading to the scaling dimen-
sions A ~ /14 XN n? for two magnon states in quantitative agreement with plane-wave
superstrings.

Motivated by these findings Beisert, Dippel and Staudacher [76] turned the logic
around and simply assumed integrability, BMN scaling and a Feynman diagrammatic
origin of the k-loop SU(2) dilatation operator.

Upon these assumptions, their proposal gives an elegant presentation of the problem
of computing operator dimensions to all orders in the coupling constant. We emphasize
at this point, that we shall only use this proposal up to three loop order, where its
equivalence to renormalized Yang-Mills perturbation theory has been firmly established.
In fact, we shall mainly be interested in a twisted generalization of it, which is conjectured
to describe a Zys-orbifold of NV = 4 super-Yang-Mills theory.

In the proposal, the problem for computing eigenvalues of the dilatation operator
is summarized in three equations. First, it makes use of the Bethe equations (4.8) for
M magnons on a chain of length L, where the momenta are constrained by the “level-
matching condition” (4.9). Then, there is the BDS “all-loop ansatz”, which manifestly
obeys BMN scaling - that are the remaining two equations. One relates momenta and
rapidities, which depends on the 't Hooft coupling A,

1 . h .
e(p;) = 3 cot% I+ sin’ % : (4.13)

The other gives the spectrum of dimensions as a function of the momenta,

M
A:L—M%—Z\/l%—%sin?% (4.14)
j=1

The program of computing operator dimensions is implemented as seen in the resolution
of the Heisenberg chain. Eqs. (4.8) and (4.13) should first be solved to find p;. The
solutions must depend on A\ and can in principle be found at least order-by-order in an
expansion in A\. Then, the solutions must be inserted into Eq. (4.14) to find the operator
dimensions. The statement is that this procedure should yield the dimensions of this
class of operators in N' = 4 super-Yang-Mills theory. Explicit computations and compar-
ison with diagrammatic perturbation theory have shown that this procedure agrees with
renormalized Yang-Mills perturbation theory to at least third order, and is conjectured
to do so for higher orders. There is a number of quite non-trivial checks of this fact which
are outlined in Ref. [76].

4.3 N =2 quiver gauge theory as orbifolded N =4
Before we go on to discuss integrability of the N' = 2 theory, we pause to review some facts

about the structure of the theory and the procedure for computing operator dimensions
there.
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The N = 2 quiver gauge theory with gauge group SU(N)M is obtained from N = 4
with gauge group SU(M N) by a well-known projection. Details of this construction can
be found in the literature [91, 87, 122]. The conventions and notation that we use are
those of Refs. [92],[90] and some more details can be found there.

We begin with N' = 4 with a U(MN) gauge group. The orbifold group will be the
cyclic group Z,; whose generator v acts on the six scalar fields of N' = 4 theory as

. (¢1+z’¢2 ¢ +ig" ¢5+z‘¢6) _ (w¢1+z‘¢2 19 +id! ¢5+z’¢6> Lo
7'@’@?@‘@’@’@"()
4.15

The procedure for obtaining the quiver gauge theory from N' = 4 begins by embedding
the orbifold group Z,;, which is a subgroup of the R-symmetry group, into the gauge
group. We will assume that Z,; is in the su(2) subgroup of the su(4) R-symmetry so
that orbifolding preserves N' = 2 supersymmetry. If 7 is an element of Z);, R(v) is the
corresponding element of the R-symmetry group and U(y) is a U(MN) x U(M N) matrix
containing N copies of the regular representation of Z,;, we consider that subset of the
N = 4 fields which obey the constraint

X =U(y)[R(y) o X]U(v) (4.16)

This is accomplished by setting to zero all of those components which do not obey this
condition. In the present case, choosing U(v) having the N x N blocks

10 0 0

0O w 0 0
UH)=10 0 w?* 0

0 0 O wM-1

and the action
R(MZ=wZ , R(7)®=2,

then some components of the MN x M N matrix fields are set to zero. The resulting
N = 2 theory has residual R-symmetry U(1) x SU(2) and gauge group
UN)Y x UN)® x ... UN)M), (4.17)

U(N)M+Y is identified with U(N)®.
The resulting field content is as follows:

e M vector multiplets

(AHI,(IDDQ/}I;WM) ’ ]:]—77M (418)

®; is a complex scalar field and the Weyl fermion ¢ is its superpartner. Af is
the gauge field and 17 is the gaugino. All of these fields transform in the adjoint
representation of U(N)).
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e M bi-fundamental hypermultiplets which, in N/ = 1 notation, are

(Ar, Br, Xar, XBI) (4.19)

The complex scalar field A; and its super-partner v4; transform in the (Ny, Ny, 1)
representation of U(N)!) x U(N)U*V). The pair B; and xp; transform in the
complex conjugate representation (Ny, Nyiq).
All fields are M N x M N matrices. With the notation
1 1 1
A= — R -
ol V2 v

the elements of the bosonic fields - which are of interest to us - which survive the projection
(4.16) are

o' +i¢?) ., B=—(¢"+i¢p") , @ (¢° + i¢°) (4.20)

o, 0 --- 0 Aul o .- 0
0 & -+ 0 0 Ap -+ 0
b=\ . ? . ) , A, = ] n2 ' ) (4.21)
0 0 Dy 0 0 Aumr
0 A 0 0 0 0 0 By
0 0 A 0 By 0 0 0
A= : , B=|0 B 0 0 |(4.22)
0 0 0 A :
Ay 0 0 0 0 0 By-1 0

Each non-vanishing entry of the above matrices is an N x N matrix and corresponds
to a bosonic field of the N/ = 2 theory. Analogous expressions hold for the fermionic
superpartners [90]. It is convenient to think of the blocks as being labelled periodically,
Apri1 = Ay, ete. The gauge group is [U(N)]M with elements labelled by U, I =1, ..., M
and each field transforms as

A[ — U[A[UIT_H y 121[ — U]+1A[UIT (423)
o, - U0,U O, — U U] (4.24)

States of the su(2) sector of N' = 4 super-Yang-Mills were words made from Z and ®,
T( 2202022272927 7...)

Since the remaining gauge transformations (4.23) and (4.24) now commute with U(7),
there are additional gauge invariant twisted operators

Tr [U(7)'Z2202022220Z77...] , £=0,1,..,M — 1 (4.25)

These are translated into words with (Ar, ®;) by substituting (4.21) and (4.22). We will
see that the twist in (4.25) can be identified with the string wrapping number.
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IIB String on AdSs x S°/Zy,

The N = 2 theory is the holographic dual of IIB string theory with background the
orbifold AdSs x S°/Zj; and with M N units of Ramond-Ramond 5-form flux through
the 5-sphere. Since the 5-sphere contains M copies of a fundamental domain that are
identified by the orbifold group, there are N units of flux per fundamental domain. The
action of the orbifold group is obtained by embedding the 5-sphere in R® ~ C? so that

3

Z\Zz'|2 =R’

i=1
where (z1, 29, 23) € C® and then identifying points as prescribed in (4.15):
(zl, 29, 23) ~ (w21, w L2, 23) L w = eXmiM (4.26)

The radii of AdSs and S® are equal and are given by

R? = \/4rg,a?NM , (4.27)

where g, is the type IIB string coupling. Furthermore, the Yang-Mills theory coupling
constant of the parent A/ = 4 theory is identified with the coupling constant of the parent
superstring theory on AdSs x S5,

4T gs = gy (4.28)

Double Scaling limit

We shall consider the double scaling limit of both the gauge theory and its string theory
dual. The double scaling limit of the string theory is the Penrose limit which obtains the
pp-wave background. The radii of AdS5 and S°, given by R in (4.27), are put to infinity
by scaling both N and M to infinity while keeping g small but finite. The parameter
which will become the null compactification radius, R~ = %, is also held fixed in the
limit by keeping the ratio % fixed.

The metric of AdSs x S°/Zy can be written as:

ds* = R?| —cosh’pdt® + dp® + sinh®p dQ3 +

do® + sin® a df? + cos® a (dv* + cos® ydx* + sin’y d¢”) | . (4.29)

The angles of S® are related to the complex coordinates of C3/Zj; by
21 = Rcosacosye™, z = Rcosasinye, z3 = Rsinae® (4.30)

In terms of the angles of S the orbifold described by the action (4.26) is obtained by the
identifications

s 2
~ - ~p— = . 4.31
X~x+ 50 ¢~ i (4.31)
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To take the Penrose limit it is useful to introduce the coordinates
r=pR, w=aR, y=~R. (4.32)

and the light-cone coordinates

2

et =3(t+x), x*:T(t—X). (4.33)

After taking the R — oo limit and renaming some coordinates, the metric becomes [94]

8 8
ds* = —4dx"dr~ — Z(xzf dzt? + Z da?” (4.34)

i=1 =

In the geometry (4.34) there is also a Ramond-Ramond flux
F+1234 = F+5678 = const . (435)

So far, with the rescaling (4.32) and (4.33) the only limit that we have taken to obtain
(4.34) is that of large R. The orbifold identification (4.31) implies that the light-cone
coordinates have the periodicity

+ ety
z T+ i
TR?
T~ — 4.36
z r + ak ( )
In the double scaling limit, as R is taken large, M is also taken large so that R~ = % is
held fixed. In the limit

(zF,27) ~ (2,2~ +27R") (4.37)

The periodic direction becomes null. As a consequence the corresponding light-cone
momentum 2p* is quantized in units of %.

The conclusion is that the Penrose limit of AdSs x S°/Zj); with M — oo in this
particular way leads to a Discrete Light-Cone Quantization (DLCQ) of the string on a
pp-wave background, in which the null coordinate x~ is periodic. Note that the orbifold
of the 5-sphere preserves half of the supersymmetries of the original AdS5 x S% solution of
string theory. Nonetheless, in the Penrose limit, we recover the maximally supersymmetric
plane-wave background.

Discrete light-cone quantization of the string on the pp-wave background is a slight
generalization of ref.[64]. One component of the light-cone momentum is quantized as

ot =— | k=1,23,.. (4.38)

The other component is the light-cone-gauge Hamiltonian,

2 —)\2
w3 (e o) e M

_ Z (Za%@ Zb”‘*bo‘> 4”}{’;]\[ Z—i (4.39)
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where a!, 'l and b, b1 are the annihilation and creation operators for the discrete bosonic

and fermionic transverse oscillations of the string, respectively. They obey the (anti-)
commutation relation

ny) ’n ny’ - n

[ai aﬂ} = 55, {ba bﬁT}:mﬁanmj (4.40)

In the last line of eqn.(4.39) we have written the compactification radius in terms of string
background parameters.

There are also wrapped states. If the total number of times that the closed string
wraps the compact null direction is ¢, the level-matching condition is

8
kl = allal +% 2T | 4.41
> o (Z Db ) (4.41)

a=1

n=—oo

States of the string are characterized by their discrete light-cone momentum £ and
their wrapping number ¢. The lowest energy state in a given sector is the string sigma
model vacuum, |k, ¢) which obeys

al |k, 0) =0 =02k, €) , Yn,i,«a

Other string states are built from the vacuum by acting with transverse oscillators,

H ist H bt | e, ) (4.42)

7=1

The level matching condition reads
L L
S oni+ Y ny =k (4.43)
j=1 j'=1

Matching charges

There are three important quantum numbers that can be matched between the string
theory and its gauge theory dual. One is the energy in string theory, which is the quan-
tum operator generating a flow along the Killing vector field i0; of the background. It
corresponds to the conformal dimension, A, of operators in the gauge theory.

The others are U(1) charges. Two are particularly important to us. One is J’ which
generates a U(1) which is in the SU(2) subgroup of the R-symmetry

A—e®A  B—e*B |, 0<&<2nm

J" which has integer eigenvalues. In the orbifold geometry, it corresponds to the Killing
vector J' = —% (9, + 0;). There is an additional U (1) which is not part of the R-symmetry

A—e“A , B—e™B , 0<(<2n/M
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AlMJ T 2p~ A MJ| T 2p~
Arjl) s |3 0 A 1| -1]-1 2
Br|1|-%1|3 1 Br|1| 1 |-% 1
d; 1] 0 |0 1 o1 0 |0 1
Table 1: Dimensions and charges for Table 2: Dimensions and charges for

bosonic fields complex conjugate fields

The domain of the angle ¢ is reduced from 27 to 27 /M by the orbifold identification.
This U(1) is generated by J whose eigenvalues are integer multiples of M. In order to
normalize it more conveniently, we rename it MJ where J has integer eigenvalues. On
the orbifold geometry, it corresponds to the Killing vector J = —ﬁ (Oy — Oyp).

In summary, charges and Killing vectors are related by

l

A:Zat s J:—m

(O —0p) , J' =—=(0y+0y)

1
2
We can then recall the combinations of x, ¢ and t which were used to form the light-cone
coordinates 2™ and x~ of the pp-wave geometry to deduce the light-cone momenta

2 = (O +0) = A—MJ—J

2t = ZM = MM—M . (4.44)
R? 2M R~
These are the light-cone momenta of string states. We will focus on those states of the
gauge theory where these quantum numbers remain finite in the double scaling limit.
It will be easy to see that 2p™ will turn out to be quantized appropriately in units of
integers/2R~ and the values of 2p~ which we find in the gauge theory will be compared
to the spectrum of the string light-cone Hamiltonian.

The BPS condition A > |M.J + J'| implies that keeping 2p™ and 2p~ finite as R, M —
oo will clearly only be possible when both A and MJ + J' diverge with their difference,
A — (MJ + J'), remaining finite.

The charges of gauge theory operators are obtained as follows. By convention, the
U(1) transformation is generated by e*™/ so the A; and B fields that make up the
hypermultiplets have fractional charge under J, ﬁ and —ﬁ respectively. The operator
J' generates a U(1) symmetry contained in the SU(2)g factor of the R-symmetry. Under
this U(1) C SU(2)g, the fields ®; are neutral. On the other hand, the scalars A;, B; in the
hypermultiplets both have charge % under J'. Complex conjugation and supersymmetry
give the remaining charge assignments, for the fermions and all the conjugate fields. The
dimension and charge assignments, along with the 2p~ values, are summarized in Tables
1 and 2 just in the bosonic case, the one of interest to us. In Table 1, A;, B; refer to the
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scalar components of the A" = 1 chiral superfields that form the A/ = 2 hypermultiplets,
®; are the complex scalars in the vector multiplet. Table 2 lists the complex conjugate
fields.

The holographic dictionary

In order to identify states in the N' = 2 gauge theory with finite values of light-cone
momenta, as given in (4.44), we first find the appropriate quantum numbers of the field
operators. These are tabulated in Table 1 and Table 2. We see that only the fields
Ay carry vanishing 2p~. By matching quantum numbers, one starts by identifying the
operator corresponding to the vacuum state of the string sigma model. We see that the
string state |k,0 > - which was TrZ” in the parent N = 4 theory - corresponds to the
gauge invariant composite operator

k,0) < TR ((Al(:c)Ag(z) . .AM(x))k>

We have indicated the z-dependence of the composite operator. In the following, where
from the context it is obvious, we will omit it. Because A;(x) transforms in the bi-
fundamental representation of the gauge group, we are required to form the chains
Ay ... Ay to obtain a gauge invariant operator. This chain can be repeated k times. The
conformal dimension of this composite operator is protected by supersymmetry. This pro-
tection is inherited from the parent N’ = 4 theory. Thus, its exact conformal dimension
is A = km and its exact spectrum is therefore p~ = 0.

The next step are the first excited states. There are eight states which are created
by one bosonic oscillator and eight which are created by a fermionic oscillator. These all
add one unit to the Hamiltonian 2p~. In Yang-Mills theory, they are gotten by inserting
an impurity, for example ®;, into the A;...A;; chains. It should be noticed that there
are more possible states with these insertions than occurred in the parent N = 4 theory.
There, the cyclic property of the trace implies that there is only one possible one-impurity
state, Tr®Z’. For the analogous operator in N' = 2, there are M inequivalent one-impurity
states

Tr [Ar A @rAL A (A Ay) Y I=1,.,M (4.45)

that will have 2p~ = 1+corrections. A naive Fourier transform of the 1-impurity state,
assuming that the are kM positions that the impurity could take up is

kM
> e T (A A @A Ay (A Ay)E T n=0,1, 0, kM — 1
=1

The degree of freedom in the dual string theory corresponding to the wave-number n
in this Fourier transform is the world-sheet momentum. The level matching condition
comes from realizing that the actual periodicity of the operator above is [ — I + M,
rather than I — [ 4+ kM. This requires that n = k¢, where ¢ is an integer, which is
the level-matching condition. The integer ¢ is dual to the wrapping number of the string
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around the periodic null direction, and can be identified with the twist appearing in the
novel twisted operators of the type (4.25), once they are translated in terms of Z and @
fields.

If the orbifold symmetry group is not spontaneously broken, ¢ is a good quantum
number of the states of the theory and operators with different values of ¢ do not mix
with each other. In addition it is known that [122], in the planar limit, the correlation
functions of un-twisted operators of the N’ = 2 theory (those with vanishing wrapping
number, ¢=0) are identical to those of their parent operators in N’ = 4 super-Yang-Mills
theory once one makes the replacement A\ — A/M. This means that, for the untwisted
operators, the dimension should be identical to that in N/ = 4 super-Yang-Mills theory.
This will give a consistency check for some of our computations in the following.

In this Chapter we will be interested in two-impurity operators of the form

O[J =Tr (Al...A[_l(I)[A[...AM(Al....AM)pAl...Aj_lq)JAJ...AM(Al....AM)k_p_Q) (446)

where we take [ and J as running from 1 to kM. Distinct operators are enumerated by
taking I < J. The number of scalar fields in this operator is kM + 2. The cyclic property
of the trace implies the conditions

Orkm1 = Oxr (4.47)

and
Orimaim =01 (4.48)

which will be important to us.

The dilatation operator

Just as in N/ = 4 supersymmetric Yang-Mills theory [118, 68], the computation of dimen-
sions of the operators of interest to us can be elegantly summarized by the action of an
effective Hamiltonian. This technique was invented in Ref. [118]. The N = 4 dilatation
operator is known explicitly in terms of its action on fields up to two loop order, and
implicitly to three loop order [68, 123, 116]. That part which is known explicitly can be
projected, using the orbifold projection, to obtain a dilatation operator for the N = 2
theory. Here, we shall be interested in computing dimensions of operators in the scalar
su(2) sector, so we only retain the parts of the operator which will contribute there. They
can be obtained by simply substituting the matrices in Eqs. (4.21) and (4.22) into the
analogous terms of the N' = 4 operator. The result is

D = Dyyee + Dy loop + D, loops (449)
where
M
Diree = »  Tr (AL AL + ®10,) (4.50)
L=1
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M
D1 1oop = — 9 ZTI" Ap®p 1 Ap®r —Ap®p 1O AL — P AL AL DL+ PLALDL 1 AL)

2
(4.51)
N M?
Dy 1oops = gYM— Z Tr(AL®r 1 Ar®r — Ap®r 1AL — PLALAL®L + @ADL 1 AL)
644

4
+91Y2]\§7r4 Z Tr(PLALAL AL AL — AL®r AL AL AL

+AL® 1 AL 1 Prio AL AL — PLALAL 1 Pr 0 AL AL
+AL P ApPrAL A — PLALALPL AL 1AL
+@p AP ALALAL — AL @ P ALALAL

+AL D1 ALALALD, — PLALALALALD
+PLAL AL AL L AL — AP AL AL AL
+(I)LALALi4L_ 197 A1 — AL_(I)L_+1AL1_4L 11 1AL
+AL P ALPLALAL — PLALALDPLALAL)

4
g
+ 1Y2Né7r4 g Tr(PLAL®L 1 Pr 1P AL — ALPr 1 Pry 1 PrPrii AL

+AL®L 1 Pr 1P AP — PLALDL 1 Pr ALy
+ALPr 1Py Pr 1 AP — PLAL DL P AL Dy
+P AP ALPr P — AP 1 Pr i AP Py
+ALD 1P 1P AP — PLALD L1 P ALDy
+ P AP AP P — AL®r 1 Pr i ALPL P,

+ P AP AP @ — AL®r 1 Pr i ALPL P

+ AP AL PP — PLALAL DD D))

The number of loops which contribute to each order is exhibited in the power of the
Yang-Mills coupling constant g%, which precedes each term. Later we will use either the
parent N' = 4 't Hooft coupling,

A=giyNM

which is important for the planar limit, or the modified 't Hooft coupling
gYMN A
M M2

which is held constant in the MRV limit. In the latter limit, N and M are both put to
infinity so that A" and the effective string coupling,

M

N

N =

g2

are held constant. The effective string coupling controls the appearance of non-planar
diagrams and, to get the planar limit, which we will be interested in, it must also be put
to zero. Inspection of the 1-loop and 2-loop dilatation operators shows that, in order for
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this MRV limit to make sense, their action should be suppressed by some powers of ﬁ
further to those exhibited in Eqs. (4.51) and (4.52). We shall see that this is indeed the
case.

The action of the operators in Eqgs. (4.50), (4.51) and (4.52) on a composite of the
form (4.46) is implemented with the following procedure.

We note that each term in the dilatation operators contains a few A;’s and ®;’s. We
take a term in D, and we Wick-contract the A;’s and ®;’s which appear in that term
with each occurrence of A; and ®; in the trace (4.46) according to the rules

<[AI] ab [AJ]cd>0 - 51J5ad(5bc ) <[(i)[} ab [(I)J]cd>0 = 51J5ad6bc

Here we are treating the fields as if they are simply matrices in a Gaussian matrix model,
ignoring their space-time dependence and simply substituting them with other fields ac-
cording to the rules of performing the contractions. The space-time dependence, that of
course must be taken into account in order to compute dimensions in renormalized per-
turbation theory, has already been taken care of in formulating the effective Hamiltonian.

In doing these contractions with the first term in (4.49), the tree-level operator, we
find the tree level contribution to the conformal dimension. The procedure merely counts
the number of scalar fields, giving kM + 2 in the case of (4.46).

When we Wick-contract with the 1-loop and 2-loop terms, (4.51) and (4.52), once
all possible contractions are done, we find a superposition of operators where the total
number of fields in each operator is the same and the number of impurities in each operator
is still two, but the positions of the impurities have been shifted.

All of the operators in the superposition have the same tree-level dimensions. It means
that, at the outset, we could have began with linear combinations of them. We could then
have chosen the coefficients in the linear combinations in such a way as to diagonalize
the action of the dilatation operator. Upon doing this, we would find the eigenvalues, i.e.
the dimensions, and the linear combinations that we find would be the scaling operators
themselves.

Once the Wick contractions are explicitly performed, the action of the one loop dilata-
tion operator on the operators (4.46) is given by two equations, depending on whether
the impurities lie next to each other or not

N M2
Dy 1oop 0 O15 = ) (= Or41,0 = 0115 +401; — Or g1 — Ory1), I<J (453)
)\/MQ
D1 1oop 0 O11 = 32 (= Or-11 — Or,141 +20y) (4.54)

At two loops, the action of the dilation operator results in three equations,

)\/2M4
D3 1o0ps © Ory 123 ( —Or-27—Or425+407_1,7 +40141,;
— O1j-2— 01,742 +401,;-1 + 401,711 — 1201J) (4.55)
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for J —1 > 2 and

)\/2M4
D3 100ps © Or1 123, ( —Or—21+401-11 — O1_1,11
— 4071+ 401141 — Or41,041 — OI,I+2) (4.56)
)\/2M4
D3 100ps © Or1.141 W( — Or143 +40141, 141 + 401,142 — 1401 144

+ 4077+ 4011141 — O1-2.141) (4.57)

where the second and the third formulae represent, respectively, the nearest (I = J) and
the next-to-nearest (J = I 4+ 1) neighbor cases. We see explicitly that the dilatation
operator is acting like a lattice differential operator on the matrix chains. The result
is an effective spin-chain Hamiltonian. The problem of finding the eigenvalues of this
Hamiltonian is integrable and can be attacked using the twisted Bethe ansatz, which we
summarize in the next subsection.

4.3.1 Twisted Bethe ansatz for the orbifold

The conjecture [93] is that the spectrum of operator dimensions in the su(2) sector of the
N = 2 quiver theory which is a Zj; orbifold of A/ = 4 is found by including a simple
twist in the Bethe equation (4.8). The other equations, (4.13) and (4.14) are applied
unchanged.

For example, for two magnons, the twisted Bethe equations are

oP1(kM+2) _ $1— P2 ‘1”@: o2 (kM+2) _ $2 — $1 ‘1“@: (4.58)

P1r — P2 —1 ’ P2 —P1 —1

Here, as in (4.8), L = kM +2 is the length of the chain. The twist is the M’th root of unity
factor w’ in front the right-hand-sides of (4.58). w = e’ and the integer ¢ is the charge
of the state under the U(1) symmetry which is used in the orbifold projection. In the
dual string theory, it coincides with the wrapping number of the string world-sheet on the
compact null direction. The periodicity of the chain implies now that the “level-matching
condition” (4.9) is replaced by

M 2m
Sp=220 0= it 4.59
i:1p i integer (4.59)

Because of (4.59), the twist w is related to the total world-sheet momentum through
ePtr2) — )¢ As in the N = 4 theory, the momenta and rapidities are still related by

1 A 1 A
gplz—cot]Iﬂ 1+ Zsin2 2t gpgz—cot]12 1+ ZSsin2 22

4.60
2 2 2 2 2 2 2 2 ( )
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and the spectrum is

A A
A:ij—i—\/l—FﬁsinQ%—i—\/l—i—ﬁsinQ% (4.61)

Multiplying the two equations in (4.58) gives the condition on the total momentum

, 2
Ptp)kM — gy g = k_JC[S , s = integer (4.62)
and (4.59) implies
s = k- integer (4.63)

It is clear from the form of the equations (4.58) and (4.60) that the momenta, which
are their solutions, generally depend on A and the parameter kM. It is also clear that the
momenta which solve them must be small when M is large, p; o ﬁ This is also needed
for consistency of the MRV limit where M — oo and A — oo in such a way that \' = %
remains finite. Equation (4.60) also implies that ¢; and ¢, are both of order M in that
limit. Later in this Chapter, we shall consider the leading corrections to this limit in an
expansion in 1/M. In the remainder of this subsection, for a warmup exercise, we will
seek the solutions for p; in the MRV limit, where M — oo. In this limit, we hold X' = %
finite.

Even in this limit, we shall not be able to solve equations (4.58) and (4.60) for arbitrary
values of \'. We will be limited to considering a Taylor expansion of Eq. (4.60) in A" and
then seeking momenta which are also expressed as expansions in A’. We begin with the
leading order where we simply set A’ to zero in Eq. (4.60). 7 Then, it is easy to see that
the momenta must be given by

21 1 21 1
p1= k;_Mnl +0 (W) , p2=-—n2+0 ( > (4.64)

where n; and ny are integers. Level matching gives the further condition
ny+no = k-/

where £ is an integer. Then Eq. (4.61) implies

n2 n2
A—kM+\/1+Nk—;+\/1+Xk—§ (4.65)

which agrees beautifully with the spectrum of DLCQ free strings on the plane-wave back-
ground.

"We do this by setting A to zero, but we must be careful to see, a posteriori, that indeed p; ~ O (ﬁ),
so that setting A = 0 is equivelent to setting A’ = 0. We shall see this shortly, in Eq. (4.64).
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4.3.2 Coordinate Bethe ansatz

There is another, equivalent procedure which is sometimes convenient, called the coor-
dinate Bethe ansatz. Since we will make use of it later, we shall review it here for the
special case of a two-impurity operator.

Consider the dilatation operator in the form of the difference operators (4.53)-(4.57)
which we derived using the effective Hamiltonian. Finding the spectrum of the dilatation
operator entails finding the eigenstates and eigenvalues of the combination of difference
operators (4.53)-(4.57), operating on the space of two-impurity operators. Here, for illus-
tration, we will review the argument that, to order X', this is equivalent to the task of
solving the twisted Bethe ansatz which was set out in the previous sub-section. Later on
in this Chapter, we will show that this also holds to order A’ (and then we will assume
that it holds to order \'®).

To begin, we take the linear super-position of two-impurity operators

o= > 0,0y (4.66)

1<I<I<kM

Our task is to find the coefficients ¥;; in this series so that this operator is an eigenstate
of the dilation operator. If we impose the same periodicity conditions on W;; as the
operators Oy obey in (4.47), the action of the dilatation operator as difference operators
in (4.53)-(4.57) is self-adjoint® and we can recast the problem of diagonalizing dilatations
as the problem of finding eigenvalues for the action of the difference operators acting on
the wave-functions ¥y.

The coordinate Bethe ansatz was used in refs. [124] and [90] to find the spectrum of
the one-loop operator in the large M limit. To introduce the technique, we shall review
the essential parts of the argument here. At one-loop order, the eigenvalue equation is

EVT;; = ¢ (VUi — Vg +4Y =V — V) I<J  (4.67)
EVU; = ¢* (=1 — V0 +20) I=J (4.68)

where g* = g% ,,NM/(87?%). To look for a solution, we make the plane-wave ansatz

Wry = pypy + Solpta, ) papti (4.69)

where p; = €' and p = 2. Then, Eq. (4.67) yields the eigenvalue,

N M?
EW = 5 (sin2 % + sin? %) (4.70)
which is the expansion to first order in A of the square roots in (4.61). The problem of
finding the allowed values of (p;, p2) remains.

Then, (4.68) yields the equation

8We note that the detailed form of the contact terms in the difference operators are essential in
demonstrating the self-adjoint property.
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gy — 2pg + 1

Y ) = 4.71
oliz, ) P fafte — 24 + 1 @)
where it should be noticed that So(ju1, 2) ™t = So(pz, pi1)-
The boundary condition Wy 41 = Vi 1 gives
st = So(pa, ) 5 M = So(pa, )™ (4.72)

Eqgs. (4.72) together with (4.71) are identical to the twisted Bethe equations (4.58),
together with (4.60) with X set to zero. The level-matching condition is obtained by
noticing that

Vienmg+m = Vg (4.73)
implies

(mp2)™ =1 (4.74)

4.3.3 Outline

In the remainder of this Chapter, we shall compute the finite size corrections to the
spectrum of dimensions of the two-impurity operators in the su(2) bosonic sector that
we have been discussing so far. We will use the twisted Bethe ansatz, summarized in
Egs. (4.58)-(4.61) and will compute to three-loop order. We also will check explicitly
that the coordinate Bethe ansatz technique which used the difference operator form of
the dilatation operator exhibited in Eqs. (4.53)-(4.57) indeed produces the same result to
two loop order.

Then, we will adopt the string theory computation which was originally used in
Ref. [70] for the near pp-wave limit of AdSs x S° to the present case of the near DLCQ
pp-wave limit of AdSs x S®/Zy;. This is the string theory dual of the “near”-MRV limit
of the N' = 2 theory. We compute the spectrum of the string in this case, expanded to
order 1/M. On the string side, the expression that is obtained is exact to all orders in
N. When expanded to third order, we find beautiful agreement with the N/ = 2 gauge
theory prediction up to second order in X, i.e. two loops, and disagreement at third, or
three loop order.

This disagreement is similar to the one which is found in the ' = 4 theory in Ref. [73,
76]. In fact, in the de-compactified limit, & — oo, R_ — oo with p* = k/R_ fixed, it
approaches that result.

In addition, we show that, like in the case of N' = 4 super-Yang-Mills theory, the
discrepancy can be taken into account by a dressing factor [79].
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4.4 Finite size corrections at one loop

In order to calculate the first finite size corrections to Eq.(4.64) we make the following
general ansatz for the magnon momenta

_ 2mT n Ar
p1 = 2k:M %2
Ny T

D2 = M\Q/[ Y (4.75)

Recall that we solve at one loop order by simply setting A’ — 0 in the equation for the
rapidity (4.60), so that it is given by

1 Dj
¥i =5 cot 5] (4.76)

By requiring that the Bethe equations (4.58) are satisfied by (4.75) at both leading and
1

next to leading order in 57 one gets the following value for A

2 (nf + nj)
kQ(TLQ — nl)

A= (4.77)

We can then insert this solution in the expression (4.70) for the anomalous dimension

in terms of p; and expand in a - series. The first finite size correction to the planar

M
anomalous dimension reads

N [n?+n3 2\ (n?+n3) 1
A oop — & 1 2 _ ! 2 O — 4.78
Lleor = 7y { 2 (k:M) R G VE (4.78)
As a first consistency check, it is easy to verify that when the AN/ = 4 level-matching
condition ny = —ny is imposed — this gives the result for the unwrapped, ¢ = 0 state —

recalling that J = kM and the appropriate re-definition of X', the N/ = 4 result [73, 76]
is recovered.

The zeroth order term in (4.78) equals the one-loop free string spectrum in the plane-
wave limit and the first finite size correction, % order, will be compared with the corre-
sponding 1/R? correction on the string side of the duality.

4.5 Two loops

To find the correction to the dimension at two loops, we must expand (4.60) to linear
order in A" and then use it in (4.58) to find the momenta, also to linear order in \'. The
resulting twisted Bethe equation reads

1 P2 A _1 PL o A g ;

Gip2(kM+2) _ i(pr+p2) 2 cot 5 + gomsinps — 5 cot 5 + g sinpy +1 (4.79)
Lot P2 1 A g N TP W — ’
5 Cot 5 + gozsinpy — 5 cot 5 + g sinpy — 1
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The simultaneous expansion of the momenta in \" and ﬁ will have the form

2 Am , B 2nom Am , B
P = M +W+)\W+--- y D2 =

7 —ap ViEte (4.80)

where A, given in Eq. (4.77), was calculated in the previous section. We could also have
included a contribute of order \'/M to the momenta, but Eq.(4.79), expanded as a power
series in A" and 1/M, would force it to be zero.

The corrections, indicated by three dots are at least of order # or J’\\% (In the next
Section, we will compute the ]’% correction. )

B can be fixed by requiring that the Bethe equation (4.79) is satisfied at the first order
in the X' expansion
_ 2nin}
N k4 (n2 — nl)

To calculate the O(\?) contribution to the planar anomalous dimension, one plugs the
solution of the Bethe equation into the eigenvalue formula (4.61). Performing a double
series expansion, in A" and %, we obtain the following expression for the two loops planar
anomalous dimension, up to the first finite size correction

N2 ni+ nj 4 ni+ ndng + nind + nj 1
AQ loops — ? |:_ LA + (k}M) I + @] <W):| . (482)

B (4.81)

As a consistency check, we take the case where ¢ = (ny + ny)/k = 0 We see that (4.82)
agrees with the A = 4 solution [73, 76] in that case.

4.6 Two loops revisited: the perturbative asymptotic
Bethe ansatz

In order to diagonalize the two-loop corrected dilatation operator (4.49) the ansatz for
the wave-function (4.69) has to be adjusted in a perturbative sense in order to take
into account long range interactions. When interactions are included at the next order,
the wave-functions are no longer plane waves. The technique which is used, termed as
perturbative asymptotic Bethe ansatz (PABA) [125, 79], begins with

where the S-matrix and the function f have the perturbative expansions
S(pa; 1) = Solpa, p1) + Z(Qz)n Sn (2, f11)
n=1
o0

f(J -1+ 17 H1, :uQ) = 1+ Z(QQ)nH‘FIH'fn(Mb /’LQ) (484)

n=0
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where g% = g3\ MN/(87?) = N'M?/(87?%). The number of powers of the coupling in the
second of Eqs.(4.84) clearly indicates the interaction range on the lattice.

Note that, once it is determined at the leading order, the wave-function at the next
order should be uniquely determined by quantum mechanical perturbation theory. Here,
we are postulating that the result of determining it can be put in the form of Eq. (4.83).
We will justify this postulate by showing that (4.82) does satisfy the equation to the
required order and that the process of finding the solution is encoded in the twisted
Bethe ansatz.

To derive the two loop Bethe equations it is sufficient to keep only the following terms
in the ansatz (4.83)

Wiy o= ppy (14 g S, )]
+ g [Solpa, ) + 9751 (p2, )] [T+ g fo (i, o)) (4.85)

The boundary conditions Wy yar+1 = ¥y 7 on (4.85) imply the Bethe equations

psM = So(p2, 1) + 6°S1(p2, 1)
M = [So(pa, 1) + 251 (pa, 1))~ (4.86)

The Schrodinger equation is obtained, as in Section 4.3.2, by acting on the wave-
function W;; with the dilatation operator as difference operators according to (4.53)-
(4.57). In doing so, the two-loop contributions coming from the action of the 1-loop
dilatation operator on the order A’ part of the wave-function have to be kept into account.
Note that, since ; = e and in general the p;’s depend on )/, the wave function has an
implicit dependence on A through its dependence on ;.

The difference equation for J — I > 2 reads

(Dl loop + D2 loop) o \IJIJ =

gi(_qjhrl,] — Uy g+ 4V =V — VU g)
% (VU o) —Vito s +4V; 4 +4V;4

—‘IILJ,Q — \IfLJJrg + 4\IJ[J,1 + 4WI7J+1 — 12@]]) J—12>2 (487)

Using the ansatz (4.85) and keeping only terms up to order g* we see that, when J—1 > 2
the dilatation operator acting on the wave-function returns its form times an eigenvalue,

4
(D1 100y + D2 1oop) 0 U1y = [492 (sin2 % + sin® %) - % <sin4 % +sin’ %)} Uy, (4.88)

In order for (4.85) to be a eigenstate of the dilatation operator up to two loops, this
must also be so for the contact terms in the dilatation operator. For this, the following
equations must hold:

(Dl loop + D2 loop) o \IJII -
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92( Ui — Yy +2Y; )
+% (=W o +4V; 0=V 90— 4V + 4V 0 — Vi1 — Vrrio)
4
= [492 (st ]921 + sin? %) - % < 4 p21 + sin ;)} Uy (4.89)

(Dl loop + D2 loop) o \IJI,I—I—I =
g (4—\I/1+1,I+1 — U+ 4 e — Ve — Uy g)

+% (—Wrres + 4V 01 + 4V 0 — 140, 0 + 40, + 4V 1 — V9 741)
4
= [492 (51112 le + sin? %) — ‘% (sin4 % + sin 4292 )} U (4.90)

We regard these equations as determining p;.
Using (4.85) and (4.71) in (4.90) the function fo(u1, pe) is uniquely derived as

(1 = 1) (2 — 1) (11 — p2)

Jolpa, p2) = — (4.91)
pa(1 + pa(pi2 = 2))
Plugging (4.91) in (4.89) one can fix also the function Sy (g1, p2) as
—1)%(up — 1 1+
Sl(,LLQ,LL1> _ _ (:ul ) (:uQ ) ( )(2 N1N2) (492)
p3(1+ m(m —2))
Using (4.71) and (4.92) the Bethe equation (4.86) becomes
(kM) _ (o1 +p2) % cot 2 — % cot & —H. p sinp; — sin ps i (4.93)
2cot——200t%—z 47T2(%cot%—lcot%—i)

This is equivalent to Eq. (4.79) expanded to the first order in A. We have thus demon-
strated that the PABA in Eq. (4.83) solves the eigenvalue equations for the dilatation
operator in the form (4.53)-(4.57) and that the process of finding these solutions is equiv-
alent to solving the twisted Bethe equations for the N” = 2 theory up to two loops.

4.7 Three loops

The three loop operator dimensions cannot be gotten by direct computation in Yang-
Mills perturbation theory, or equivalently, by the perturbative asymptotic Bethe ansatz
approach that we used for two loops in the previous Section. The reason is that, so far,
no explicit expression for the dilatation operator in terms of fields and their derivatives
is available at three loop order. Our approach to computing at three loops will therefore
be to assume that the twisted Bethe ansatz, summarized in Eqs. (4.58)-(4.61), correctly
describes the spectrum and to derive the three-loop correction to operator dimensions
from it.
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For this purpose we have to keep O(\?) terms in Eq.(4.58) so that the twisted Bethe
equation now reads

eP2(EM+2) _ i(p1+p2)

; cot B + S%Sian + 62‘—24sinp2(cosp2 -1)— cot B — 8%81111)1 62‘ zsinpy(cosp; — 1)+
écot By 8’\2 sin po + 64 2 Slnpg(COSpg —-1) - %cot b E%smpl 62 rsinpy(cospy — 1) — i
(4.94)
We look for a solution of this equation by means of momenta of the following form
2 A B Cr
o= nmm LA T Ly BT el
B e
NoT T T T
= — N NP 4.95
Pr=5y T T e VE (4.95)

where A and B have been computed at lower loops, Eqs. (4.77) and (4.81). Recall that
N = % Requiring that the Bethe equations are satisfied at order \? we fix C as

nin3 (n3 — nyng + n3)
C=-12"1 2 4.96
2]{36(712 — 7Z1> ( )
The eigenvalue formula eq.(4.61) expanded up to three loops gives
N M? 2 P1 . 9 D2 N2 4 D1 4]91
A = k]\j/;]r\;Jr 52 (sm 5 + sin E>_ - (sm EJF 2)
6 P1 14
+ 166 <sm 5} + sin® 2) +O(\"?) (4.97)

Taking into account the X" dependence of the momenta given in (4.95) and expanding in
A and %, we obtain the planar three loop result up to the first finite size correction

A toope — A8 [n? +nf < 2 > 3n8 + 3nSny + 4n3n3 + 3nin3 + 3ns Lo (L)] '
16 kS kM kS M?
(4.98)
This result has to be compared with the 1/R? corrections to the pp-wave energy spectrum
of the corresponding string states.
As a consistency check, we see that when we set the wrapping number to zero to get
the V' = 4 state, i.e. put ny = —ny, it provides the N' = 4 result, in beautiful agreement
with the one quoted in Refs. [73], [76].

4.8 On the string side of the duality

In Sections 4.4-4.7, we discussed the expansion to leading order in % about the MRV

limit of the N/ = 2 quiver gauge theory. In the string dual to the quiver gauge theory -

the IIB superstring on the AdSs x S°/Z s background we have explored in Section 4.3 -
2R_

this corresponds to an expansion in the ratio % = ~5z about the pp-wave space-time.
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Corrections of this kind have already been analyzed in some detail for the case of N' = 4
super Yang-Mills theory — string on AdS5 x S° duality in Ref. [70]. They considered the
leading correction to the BMN limit, which was an expansion in the inverse R-charge
% of Yang-Mills theory or g—; in string theory. In this section, we will generalize their
computation to the case of the DLCQ string on the pp-wave background. We will compare
the result with our computations of 1/M-corrections in the quiver gauge theory.

The exact spectrum of states of the string theory on the pp-wave background, as well
as the DLCQ of the pp-wave background are well-known. Our goal is to find corrections
to the energies of these states to order 2}%‘. The technique to be used is to first find
the correction to the string sigma model which arises from an expansion of the space-
time metric and other background fields about the pp-wave. This yields an interaction
Hamiltonian. The strategy is then to compute corrections to the energy spectrum by
evaluating matrix elements of this interaction Hamiltonian in the pp-wave string theory
states. The coefficient of the interaction Hamiltonian contains the factor %.

In the case of AdSs x S°® background, the terms in the interaction Hamiltonian which
contain two bosonic creation and two bosonic annihilation operators are expressed in
terms of the string oscillators as [70]

HBB =

1 Zé(n+m+l+p)x
32" B2 ¢

{2 [52 — (1 = kikypknkm) + wWnwimkiky + wiwpkn ki, + 20nwikmk,
2wk kl} ala%,afal +4{5 — (1 = kikpknkm) — 2wnwmkiky + Wiwmknk,

—wnWkak’ mepk' k’[ +wnwpk kl:| a,TA aTBaAa,B +4|:8]<31/{5 a” aTJla CL]
+2(kiky + kok)a' 0l alal + (wiwp + kiky — wntm — kak)a®,aaf o

— 4w, — kiky)al” a“l ama; (i, = i’,j')} }, (4.99)

where p* is the space-time momentum conjugate to the light-cone coordinate z7, ¢ =
VOnOm@@y, , Wy = /1 + k2 and k], = /,f+2 = Xn? with N = ¢&,,N/J? The 1nd1ces
[,m,n,p run from —oo to +o0o. The presence of the R-R flux breaks the transverse SO(8)
symmetry of the metric to SO(4) x SO(4). Consequently the notation distinguishes sums
over indices of the transverse coordinates in the first SO(4) (i, 7,..), the second SO(4)
(7, 4',..) and over the full SO(8) (A, B, ..). The operators in (4.99) are in a normal-ordered
form. Since Hpp was derived as a classical object, the correct ordering on the operators
is not defined and the ambiguity thus arising can be kept into account by introducing a
normal ordering function Npg(k?). Such normal-ordering function can however be set to
zero following the prescription of Ref.[70].

The DLCQ version of (4.99) can be obtained by taking into account that the light-cone
momentum p* along the compactified light-cone direction (x~ ~ =+ 27 R™) is quantized
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as pm = k/(2R_). R_ is related to R through R_ = R*/(2M) so that p™ = kM/R? and

= /4rg,a? NM. The Yang-Mills theory coupling constant is then identified with
the superstring coupling constant g, in the usual way 4mg, = g%,; and the double scaling
limit is realized by sending both N and M to infinity and keeping the ratio N/M fixed,

so that R_ = \/ aTEY: T=5 \/_ is also held fixed. As noticed in the introduction, the
definition of )\ is in this case related to the YM coupling constant through an analogue

2
of the usual definition (a,;Jr)Q = 9’(,§4M]§§” =7

A This gives for the frequencies w, in (4.99)
the formula w,, = /1 + )\’Z—z.

In the case of the N/ = 2 operator (4.46), the dual string state is the symmetric
traceless two-impurity state created by the action of the following combination of bosonic
creation operators on the string vacuum?

1,1;3,3] >

n1 TL2 ni ng nl TL2

aleal® 4 qftgle — 5ab g Tg} |0) (4.100)

where ny +no =k 1.
The general matrix elements of the DLCQ version HZY of (4.99) between space-time
bosons built out of bosonic string oscillators have the following explicit form

1

<O| HZM 10 1D |O> -
2R \/1+X \/1+X

—’I’LQ —n1 77«1 TL2

2 2 2,2 2
ABCD nl ning 1N
{5 PN ﬁ+ﬁ+2x = +2?\/ +/\'p 1+Xk2
2 2 2 2
AC BD "1 ninj N2
+5 1) )\, ﬁ+ﬁ+2/\/ ]{,‘4 —2?\/ +/\/ﬁ +/\//{52
+)\/ |: n]1322 <6ab60d + 5ac(5bd) (nl ]:_ n2)6ad5bc:|
N1 a cd’ a'c cb'd (nl + n?) a'd cb'c
V|2 { - (5 57 4 50 s ) g } } (4.101)

where lower-case SO(4) indices a,b,c,d € 1,...,4 mean that the corresponding SO(8)
labels A, B,C, D all lie in the first SO(4), while the indices a/,0/,¢,d" € 5,...,8 mean
that the SO(8) labels lie in the second SO(4) (A, B,C,D € 5,...,38).

Eq. (4.101) can be used to evaluate the first order correction to the energy of the
state (4.100), namely the matrix element < [1,1;3,3]|HZ¥([1,1;3,3] >. Summing all
the contributes and dividing the result by the norm of the state

1
<[1,1;3,3]|[1,1;3,3] >=2(1 + 55“”)

9We use the notation of Ref. [70], where the representations of SO(4) x SO(4) are classified using an
SU(2) notation as SO(4) =~ SU(2) x SU(2).
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one gets the desired first curvature correction to the spectrum of the states (4.100). The fi-
nal result for the energy levels for a two impurity state with discrete light-cone momentum
k, exact to all orders in X, is

E(ny,ny) = \/1 + N (%)2+ \/1 Y (%>2

)\/ n_%_i_n_%_'_A/n%n% +n1n2 _ TL1TL2\/1+)\I (ﬂ)Q\/l_i_A/ (2)2
2 TR i 2 2 % % +O< 1 )

. VIEN () e x () "
(4.102)

where the small parameter governing the strength of the perturbation has been converted
from 1/(R*p™) to 1/(kM) in order to make the comparison with the finite size corrections
of the gauge theory results more clear. Notice that for ny = —ng (4.102) gives back the
N = 4 result of Ref.[70], as it should.

A )\ expansion of (4.102) up to O(\?) shows perfect agreement with the gauge theory
calculations at one and two loops, Egs.(4.78) and (4.82). As for the parent N' = 4
theory [73, 76|, the disagreement between the two sides of the duality is manifest at three
loops, where the finite size correction to the string energy

E3 loops — E L6 LM L6

L0 (%)} (4.103)

does not match its gauge dual result (4.98).

N3 [n? +n$ ( 2 ) 3n$ + 3niny + nind + 2n3nd + n?nj + 3ninj + 3n

4.9 The S-matrix dressing factor

Integrable structures have been found also in the AdSs x S° string sigma model: from
a classical point of view integral Bethe equations were derived in the thermodynamic
limit [74], while quantum corrections are believed to yield discrete equations describing a
finite number of excitations.

The agreement between the anomalous dimensions of the N/ = 4 gauge theory oper-
ators in the near-BMN limit and the string energies in the near-plane wave limit up to
two gauge theory loops suggests that, if we wish to describe the string excitations by the
language of a spin chain, the string dynamics should be given by the BDS chain.

The three loop disagreement can actually be encoded by “dressing” the gauge theory S-
matrix (i.e. the r.h.s. of the Bethe equations for the BDS chain) by a multiplicative factor.
From these equations one derives a solution for the momenta of the string excitations
which plugged in the BDS dispersion relation (4.61) reproduce the near-plane wave string
energies, both in the thermodynamic limit and in the few impurity case [126, 77].

95



The near-plane wave string energies can therefore be computed in the AdSs x S° IIB
superstring theory by the following Bethe equations:

M
eiij = H Sstring(pjapl)a (4104)
=1; I#j

with L = J + M and

©0j %) + 1 A r+2
Sstring(Pj, P1) = mexp {22 Z <167r2> [4r42(P3)@r+3(P1) — Grr2(p1) dr43(p5)]

(4.105)
where the BDS rapidities are defined in (4.13) and the exponential term is the so called
dressing factor, expressed as a function of the BDS conserved charges

r—1
QSin(%pj) 1+ 2Sm 2 L —1

_ A Dj
r—1 o sin Z 5

a0 (p;) = (4.106)

In particular, the second charge g»(p;) is the energy of a single excitation and the
energy of a string state with M excitations is given by

\ M
=32 > alp;) (4.107)
=1

We will now discuss the two magnon case in the orbifolded theory and show that the
same dressing factor allows one to compute the DLCQ string energies by means of a Bethe
ansatz. The two magnon scattering however is not as trivial as in the parent theory, since
the excitations are not forced by the level matching condition to carry opposite momenta.

It is not difficult to check that the string spectrum (4.102) coincides with (4.107) up
to O(N3) with M = 2 if the magnon momenta have the form

_ 2m7 A7T Br C'n
— )\/ )\/2
pp =20 AT 2T ey (4.108)

kM M? ]\42 '
with the same A and B found in the gauge theory, Eqs. (4.77) (4.81), and C” given by

2,2 (.2 2
,  ning (nf +nj)
p— 4-1
¢ = i (4.109)

We conjecture that the string S-matrix for the AdS;xS°/Z), 1IB superstring is given
by (4.105) with the addition of a twist factor which coincides with the one used in the
gauge theory

or i~
szzn Pj, P :wl ;
t g( J ) @j_@l_l
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exp (21' i (16)\7r2)T+2[Q7’+2(pj)qr+3<pl) - qr+2<pl>%“+3(pj)]> (4.110)

r=

with w' = €/P1172) for the two magnon case. It is easy to see that the Bethe equations

o2 (kM+2) _ Ss?tr?f]i'ng<p27p1)7 (4.111)

are in fact satisfied if p; and p, are exactly (4.108), with the constants A, B and C' given
in (4.77), (4.81) and (4.109).

Thus we have proved that the dressing factor for the orbifolded theory equals that of
the parent theory and therefore, as for the gauge theory, the spectrum can be obtained
by just twisting the parent Bethe equations: the three loop disagreement is inherited and
does not depend on the orbifold projection.

4.10 Summary

In this Chapter, we have computed the first finite size correction to the anomalous di-
mension of two-impurity states about the double scaling limit of the N' = 2 quiver gauge
theory and the analogous quantity in the IIB superstring propagating on the plane-wave
background with a periodically identified null coordinate.

In the gauge theory the anomalous dimensions are computed by two independent
techniques that agree with each other. We have solved, up to three loops and the first
finite size correction, the twisted Bethe equations conjectured in Ref. [93] for the orbifolded
theory. Then we have provided an ansatz for the eigenstate of the dilatation operator that
up to two loops gives the same spectrum derived with the other procedure. The eigenvalue
equation for this wave function reduces to the twisted Bethe equation.

On the string theory side the computation is done by evaluating the first curvature
correction to the pp-wave DLCQ spectrum of a bosonic two excitation state.

We have found that the gauge theory and the string theory results agree up to two
loop order, but there is a disagreement at three loops. This disagreement is similar to,
and a slight generalization of the one which is known to exist at three loop order in the
analogous computation in N' = 4 super Yang-Mills theory expanded about the BMN
limit [73, 76].

In Summary, the results of this Chapter are

Aym = kM+2+%/[n%;n§]_%’2{n‘f;n§] ?_g{n?];ng]
+ N [_<nf+n§)+£”§+n§”2+”1"§+n3
kM B2 !
) %2 3n§+3n§n2+47§£§+3n1n3+3n3 +1 (4.112)
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Astm’ng = kM +24+ —

N\ [n% + n%} 2 {n‘f + ng‘] A3 {n? + ng]

2 | K2 8 [ K JOA S
o P [ Xt
B %,23”? + 3nPns + nink + 27§6n§ + ning + 3nyn3 + 3ns + ] (4.113)

The first two lines of each of the above expressions are identical and they differ in the
third line.

We have finally shown that the DLCQ string spectrum is obtained by twisting the
string Bethe ansatz proposed in Ref. [77]. The three loop disagreement is encoded in a
“dressing factor” added to the gauge theory S-matrix, which coincides with the one of the
N = 4 theory.

Our computations are consistent with integrability of N = 2 quiver gauge theory in
the MRV limit and its string theory dual, DLCQ type IIB superstring theory on a plane
wave background with a compactified null direction.
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Chapter 5

Discussion

In this thesis we have described the work presented in the papers [13, 57, 22, 99]. In
the most part of the thesis we investigated aspects of tachyon dynamics in String Field
Theory (SFT), while the final chapter concerns the issue of integrability of N'= 2 SYM
on a plane-wave background in the framework of AdS/CFT correspondence.

In [13], we have derived some exact results for the non-linear tachyon [-function
of the open bosonic string theory. We have shown its relevance in the construction of
the Witten-Shatashvili (WS) bosonic string field theory in its Boundary formulation [2].
When a non-linear renormalization of the tachyon field is considered [41], the WS action
in fact results in a simple formula in terms of the disk partition function and fBr. In the
case in which the tachyon profile is a slowly varying function of the embedding coordinates
of the string this formula can be used to derive the exact tachyon potential and the first
derivative terms of the effective action. The action holds also when the tachyon coupling
T'(k) is small and has support near the mass-shell. In fact, we have showed that the
WS action constructed in terms of a linear [-function [42] is related to the one derived
in [13] by a field redefinition that becomes singular on-shell. This is in agreement with the
Poincaré-Dulac theorem [43], used to prove [5] that near the on-shellness the g-function
has to be non-linear. The perturbative solutions of the equation 37 = 0 have been thus
shown to provide the expected scattering amplitudes of on-shell tachyons.

The explicit form of the WS action constructed from the tachyon non-linear S-function
is in precise agreement with all the conjectures involving tachyon condensation. In par-
ticular its normalization can be fixed either by studying the exact tachyon potential or
by finding the field redefinition that maps the WS action into the effective tachyon action
coming from the Cubic formulation of SE'T. This field redefinition is non-singular on-shell
only if the normalization constant coincides with the tension of the D25-brane.

The knowledge of the non-linear tachyon (-function is very important also for an-
other reason. The solutions of the equation 37 = 0 give the conformal fixed points, the
backgrounds that are consistent with the string dynamics. In the case of slowly varying
tachyon profiles, we showed that the equations of motion for the WS action can be made
identical to the RG fixed point equation 87 = 0. This can be done for a particular choice
of the renormalization prescription ambiguity. We have found soliton solutions of this
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equation to which correspond a finite value of the WS action. Being solutions of the RG
equations these solitons are lower dimensional D-branes for which the finite value of S
provides a very accurate estimate of the D-brane tension.

When other excited string modes are present, say modes of the vector field A, the
form of the WS action is still given by (1.4) where the renormalized tachyon field in this
case depends also on the other string couplings [127]. Whether our approach would help
in treating also non-renormalizable interactions it is not yet clear.

In [22] we explored various technologies useful for deriving off-shell tachyon amplitudes.
The series solution for the off-shell factor appearing in the four-tachyon amplitude [29]
results as a very useful tool for providing precise tests of CSFT. It has improved the
numerical approximation for the evaluation of the exact quartic self-coupling ¢4 in the
tachyon potential and signaled a slightly different behavior in the wild oscillations pre-
sented by the “rolling” tachyon solution analyzed in [56]. Both the level truncation on
fields and on oscillators were used to derive higher order terms in the tachyon effective
action and so higher order coefficients in the time-dependent solution. The sequences
thus found for each coefficient of the solution - corresponding to growing truncation levels
used in the evaluation of the amplitudes - well converge toward the value found through
the exact amplitude, and exhibit a 1/L behavior.

The time-dependent tachyon solutions analyzed in [56, 22], a power series in €', exhibits
a behavior that is drastically different from the one showed in the Boundary formulation
of SFT [49] (as well in frameworks such CFT, boundary state approach, RG flow analysis,
etc.), in which the tachyon monotonically rolls from the perturbative unstable vacuum
towards the true vacuum. The Cubic SFT tachyon starts from the maximum of the po-
tential at t = —o0, rolls down past the minimum and undergoes evergrowing oscillations,
still the energy being conserved. The pressure oscillates similarly, thus not representing
tachyon matter. In [56] an argument was done to reconcile this discrepancy, based on the
field redefinition we derived in [13], that would map the CSFT oscillating solution to the
BSFET “well-behaved” one. As we explained at the end of Chapter 3, it seems to us that
some more informations about this mapping should come at least from the knowledge of
a further order - the third - of this field redefinition. This would be an important step
forward a meaningful interpretation of the puzzling behavior of the Cubic SF'T solution.

Another point of view about this discrepancy is related to an important general is-
sue of Cubic open string field theory, the gauge fixing. To perform explicit calculations
in string field theory, the gauge symmetry of the cubic SFT action must be fixed. Al-
most all the studies in Cubic SFT - included the results quoted above - are conducted
in Feynman—Siegel gauge. This gauge, however, is known to show a pathological behav-
ior in the effective tachyon potential [28]. Namely, branch points appear in both side
of larger and smaller field values of the tachyon so that one could not go beyond this
small region !. These branch points arise because the trajectory in field space associ-

Tt is worth mentioning again here that in the Boundary SFT approach the tachyon potential can be
computed exactly [10, 11]. In this formulation, there is no branch point in the effective potential. On
the other hand, in that case the nontrivial vacuum arises only as the tachyon field goes to infinity, so it
is harder to study the physics of the stable vacuum from this point of view.
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ated with this potential encounters the boundary of the region of Feynman-Siegel gauge
validity [128].

As already noticed in [56], it is interesting to compare the behavior of the perturbative
expansion of the CSFT time-dependent solution in powers of ¢! with the perturbative
expansion of the effective tachyon potential V(y). As found in [28], a branch point
associated with the brakdown of Feynman-Siegel gauge is encountered at positive ¢ just
past the minimum. As a consequence, the power series expansion for V' (y) fails to converge
in that region. The branch points in the tachyon potential prevent us going beyond a
small region of tachyon field value. Therefore an alternative useful gauge choice has
been desirable for convincing the known results or extending the analysis. Might the wild
oscillations of the tachyon trajectory ¢(t) indicate a similar breakdown of the perturbative
expansion? It is interesting to note that the analytic solution for the CSF'T nontrivial
tachyon vacuum by Schnabl [8] uses a different gauge choice then the Feynman—Siegel
one. It will be interesting, and not surprising, to see if this gauge has better features with
regard to the wild oscillating behavior of the CSFT solution analyzed in [56, 22].

In [57], a time-dependent solution was found at the lowest order, (0,0), in the level
truncation scheme. There, an alternative analytic procedure was used, based on the
treatment of the coupling constant as an independent variable. The solution satisfies a
“diffusion” equation, a remarkable property thanks to which the action of the infinite
derivative operators of Cubic SFT on it can be simply represented as a trivial translation
in this alternative variable. The energy-momentum tensor can thus be written in a simple
and closed form, as a bilinear in the tachyon fields containing only finite derivatives. The
dynamical picture is, however, again problematic. A pathological behavior arises also in
this case, a singularity appears at the origin of time - again after the tachyon have reached
the minimum of its potential.

About possible cosmological implications, it should be noticed that in boundary string
field theory and in most of the models used to study tachyon driven cosmology, the stable
minimum of the potential is taken at infinite values of the tachyon field [10, 11, 13, 32, 51,
129]. The tachyon thus cannot roll beyond its minimum. One of the main objections to
the rolling tachyon as a mechanism for inflation is that reheating and creation of matter
in models where the minimum of the potential is at 7" — oo is problematic because the
tachyon field in such theory does not oscillate [130, 131]. In cubic string field theory
the minimum of the potential is at finite values of the tachyon field. Therefore, it would
be interesting to see if the coupling of the free theory to a Friedman-Robertson-Walker
metric [131], and the consequent inclusion of a Hubble friction term, might lead to damped
oscillations around the stable minimum of the potential well. This would provide an
alternative to the Born-Infeld type effective action that has been so extensively used in
the study of tachyon cosmology [131, 130, 132, 133, 134]. Cubic string field theory might
then open interesting perspectives in tachyon cosmology [135].

In the paper [99], we have approached a very active area of research of the last few
years, whose main idea is applying the methods of integrable systems to leading problems
in gauge and string theory, and in a special effort to the AdS/CFT correspondence.
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In particular, we have computed the planar finite size corrections to the spectrum of
the dilatation operator acting on two-impurity states of a certain limit of conformal N = 2
quiver gauge field theory which is a Z-orbifold of NV = 4 supersymmetric Yang-Mills
theory. We matched the result to the string dual, IIB superstrings propagating on a pp-
wave background with a periodically identified null coordinate. Up to two loops, we show
that the computation of operator dimensions, using an effective Hamiltonian technique
derived from renormalized perturbation theory and a twisted Bethe ansatz which is a
simple generalization of the Beisert-Dippel-Staudacher [76] long range spin chain, agree
with each other and also agree with a computation of the analogous quantity in the string
theory. We compute the spectrum at three loop order using the twisted Bethe ansatz
and find a disagreement with the string spectrum very similar to the known one in the
near BMN limit of AV = 4 super-Yang-Mills theory [70, 73, 76]. We show that, as in the
parent N = 4 case, this disagreement can be resolved by adding a conjectured “dressing
factor” [77] to the twisted string Bethe ansatz for the string sigma model on the orbifolded
background AdSs x S°/Zy;.

There is recent proposal [120] for a phase factor in the Bethe ansatz [85] of planar
N = 4 gauge theory, that would be non-perturbatively related to a recently conjec-
tured crossing-symmetric phase factor for perturbative string theory on AdSs x S®. This
proposal lends support to an exact interpretation of the AdS/CFT correspondence, and
suggests a promising solution to the longstanding discrepancies between gauge and string
theory.

It would be interesting to analyze the disagreement from another possible point of
view. In general, calculations are done or in the planar limit (i.e. by sending to infinity
the rank N of the gauge group) and taking a finite value L for the length of the chain
this means to end with a set of discrete equations - or by sending first L to infinity
(thermodynamic limit) and keeping finite N which implies integral equations and string
loops. It would be interesting to proceed in the calculation of two impurity operators
spectrum in the A" = 2 QGT [92] in which the non planar calculations simplify [90] 2 -
by maintaining finite both the size of the length and the rank of the gauge group, to see
if these limits commute.

2The main observation is that the existence of a positive definite, discrete light-cone momentum greatly
simplifies the operator mixing problem.
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Appendix A

Computation of [(kj, ko, k3)

In this Appendix we shall compute the integral I(ky, k2, k3) appearing in eq.(1.34)

22k1k2+2k2k3+2k1k3 2 ) ™ — T k1ko
I(l{il,k27k3) = (271-)3 A dTldTQdTg |:Slrl2 ( ! B 2>:|
k2k3 k1k3
) To — T3 . 92 T — T3

Al

o (52)] e ()] =

Introducing the variables
T1 — T2 T3 — T1
Tr = s y =
2 2

the integral over 71, 75 and 73 can be written as

1
2

4k1k2+k2k3+k1k3+1 2 -7 W—%
I=— 53 / dﬁ/ d:v/ dy [sin2 x} Fk [Sin2 y] Fks [sinQ(.r + y)]ka?’
T 0 71 7"'71

2
With a suitable shift of the integration variables we obtain
4k1k2+k2k‘3+k1k3 i 0 . ko 1 - ks [ - 2 koks
= e [ o [yl ing fsni(a )
4k1k2+k2k3 ™ ™ . k- . kok
_ - / dl‘/ dy [Sln x]lek‘Q [SlIl y]2k‘1k3 [1 o 621(x+y):| kiks [1 . 6—22($+y)j| 2K3
n 0 0

4k1k2+k1k3 & & 2k ko 2k1ks > F(n — kgk’g)r(m — k'gkfg) 2%
— ' i i(z+y)(n—m)
= p /0 dx/o dy [sin ] [sin y] Z T2 (= ooks) e

n,m=0

(A.2)

Integrating over x and y we have

I i ['(n —a3)T'(m — as)

nm!l'(1+a +n—m)I'(1+a; —n+m)I'(1+ay+n—m)[(1+a—n+m)

I'(1+ 2a1)I(1 + 2a9)
I'?(—as)

n,m=0

(A.3)
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where a1 = kiks, as = koks and ag = kik3. Shifting m — m — n in the sum over m we
have

[e.o]

;o Z I'(n—a)l'(n+m+ ax)T'(1 + 2a1)T(1 + 2a3)
B nl(n 4+ m)!I'?(—ax)T'(1 +a; + m)I'(1 4+ a; — m)I'(1 + a3 + m)I'(1 + a3 — m)

n,m=0

> < T'(n — as)L(n +m + a)T(1 + 2a,)(1 + 2a3)
i Z Z nl(n+m)IT2(—ax)l'(1 + a1y + m)I'(1 + ay — m)I'(1 4+ ag + m)I'(1 + a3 — m)

n=0 m=—n
F(]_ + 2a1)F(1 + 2(13)

o I'2(1 + ay)I2(1 + as) 21 (—az, —ay; 1;1) (A4)

where oF) (a, 3;7; 2) is the Hypergeometric function. Changing the sign of the integer
m in the second term of the previous equation and noting that

n=0 m=0 n=m m=0

we find

) i I'(m — az)'(1 4 2a1)T(1 + 2a3)

= T(—a)l(1+ a1+ m)I'(1+a; —m)I'(1+az + m)I'(1 + a3 —m)
[(1+ 2ay)T(1 + 2a3)
I2(1 4+ a)T?(1 + a3)

I =

2F1(m — Qg, —A2;M + ]., ].) —

o Fi(—ag, —ag; 1;1)
(A.5)

It is not difficult to show that the sum over m can be extended to negative values so that
we find

F(l + 2@1)F(1 —|— 2@2)F(1 —|— 2(13)
50(1 — al)F(al)F(l — CLQ)F(CLQ)F(]_ — CL3)F(CL3)
Z L(m —a)T'(m — ag)l'(m — a3)
Tl +m+a)l(1+m+a)'(1+m+as)

I= -

(A.6)

The series in the second line of the right-hand side of (A.6) is convergent for 1+ a; 4+ as +
Definbhglo sum over m we use a standard procedure. Consider the path in Fig.A.1

o0

_ F<m — al)F(m — QQ)F(m _ (13) 0o

m=—0oQ

we can write N
}{ meotgmzf(z)dz = Z f(m)+ S (A.8)
¢ m=—N
where S is the sum of the residues of mcotgmzf(z) evaluated in the poles of f(z). In the

limit N — oo the left-hand side of the previous equation vanishes reducing S to

S_ . F(1+a1—|—a2—|—a3)
F(l + al)F(l + &2>F(1 + ag)F(l +ap + ag)F(l “+a; + a3)F(1 + as + &3)
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Figure A.1: Contour C.
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sin7ay sinw(ay — ag) sinmw(ay — ag)
So that I becomes

I I'(14 a1 + ag + a3)T'(1 + 2a1)I'(1 + 2a2)I'(1 + 2as3) (A10)
F(l + al)F(l + CLQ)F(l + CL3)F(]_ + a1 + ag)F(l + as + ag)F(l + a1 + ag) ’
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Appendix B

Neumann coefficients

Exact formulas for the Neumann coefficients V"* and X" appearing in (2.51) were com-
puted in [23]!. The indices 7, s take values from 1-3 and indicate wich Fock space the
oscillators act in. The 3-string coefficients V’* . X> are given in terms of the 6-string
Neumann coefficients N7:%s

vt _ [ e (D (AuBr £ BaAy),  motneven, m#n -
o 0, m-+nodd
NTEC+e) 6(nilam_) (=1)""Y(A,B,, £0B,A,,), m+neven, m#n (B
" O-G(nﬁm_) (AnBy F 0By Ay), m+nodd

where in N"*(+9) 5 = 41, and r + o is taken modulo 3 to be between 1 and 3. In (B.2)
A,, B, are defined for n > 0 through

14\ "? . .
- = Y At +i Y Apr (B.3)

neven modd
14z \** L .
The 3-string matter Neumann coefficients V'* are then given by

Ve = —vmn(Nys + N7 %), m#n, andm,n # 0
Tr 1 - n— n
k=0
1
Vit = Sl -V n#Ao (B.4)
Vor = —V2n(Ng? + Ny, "), n#0

Vi = In(27/16)

n some references signs and factors in the Neumann coefficients may be slightly different. We follow
here the choices of [105].
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The ghost Neumann coefficients X'® . m > 0,n > 0 are given by

mn’

Xow = m(=NgL+NT) n#m
Xp0 = m (N F NG Y n#Em (B.5)
rr 1 n 2 - n—k 2 n
Ximo= 5|1 — A2 42 (—1)"FAR = 2(—1)"A, B,
k=0
1 1
X = =S = X
2 2

The Neumann coefficients satisfy a cyclic symmetry under »r — r +1,s — s + 1, cor-
responding to the geometric symmetry of rotating the vertex. Furthermore, they are

symmetric under the exchange r < s,n <> m and satisfy the twist symmetry associated
with reflection of the strings 2

Vim = (=D)""V (B.6)
Xom = (=1)"MX0

2The relations among the Neumann coefficients are not just these ones, they satisfy a remarkable
integrability property underlying Witten’s string field theory, the Toda lattice (dTL) hierarchy [113].
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Appendix C

Level truncation method

As a specific example of the level truncation method explained in Section 2.2.3 let us
derive explicitly the four tachyon amplitude for L = 2 in the time-dependent case. At
this level of truncation and with the change of coordinates (2.58), the matrices V1! and
X' in (2.49) become the 2 x 2 matrices

N Vie Vies - Xlg Xllgs
V11 _ 12 7 X1 — 11 12 C1

(il Vi sl xjor ) @D
and analog forms for all the objects contained in (2.52) may be written. Expanding the
determinant and the exponential in (2.49) in powers of o up to o2 one gets

Aog? 2(F, PZ+p1-p2+p3-pa) 2
Aa(prp2pspa) = A8 T Zpl/ 2 o 3llprtpe) ke’

{1 —bi(p1 — p2)(p3s — pa)o + = ! [52 + b3 ((p1 — p2)* + (p3 — pa)?)
+ba(p1 — p2)*(ps — pa)* + 55(191 + p2)(ps + pa)] 0° + O(0%)} (C.2)

where

b= (Vor')?, by = 26(Vi}')* — 2(X11)%, bs = (Vor' VAt

b = (Vor')", bs = 18(Voz )”. (C.3)
To get the quartic term in the tachyon effective action on has to subtruct the contribution
from the tachyon in the propagator, that corresponds to the ¢” power -the constant term
1- in (C.2). Since, as already noticed, for a four point amplitude only even powers of o
need to be considered, one is left with the coefficient of the o2 term in the sum. Performing

the integral over o, one finally gets the formula for the quartic term in the CSFT tachyon
effective action (3.2) in the time-dependent case

P,
% (" 41 P?+p1-p2+p3-pa)

A{ (1, D2, D3, 1) = /Hmpz sz ¢(pi) 1= (pr + p2)?

by
[Z + bsp1(p2 — p1) + bapapa(p2 — p1)(Pa — p3) + bspapa | (C.4)
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