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Abstract

This thesis examines two aspects of gauge field theories: The first concerns the pertur-
bative structure of bosonic open string field theory at the one-loop level, and the second
considers geodesical completion of Einstein gravity with a local scale symmetry, predicting
the existence of spacetime regions beyond singularities where gravity is repulsive.

In the first part, we evaluate the ghost contribution to the one-loop integrands in
open string field theory (OSFT) using the Moyal representation of the star product. We
primarily focus on the open string tadpole integrand, which is an intrinsically off-shell
quantity. Due to the closed string tachyon, the full amplitude is badly divergent from the
closed string degeneration region t — 07 of the Schwinger parameter. We obtain expan-
sions for the finite factors from the squeezed state matrix R(t) characterizing the pure
ghost part of the tadpole in Siegel gauge. We demonstrate that the analytic structure of
the integrands in the Moyal approach, as a function of the Schwinger parameter, captures
the correct linear order behaviour near both the closed and open string degeneration lim-
its. Using a geometric series for the matrix inverse, we obtain successive approximations
for the even parity matrix elements. We employ an expansion based on results from the
oscillator basis to construct Padé approximants to further analyse hints of non-analyticity
near this limit. We also briefly discuss the evaluation of ghost integrands for the four
string diagrams contributing to the one-loop 2-point function in OSFT.

In the second part of this thesis, we look at the scenario where the effective gravita-
tional coupling becomes negative beyond singularities, starting from a local scale (Weyl)
symmetric theory of gravity. This relative negative sign has non-trivial consequences for
the dynamics of fields and particles propagating in these geometries. The resulting neg-
ative energy is unfamiliar and requires interpretation. As a first step in studying this
issue, we consider Hamiltonians for particles, fields and strings whose kinetic terms flip
signs in a non-analytic manner owing to a sgn(|z"| — A/2) factor. We show that the
models capture the essential physics of such backgrounds: The new physics is primarily
encoded in the structure of the propagator and the transition amplitudes, which we show
are regular and have no physical problems. We thus resolve some important consistency
questions pertaining to system stability. Lastly, we probe the modified Schwarzschild ge-
ometry where the beyond singularity region comprises antigravity. We show that one can
connect geodesics across the spacelike singularity and then describe the radial trajectories

in terms of the global Kruskal-Szekeres parametrization.
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Overview

This thesis consists of two parts. Gauge symmetry is a common thread that ties together
the structures arising in both discussions. This has been a guiding principle of fundamen-
tal importance in theoretical physics for several decades. Our current understanding of
particle physics and gravity can be to a large extent uniquely determined by the require-
ment of gauge symmetries. The resulting consistency conditions at the quantum level
put severe restrictions on the admissible mathematical structures; the Standard Model
and Einstein gravity keep getting verified at particle accelerators such as the LHC, and
through astrophysical observations. The spell of the gauge principle [1| continues to be
felt also in the unified framework furnished by superstring theories. The present work [2—
4] has attempted to expand our understanding of two such facets of gauge field theories.

The first part examines the one-loop structure of open string field theory (OSFT)—
which possesses a huge spacetime gauge symmetry at the classical level. We study the
integrands for the one-loop corrections to the tadpole and the string propagator using the
Moyal representation of the % (star) product, and demonstrate its utility [2] in improv-
ing upon the existing results from the oscillator and Boundary Conformal Field Theory
(BCFT) methods. Since the loop amplitudes in OSFT necessarily receive contributions
from internal propagation of closed string states, they can serve as useful probes of closed
string physics. The second part is devoted to an exploration of the possible consequences
of a modification of general relativity augmented with a local scale (Weyl) symmetry,
that is motivated from gauge symmetries in phase space. It tests some simple models
for studying the effects of antigravity and dynamical string tension, and addresses the
question of negative kinetic energy [3] and geodesics [4] in blackhole backgrounds.

We begin part [ with a review of OSFT and a summary of our results that provide con-
text for the discussions that follow. The original work done in this dissertation from [2] is
presented next, where we use an algebraic method in terms of explicit matrix representa-
tions to evaluate the one-loop integrands in the Moyal representation, while focussing on
the ghost sector. We develop methods to successively approximate the resulting squeezed
state matrix using a geometric series. We also perform several consistency checks and
manage to extract algebraic data using analytical and numerical methods.

In part II, we set forth with a description of the aforementioned modification to general
relativity in order to complete it geodesically. As a first step in studying implications of

negative energy states for geometrical backgrounds, we examine some models where the
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kinetic term switches signs discontinuously. It is conceivable that these serve as models
for more physical systems which involve curvature singularities of the cosmological type
or more localized ones from the black hole family, in this reformulated theory. Next,
we describe radial geodesics in the modified Schwarzschild background that connect the
gravity and the antigravity patches.

We conclude each part with a summary of the results and avenues for future re-
search. Chapters are in part verbatim reproduction of the content from the work in [2—4];

nonetheless, any oversights may be solely ascribed to the author.



Part 1

Moyal Structures in Open String
Field Theory at the One-Loop Level



Chapter 1

Introduction and summary

Superstring theories seek to provide a quantum mechanically consistent framework for
understanding the fundamental interactions in nature. The unification of the Stan-
dard Model forces with gravity necessitates the study of these one-dimensional extended
objects—which can be closed or open—and all the consistency requirements emanating
from them. These theories can be studied in the first quantized approach as a pertur-
bative expansion for the string S-matrix involving various asymptotic states (represented
by the so called vertex operators). Powerful Riemann surface techniques in the language
of two dimensional superconformal field theory [5] have been exploited to expand our
knowledge of superstring perturbation theory.

Since the days of the dual resonance models in the 1970s it has been known that
closed string states (Pomeranchukons) are a necessary ingredient (see Ref. [6] and refer-
ences therein) of open string theories for insuring (perturbative) unitarity, factorization,
etc. The existence of graviton states has by now been firmly established with the direct
detection of the gravitational wave signal GW150914 [7| by LIGO, which was followed by
several other detections. Since the worldsheet path integral of superstring theory is cur-
rently the only machinery that computes a sensible S-matrix involving gravitons, which
are described by closed string excitations, it is perennially important that we learn as
much about the structures underlying this theory.

String field theories provide an off-shell formulation of string theory that is concep-
tually simple and very similar in structure to conventional gauge field theories. By con-
struction [8-11], these furnish a field theory of strings with a spacetime action, and aspire
to describe different regions of the parameter space of string theory using a universal set
of degrees of freedom, encoded in the string field |®). They thus provide a more con-
servative route to the problem of quantum string vacua, which being a second quantized
formulation allows for understanding such off-shell string physics. The best understood
covariant string field theory is the bosonic open string field theory (OSFT) with Witten
type [8] cubic vertices. Remarkably, starting from a few axioms, this OSFT defines an
interacting theory for an infinite number of fields by virtue of the underlying worldsheet

conformal symmetry—which is closely tied to its spacetime gauge invariance.
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In this first part, we revisit the perturbative structure of OSFT [12-16] at the one-loop
level, with only one or two external states. Since the loop amplitudes receive contributions
from internal propagation of closed strings, they can serve as useful probes of closed
string physics. This requires evaluating the one-loop 1-point function (tadpole) and the
one-loop 2-point function (string propagator). The latter receives contributions from
four diagrams—three planar and one non-planar—due to the rigid nature of the Witten
vertex. We have made analytical and numerical progress primarily on the ghost sector
contribution to the tadpole integrand, which also appears as a subdiagram in two of the
planar one-loop 2-point functions, and is an intrinsically off-shell quantity.

In [14], Ellwood et al. carry out a careful study of the (open string) tadpole state
using boundary conformal field theory (BCFT) and oscillator methods. In the Siegel
gauge by|®) = 0 that we shall be working in, the integrand is expressible as a function of
the Schwinger parameter ¢ (the length of the propagator loop in Fig. 3.1) and exhibits
essential singularities at its limiting values, namely 0 and oco. Physically, these divergent
pieces may be understood in terms of degenerating string diagrams from the boundary of
moduli space [10, 13] and arise from the open string tachyon (¢ — c0), the closed string
tachyon, and massless closed string states (¢ — 0) propagating in the loop.

One method to study the tadpole diagram near ¢ = 0 is to approximate it by using
an appropriate boundary state |B) in a BCFT analysis. This explicitly includes the
closed string oscillators ¢y, ¢, by, I;n, an, Gn and can be organized into levels. The chain
of conformal maps employed reproduce the correct divergence structure; we refer the
interested reader to [14, §3| where the leading divergence (for the D25 brane case) was
carefully derived to be:

et2m?/t 1

———exp | —=a},Cpmal, — cf Cumbl, | 60/9). (1.1)

TO) ~ S

Here, the ket state on the RHS is the Shapiro-Thorn closed string tachyon state that
arose in the work of [13] and later analyzed in detail in [10, 14, 15| and C' is the twist
matrix (—)" dpm. As discussed in [14, appendix A] (see also [12, 17]), it also contributes
to a BRST anomaly Qp|T) # 0, that is also present in the bosonic OSFTs based on the
lower dimensional (unstable) Dp-branes. For a generic value of the parameter ¢, however,
the expressions could only be represented in terms of implicit line integrals (which may
however be inverted numerically). See also the earlier treatment in [13| using off-shell
conformal theory. Additionally, as described in [14] there is operator mixing induced by
conformal transformations, since the boundary state is not a conformal primary, and this

leads to mixing of divergences from the massless and tachyon sectors.
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In the oscillator construction of the 3-vertex, using squeezed state methods for inner
products [18], the state was shown to be [14, §4]

|T) = /00 dt e det(1 - S{Q exp —}aTl\/IaT — 'R | 0|2, (1.2)
0 (Qdet(1 — SV))13 2
where the constituent matrices are expressible in terms of Neumann matrices, as we shall
describe later in §2.3. The determinant and the e’ factors contribute to divergences in
the ¢ — 0 and the ¢ — oo limits respectively. There are also additional subleading IR
divergences from the massless fields. The somewhat complicated nature of the Neumann
matrices makes analytic study of the matrix R(t) difficult; it also suffers from an order of
limits issue while considering expansions around ¢ = 0 (see [14, appendix B| or §2.3) which

leads to factor of 2 difference for the leading term from the correct BCFT prediction.

In contrast to the above, we will use Bars’s Moyal star approach [19-24, 26|, which
a very different formulation of string field theory, as the only method of computation.
Although Witten’s formulation of OSFT is very elegant and only requires a cubic interac-
tion, explicit calculations are made difficult by the somewhat complicated structure of the
3-string vertex that encodes the gluing condition of strings. By choosing a convenient di-
agonal basis (2, pan), with n = 1,2, 3, -, for the degrees of freedom (matter + ghosts),
Bars’s formalism redefines the interactions in terms of the simple “Moyal product” [19,
25] between string fields. The string field is then valued in the noncommutative space
defined by the direct product of the Moyal planes &; == (z2, 24, T6, - - , P2, P4, D6, - - - ) and
the midpoint coordinate z, and would be denoted by A(Z,§).

The Moyal formulation presents new and alternative computational tools [20, 26| for
studying OSF'T and which leads to simpler manipulations. As also suggested by Ellwood
et al. in [14], it would therefore be interesting to explore the analytic structure of the
tadpole state in the Moyal/diagonal basis, where the interaction term simplifies.

Although the BCFT analysis in [14] reveals a lot of information about the structure
of the state |T), it is also a useful exercice to understand it purely from the open string
perspective as we do in the somewhat algebraic approach here. Another motivation for
our work has been to test the validity of the Moyal representation at the one-loop level
by extending the off-shell tree level results [20, 21, 26] and the computation of Neumann
coefficients [20, 26]|. As we shall explain below, the Moyal approach of Bars provides more
analytic control over the infinite matrices arising at one-loop, using which we were able to
improve our understanding of the matrix R(¢) (in (1.2) above) near the two boundaries
of moduli space: ¢ = 0 and t = co. In particular, we were able to demonstrate the utility
of the formalism by correctly capturing the linear order behaviour (3.63) near t = 0,

which precisely coincides with the BCFT prediction [14], without any extra factors of 2
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(as happened in the oscillator case). However, we are now able to see this purely from
the OSFT perspective without employing explicit closed string operators.

Since the tachyonic divergences are artefacts of the bosonic theory, we shall limit
our attention in this work to the finite factors from the squeezed state matrix R(¢)
characterizing the Fock space state in the ghost sector (1.2). Its matrix elements may be

extracted by taking inner products with pure ghost excited states:
<Q|ém8n|T(t)> = _an(t) X SO(t)’ (1'3)

where Sp(t) would be a scalar piece, dependent on the Dp brane system. We will be
interested in hints of non-analyticities in Ry, (t), such as the exponentially suppressed
sub-leading terms from (4.23) that are expected from closed string physics. Furthermore,
in Siegel gauge, it is consistent to restrict to twist even and SU(1, 1) singlets [27] for the

test states, which translates to

R2n72m—1 =0, mRpm = n Ry (14)

The Feynman rules in non-commutative £ space (§2.2.4) may be used for summing over
a complete set of states i€ =& " The evaluation in the Moyal basis then involves
transforming certain coefficient matrices having substructure in terms of some simple
matrices—which in turn obey a set of rather simple relations (See [20] or §2.2). This has
produced alternate expressions for the integrands that we have used as the starting point
for an independent analysis. The calculations are simplified due to a monoid subalgebra
[20], which is significantly easier to handle in the Moyal approach than the operator
algebra used in the oscillator analysis. It is noteworthy that since the matrix relations
are satisfied even at finite level, we have a consistent truncation for numerical checks,
although we lack gauge invariance and are limited to machine precision due to the size
of the constituent matrices and their substructure. Since gravity is an inconvenience, we
shall concern ourselves with only the flat D25 brane background.

We show that the formal expressions involving matrix inverses correctly capture the
linear order behaviour near both limits ¢ — 0 and ¢t — oo of R(t). The qualitative
difference near the closed string region between the Moyal and oscillator expressions is
that, in case of the oscillators an intermediate matrix becomes singular but in the Moyal
case the matrix becomes singular trivially due to the whole matrix vanishing. Interestingly
enough, the peculiar nature of the Virasoro operator Lg in the diagonal basis (3.9) leads

to a pole-zero cancellation and results in

R (t) = Crm — 1 Cpm t + O(£2), (1.5)
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whose linear term carries information about the conformal mappings used for the in-
coming external states in the BCFT prescription, and serves as a consistency check on
the expansions that follow. Again, the monoid algebra renders the treatment of excited
states more tractable and allows one to extend the existing (very detailed) results from
the tachyon case [13], at least numerically. Somewhat surprisingly, associativity is also
seen to hold to this order §3.4.

Using a geometric series, we are able to expand the matrix R(¢) in terms of special
functions owing to the simple nature of the constituent matrices. This leads to a discussion
of vanishing but non-analytic contributions at ¢t = 0, such as t*log(t). By going to the
continuous k-basis, we also verify the correct linear behaviour in ¢ := e~* close to zero
or t — oo, that matches with the oscillator construction. In order to probe for hints of
non-analyticity in the complex ¢ plane, we use the oscillator expression (2.76) to obtain
the coefficients of the general matrix element Ry, (q) till ¢*® using the NCAlgebra [28]
package. We move onto construct the associated Padé and Borel-Padé approximants and
perform various consistency checks.

Quite a lot of work (see [15, 17] and references therein) has been done to understand
the one-loop structure of the theory since the work in Refs. [12-14]. An analysis was also
done using open-closed string field theory of Zwiebach [29] in [14] where it was shown
that it naturally incorporates the shift in the closed string background—just like in gauge
field theories. In this regard, we must mention the somewhat recent work of Sachs et al.
[17] where the quantum (in)consistency of OSFT has been precisely characterized in the

language of QOCHA (quantum open-closed homotopy algebras).

We must also mention in passing another more recent gauge choice called the Schnabl
gauge, where tree amplitudes (and loop amplitudes to some extent) simplify immensely;
both the kinetic term and the interaction terms become more tractable in this conformal
frame. This gauge was originally chosen while constructing the non-perturbative tachyon
vacuum solution of OSFT in terms of surface states called wedge states [30]. Additionally,
at the one-loop level new interesting geometrical structures arise [31] which may help with
computations in the more physical open superstring field theories where the tachyon would
be projected out, but the gauge structure is much more intricate.

We however continue to choose the Siegel gauge since the computational techniques
are more readily available in this frame. Due to the severe divergences from the closed
string tachyon (and the absence of winding states, etc. See the discussion by Okawa in
[11, §5]), the Witten type OSFT is truly inconsistent at the quantum level when one
starts considering loop diagrams. Hence, the quantization procedure is necessarily formal
but one can hope that the divergences are just an artefact of the bosonic theory and we
can still learn helpful lessons from this kind of exercices. We refer the interested reader
to the seminal work of Thorn [10, 12| and the construction of quantum effective actions

using the Batalin-Vilkovisky (BV) machinery [9, 12] therein. Since we have been unable
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to connect our analysis to the one in terms of the effective action, we do not discuss
the role of these subtle boundary contributions to the one-loop tadpole graph, which is
calculated “from scratch” in the work by Thorn. See also [14, §6.3| for a discussion of the
issue of gauge invariance at the one-loop level and some comments on possible mismatch
with the earlier analysis [10] in the Siegel gauge.

The rest of this Part is organized as follows: In chapter 2, we first review some
essential aspects of perturbative OSFT and the Moyal representation. This is followed
by a description of some known results from the oscillator analysis of the tadpole and a
summary of our notations for quick reference. In chapter 3, we apply the Feynman rules in
Moyal space to the tadpole and present algebraic expressions for the integrand, with focus
on the ghost sector. The main calculational tools would be the monoid subalgebra §2.2.3
relations (2.59) and the transformation rule for a monoid element under e~*%¢ operator
(3.10). We shall be quite explicit throughout the discussions since we are also seeking
to clarify a minor mismatch with the oscillator construction, and because most of the
operations are elementary block matrix multiplications or Gaussian integrations. Next,
we analyse the squeezed state matrix R(t) in chapter 4 using a geometric series expansion
and present some illustrations of the procedure. We compare various approximation
methods near limiting cases numerically. These two chapters contain the main results of
this Part. Several discussions and intermediate steps may be skipped altogether and the
attention be restricted to the final form of the expressions. Due to the rigid nature of
the Witten vertex, we have four diagrams contributing to the 2-point function and their
ghost sector is discussed briefly in chapter 5. Finally, we close this part by making some

comments in relation to our results and directions for future work in chapter 6.



10

Chapter 2

Algebraic structure of perturbative
OSFT

In this chapter, we review some essential aspects of open string field theory that provides
context for the subsequent discussions and also in order to set the notations. For the
general structure of the theory, we follow closely the very excellent lectures by Zwiebach
and Taylor [11]. See also [11, 16] for modern developments and [10, 12, 33] for classic
treatments of the subject. We shall then review the Moyal representation of the % product
[19, 20, 25] using which most of the calculations in this part are done. The discrete Moyal
basis would be reviewed in which the joining operation of strings simplifies. The monoid
subalgebra and the Feynman rules in Moyal space would be discussed which are essential
for describing perturbative scattering processes in our framework, and which lead to the
analytic expressions for the one-loop tadpole and the string propagator we derive in the
following chapters. Next, we recall some results [14]| from the closely related oscillator
formalism, where alternate expressions can be written down for the physical quantities
we study, and which we seek to improve upon. We close this chapter by collecting
together some oft used notations and slight modifications from prior conventions for quick

reference.

2.1 Gauge choice and quantization

String field theories are spacetime formulations for interacting strings that are similar
in spirit to the quantum field theories. Two essential requirements demanded from such
theories are that a) the kinetic term should lead to the correct physical states , and b) the
interacting action must reproduce the S-matrix elements of the Polyakov first quantized
string theory by providing a single cover of the associated moduli space. A very useful
toy model to study is the open string field theory for bosonic strings and where these

statements have been rigorously proven [32].
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2.1.1 Basic ingredients of OSFT

Open string field theory is a second-quantized formulation of bosonic open string theory
that has as its dynamical variable the classical string field ®, which may be represented as

an element of the state space of a matter-ghost boundary conformal field theory (BCFT):

|®) € HecrT = Hmatter @ Hghost, (2.1)

and contains a component field for every state in the first quantized string Fock space. An
elegant covariant formulation of this theory has been given by Witten with the following
classical action:

1 o
Scl[q)] = —§<(I)7 QB(I)>pr - %<¢)7 D x (I)>bpza (2'2)

which has the general structure of a Chern-Simons theory. It employs the BRST quanti-
zation procedure which ensures that the underlying worldsheet theory is physically equiv-
alent to the one in covariant quantization. The string field may also be thought of as
being valued in a graded algebra A which is chosen as the space of string functionals of
the embedding coordinates (matter) and the reparametrization ghost field arising from

fixing the worldsheet metric to conformal gauge (Yap ~ dgp), i-€.
A= {®[X*(0); ¢(0)]}, (2.3)

where o € [0, 7] denotes the canonical worldsheet parameter of the open string. We shall
be focussing on the ghost sector primarily and hence discuss it in more detail in §2.2.2
and appendix 3.2.1 below. Additionally, we shall take the underlying boundary conformal
field theory (BCFT) to be that of the flat D25 brane theory, although OSFTs may be
defined for any matter system with ¢ = 26.

The basic ingredients' of the above action are the first-quantized BRST operator
@B, the BPZ inner product (.,.)pp, (or the [ operation), and an associative but non-

commutative * product between the string fields subject to the following “Witten axioms”:

Grading: The string fields are subject to a Z grading for the ghost number, G¢ and Zs
for Grassmannality. The ¢ ghost and the b anti-ghost are assigned ghost number
charges of +1 and —1 respectively, and are Grassmann odd. The classical string

field |®) € Hpcrr at ghost number +1 and is also Grassmann odd.

Differential: The BRST operator Q5 = § 4% jp(2) defines a map Qp : A" — A" ie.

it’s a degree one operator under the grading. It is nilpotent: QQB = 0, and satisfies

!See [9] for a precise treatment of these algebraic structures. In recent formulations that have proven
useful, this would define a differential graded algebra (DGA), which encodes the maps [17]. The require-
ment of associativity may be relaxed to obtain a homotopy associative algebra or a cyclic A structure
[16, 17].
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the derivation property:
Qp(P1 + 02) = (Qpd1) * Ba + (—)“*1 01 % (QpP).

Associativity: The binary * product is assumed to satisfy: (®1xPg)xP3 = P1x(PoxP3).

BPZ inner product: This is an invariant, bilinear form of ghost number —3 that is
graded-symmetric. In terms of the [ operation it induces a map [ : A — C that
respects the following relations: [Qp® =0, [® =0 if Gp # +3, and cyclicity:

/‘I’l * q)g = (—)Gq)le)? /CI)Q * (I)l.

These axioms uniquely determine the action by the requirement of extending the gauge
symmetry from the free theory to the interacting case.

This field theory reproduces a single covering of the moduli space of Riemann sur-
faces generated by the underlying matter-ghost boundary conformal field theory (BCFT).
Hence, all on-shell scattering amplitudes are guaranteed to be generated through a Feyn-
man diagrammatic expansion. It also encodes rich non-perturbative string physics even
at the classical level, as has been shown in the study of tachyon condensation [11, 30|
and the computation of gauge invariant observables, called Ellwood invariants [15], for

example.

Next, let us turn towards the * product which is one of the central aspects of Witten’s

OSFT.
2.1.2 The * product operation

The interaction between open strings is implemented by using the * product which endows
the state space Hpcpr with the structure of a non-commutative algebra [8]. For the
matter functionals, this can be imagined as by imposing delta function overlap between
the two halves of each string: the right half of the first string matches with the left half
of the second string, as depicted in Fig. 2.1. This leads to the following connection

conditions:
X)) - X V(r—-0)y=0, PY(o)+ P V(x-0)=0, (2.4)
for the matter sector and in the ghost sector:
AN @)+ N —o) =0, (o) bV (x —0) =0, (2.5)

where now the parameter o is restricted to 0 < o < 7/2 and r = 1,2,3. See [34]
(and references therein) for a careful treatment of the ghost sector and of the general

N-string vertex case. It is worth mentioning that in concrete calculations, the delta
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€

AY

(a) (b)

Figure 2.1: (a) The Witten style gluing of two string fields ® and W to give the new string
@+ . (b) The BPZ inner product or the [ ® % ¥ operation among string fields.

function overlap above is implemented by evaluating correlation functions of the BCFT
on canonical domains such as the upper half plane (UHP) where the Neumann functions
may be constructed explicitly. In particular, the three half-discs corresponding to the
three open string worldsheets can be glued together consistently using conformal maps
discussed in [11] (See in particular Ohmori’s helpful discussion in §2.3 from the set) to
obtain the 3-vertex.

A wealth of information has been gained about the structure of the theory using
powerful Riemann surface theory employing elegant conformal mapping techniques. To
appreciate how non-trivial the construction of the interacting SFTs is, even for the bosonic
open string is, it is necessary and instructive to understand the geometry of the conformal
frame dictated by the underlying worldsheet theory. However in this work which focusses
on the algebraic approach, it suffices to remark that since the conformal frame has a
somewhat complicated geometry, it introduces non-trivial conformal factors and branch-
cut structure in both the matter and the ghost sectors. This makes explicit study of
the string diagrams highly non-trivial in general, especially for loop amplitudes requiring

constructions involving higher genus Riemann surfaces [13].

2.1.3 Siegel gauge
From the resemblance of Witten type OSFT to the Chern-Simons action and p-forms,

one can infer that the classical action in (2.2) is invariant under the following gauge
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transformation, once the Witten axioms are satisfied:
AP =QBA+DxA—Ax], (2.6)

where A is a ghost number zero, Grassmann even string field. Conversely, the cubic action
is the unique action allowed by extending the linear gauge symmetry (5,® = QpA) to
the non-linear level.

Because of this huge gauge symmetry, we must first fix a gauge before deriving the
Feynman rules of this theory. A venerable gauge choice is the Siegel gauge where the
kinetic term (®,Qp®) simplifies drastically. This is obtained by dictating that? the
string field satisfies:

bo|®) = 0, (2.7)

where by is the anti-ghost zero mode. Then we can rewrite ® as ® = bycp® by virtue of
the anti-commutation relation {bg,co} = 1. Now, the kinetic term can be rewritten in

terms of the total matter + ghost Virasoro zero mode:
Lo=L§ + Lg" (2.8)
by making use of the relation {Qp,bo} = Lo as
Siin = (®[éo(Lo — 1)|®) (2.9)

where we revert to the first quantized operator language for convenience. Now, one may

express the propagator in terms of a Schwinger parameter as:

o'by(Lo — 1)1 = a'by /OO dt el emto, (2.10)
0

where we assume that the integral exists. We can interpret the action of the operator
e tLo as to create a rectangular worldsheet strip of length ¢ and width 7, the canonical
range for 0. The cubic term representing the x product now results in a Riemann surface
or string configuration constructed out of three such rectangular strips, which is flat
everywhere, except for a curvature singularity at the common joining point. The external
states in a given interaction can now be placed as vertex operators on the appropriate
semi-infinite strips to evaluate the correlators [33]. We shall return to this procedure for
OSFT perturbation theory later in §2.2.4 in the Moyal framework.

2This can be accomplished by a gauge transformation, at least at the linear level [10, 11].
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2.2 Moyal representation of the star product

The operator formalism [34] in terms of explicit matter-ghost oscillators, a4, by, &, for a
given BCFT, provides another concrete realization of the Witten type overlap relations (in
addition to the one based on worldsheet path integrals above). The correlation functions
on the canonical domains are now expressed in terms of the nine Neumann matrices, which
are infinite matrices derived from the Neumann functions for the corresponding domain.
These come with state space and mode number labels. Since these are quite challenging
to handle analytically, the interactions were difficult to analyze in this language for hand-
calculations.

In [19] a basis for the open string degrees of freedom was introduced by Bars which
diagonalizes the cubic interaction vertex, and makes the connection to non-commutative
geometry as originally proposed by Witten rather manifest. The * product was imple-
mented as the Moyal product in the phase space of even string modes.

It is the qualitatively the same associative, non-commutative product between phase
space functions for Quantum Mechanics [35] that arose in the context of deformation
quantization and which coincides with the operator products, and also appears natu-
rally in non-commutative field theories[36]. This development could also explain the
spectroscopy of the Neumann matrices studied in [24]|. These algebraic transformations
correspond to diagonalizing the reparametrization operator Kj (see §4.3.2) which fixes
the special mid-point o = 7/2 or z = +i (in the canonical half-disc coordinates) as may
be expected from the geometric picture—this procedure in turn leads to a reduction in

the effective number of Neumann matrices.

2.2.1 The discrete Moyal basis for OSFT in the matter sector

We now discuss the discrete Moyal formalism, extensively developed in [20, 22, 23, 26]
by Bars et al, which will be the primary computational method used in this part. We
first consider the matter sector before turning to the treatment of ghosts (which is quite
similar structurally) and shall follow the discussion in [21, 26| closely. In Appendix A,
we provide further background on the Moyal product in the context of a finite number of
phase space coordinates.

Let us consider the mode expansion for the embedding coordinates and momenta for
an open string with Neumann boundary conditions (9,2 |y=0,~ = 0) for a fixed worldsheet

time (7 =0, say):

1
a' (o) =z + V2 Z zt cosno, p(o) = - Py + V2 Z phcosno |, (2.11)

neZ neZy
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where zff = 1 [do z#(c) and pl denote the centre of mass position and momenta respec-
tively (zero modes), and x}, and p}, with n € Z, correspond to the constituent Fourier
modes for the excited string states. In this subsection, we shall suppress the dependence

on the ¢ ghost and the Lorentz indices (u,v) for simplicity.

Half-Fourier transform to Moyal space

Now, let us consider the open string field |®) as a functional of the z#(o) degrees of
freedom, i.e. as a position space functional denoted by ®(xg, x2,, To,—1), where we have
separated the even (e) and odd (o) modes. This can be made explicit by going to the
oscillator representation of the position state bra (z| and writing ®(zg, ze, o) = (z|P)
as the Fock space bra-ket product. The bra (x| is now given in terms of the matter

oscillators «,, as follows:

1 iv2x, Kn Kn d/4
(al = (wolexp Y- (2 M 2;) M) - e
n S S S

n>1 n>1

where we have denoted the oscillator frequencies by &, and Iy = v/2a/ is the string length,
that would be later set to v/2. As we shall discuss below, the number of oscillators can
be taken to be finite in this framework consistent with the algebraic properties we wish
to retain, and hence the sums above may be taken for a cut-off that we call 2IN. Then,
the frequencies k, could be arbitrary functions of n instead of the usual integer values
Ke =€ = 2n,Kk, = 0 = 2n — 1, which we must restore while taking the open string limit

N — .

The Moyal string field A is then obtained by taking a Fourier transform with respect
to “half” of the degrees of freedom (we choose the odd modes x,) to convert the string

field ®(x0, ze, x,) defined in coordinate space to Moyal space A(Z, x¢, pe):

92
A(i‘, xe:ﬁe) = det (2T)d/2 H / d.%'g exp [_;nuu ZpgTeon <I)(1'07 e, Z'o)~ (2'13)

0>0 e>0

Here, the matrix T¢, expresses the relevant Fourier variables p, in terms of new variables

with even labels using a linear transformation:
o = 2peT‘eoa (214)
b 6
e>0

and 6 is a parameter that absorbs dimensions and would be set to 1 later for convenience.

The maps between the even (e) and odd (o) modded subspaces are thus implemented by
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the matrices:
T:H,— He, and its inverse R:He— Ho. (2.15)

We will later discuss some of the infinite matrices related to T' that arise naturally in this
transformation to phase space variables.

The matrix T, with mixed labels appeared in the split string formalism (see [34,
37-39]) that was used as an intermediate step in the original derivation by Bars [19] to
which we refer the reader for much more details and results. Additionally, the string field
depends on the midpoint coordinate Z := z(m/2). This variable is related to the centre

of mass variable xy used earlier through the mode expansions(2.11):

T =x0— Zwefce (2.16)

e>0

where the (infinite) vector w, is another essential ingredient in the formalism. The ex-
pressions for T, R and w in the infinite and the finite (cut-off) cases are given below
in (2.36), (2.38) and (2.52). These matrices will be crucial for the evaluation of string
diagrams attempted in this part.

By a similar procedure, the position space basis state (x| can be mapped to its Moyal

image that we denote by:

of _ ag

_ d
(5,61 (el = (5] €= (5 35) =, 600660 g (antr2re; /)",
(2.17)

where the ingredients My and A* are given in component form as:

s
My={ " 0 A = — 42k — ipfuw. (2.18)
0 Z:Tw'TT ~ 22 Teoky ol

and we have used (---)T for the matrix transpose. The phase space doublet with even
labels (z£,pt) is denoted by & i.e.

T
éf = ($57x57 7pgapz’) ) (219)

which we shall often use for brevity. Here, we remark that the (zo| appearing in (2.12)

above and (z| are related by a translation:

(z] = (zo| exp <—ipo Zweme> : (2.20)
e>0
Henceforth, we shall often suppress the midpoint dependence and write (Z, £| as (£| for the

bra defining the Moyal basis and also use p* for the momentum zero mode after dropping

the 0 subscript. Then, the Moyal field obtained from the Fourier transform procedure
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above and the Fock space state |®) are equivalently associated by:
A() = (€] ®). (2.21)

The * product in the Moyal basis

After this change of basis, the * product of Witten becomes diagonal in the half-phase
space i.e. is applied independently for each mode label e. Additionally, the product is
local in the midpoint coordinate Z (and the &y variable corresponding to the by dependence
for the ghost sector) as is the case with the original * product. This non-commutative
but associative product is represented as the exponential of a differential operator defined
through:

(4% B).8) = Al exp |10 Ty B B2.) (2:22)

where the matrix o is the off-block diagonal matrix

: 0 1
o =16 ( 10 ) = —0oy ® 1.. (2.23)

Here 6 is the common non-commutativity parameter which appeared above in (2.13), o9
is the second Pauli matrix, and 1. represents the (N x N dimensional for the cut-off case)
identity matrix with even labels. Let us also note the resulting canonical * commutator
in Moyal space:

[, €5 ) = 0" o, (2.24)

which is identical to the Heisenberg algebra.
We must emphasize here that before applying the derivatives to the string fields, one
must express the dependence on xg in terms of T and xz. using (2.16) above and then

carefully take the derivatives with respect to xe, pe.

The Lg operator which defines the kinetic term in the Siegel gauge becomes non-

diagonal in this basis and is represented by the differential operator:

L= 18- gTr(/%) — TDL (M R)De — € (Mg (2.25)

for the matter sector. Here 5y = —ilsg_, D¢ = 0 — i@we ,i , and the block
0z 0z, ls Ope

matrices £ and My (identical to the one in (2.18) depend on the string spectrum r,

through:
Ke 0 Ke 0
f= . My = . 2.26
( 0 TIQOR> " ( 0 %?TnngT> (220)
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The action of Ly on Moyal fields is required for many physical applications, such as the
computation of Feynman diagrams—which we outline in §2.2.4 below—for learning about
the perturbative structure of OSFT.

Although the Moyal map employs infinite linear combinations in string mode space
and hence is defined formally in the open string limit, it captures several aspects of the
physics of OSFT including subtle contributions from the midpoint [22, 23]. It provides a
concrete realization of the split-string picture |34, 37-39] while giving one prescription for
treating the midpoint anomalies by providing a consistent truncation [20, 22, 26|. This
regularization (briefly outlined in §2.2.3) is crucial for correctly reproducing the correct
string spectrum from the one-loop vacuum amplitude |21, Eq. 47|, [20, Eq. 4.20] and the
3-tachyon and 4-tachyon tree level amplitudes |20, 26]. For the reduced star product [34]
in Siegel gauge, the ghost and matter Witten vertices are thus equivalent to the discrete
Moyal star representation; this has also been shown from the fact that the formalism
correctly reproduces the Neumann matrices (from the oscillator representation) and by
making many algebraic relations among them manifest[20, 26]. It is one of the aims of
this work to further test the applicability of this basis at the one-loop level when there
are also external states involved.

Since we are mostly interested in the ghost contributions in this work, we have only
illustrated the general idea in the matter sector—which was developed first historically,
see [19, 26]. Some relevant matter contribution to the one-loop open string tadpole would
be presented in Appendix B. The continuous x basis would be briefly reviewed in §4.3.2.
Another continuous basis called the o basis which uses integral kernels was developed in

[40]; see also the discussion in [19, §3] and [23, §2| concerning this basis.

Next, we move onto the ghost sector of the theory. In many calculations, it is conve-
nient to work with fermionic ghosts instead of the bosonized ghosts (see for example, [19,
21]. This was carefully developed in [20] by Bars, Kishimoto and Matsuo, to which we
refer the reader for more details. As expressed earlier in (2.5), the b anti-ghost, which is
analogous to the embedding coordinate, satisfies overlapping conditions and the ¢ ghost,
which is similar to the momenta, satisfies anti-overlapping conditions. In terms of modes,
the ¢ ghost comes with cosine modes and the b anti-ghost comes with sine modes. Hence,
we can expect some slight asymmetry between the two sets (see (2.28)) of odd Moyal

coordinates (x,,p,) and (Yo, ¢o) needed for describing the be system.

2.2.2 The fermionic Moyal product

The bc ghost system
In the BRST formulation of the bosonic string, the worldsheet ghosts are introduced
as part of the gauge-fixing procedure analogous to the Faddeev-Popov ghosts in gauge

field theories. In the first quantized theory, the worldsheet ghost and the anti-ghost are
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denoted by c¢(z) and b(z) respectively®. These are anti-commuting fields with conformal
weights —1 and +2.
After setting the time coordinate 7 of the underlying worldsheet theory to 0, we can

have the mode expansion for these fields as follows:

bit(o) =Y bpe™ =m(0) Fib(o), (o) =) ene™ = ¢(0) £imp(0). (2.27)
nezZ nez

Analogous to the matter sector, we can have “positions” and “momenta” linear com-

binations [20, §2.2] that we denote by &y, pn, n and g, as follows:

VAN A 7 1 1 - .
7bn_b—n’ Anzién_é—nu Anzién"’_é—nu Anzibn"’_bn
\/5( ), b \f( ), 9 \/5( ), 4 ( )

(2.28)

[\)

so that we may write:

b(o) = iV2 Z Zpsinno, (o) = —ivV2 Z Dn sinno,

neZy neZy
c(o) =éo+ V2 Z Un cOSNO, me(o) =Bo+\/§ Z Gn COSNO. (2.29)
neZy n€Z+

Schematically, we may represent [23] this as:

b—>x, c—=>y®dcy

To = Py Te = ¢ D bo (2.30)

After choosing the Siegel gauge, we take the physical string field to be dependent only on
the ¢y mode. Here we understand that the by factor has been explicitly “factored” out.

By virtue of the canonical (anti-)commutation relations
{é¢n, Bm} = Optm,0 n,meZ,
we have the corresponding structure:
{Zn, Pm} = Onm, {Un,Gm} = Onm, but now n,m € Z,.. (2.31)

At this point, it is essential to introduce the SL(2,R)/conformal vacuum and the associ-
ated ghost vacua constructed out of it. The conformal vacuum |(2) is the vacuum invariant
under the global conformal group generated by the Lo+ Virasoro generators. Because of

the two ghost zero modes ¢ and by, we can have the two fold degenerate vacua |+) on

3We follow Polchinski conventions [41] for the bc ghost CFT.
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top of this:
=) =alQ),  [+) = éé|), (2.32)

at ghost numbers +1 and +2 respectively. One has the freedom to work with either of
these two vacua and henceforth we define states by using the |—) vacuum, conventionally
denoted as |€2) or sometimes |0).

From the underlying BCFT based on worldsheet path integrals, we require three ghost
insertions to account for the conformal killing vectors (CKVs) for the disc (tree level)
amplitudes. In the Fock space language, this translates to the additional normalization

condition 4 on the vacua:
(+[-)=1 = (¢_18061) = 1. (2.33)

Thus, in every non-vanishing inner product, it is assumed that the ghost number require-

ment is saturated to +3 in this form.?

Moyal fields

To go from the string field |®) defined in Fock space of (b,c¢) ghosts to Moyal space,
one performs a Fourier transform over half the number of degrees of freedom as done
in the matter sector. Now, however, the z.,y. modes are integrated out (as opposed to
the z, matter modes earlier) resulting in a string field dependent on odd modded Moyal

coordinates:

A(&)? Loy Yo, Posy QO)

= / dc 6_60614(57 Lo, _po/el’ Yo, _qo/el)
1 2N T 2 T 2
=27 N1 +w'w)"2 / deg | [ (—idaedye) e S00teow vetgrpeS wetgraolie (e, 2,y ),
e>0
(2.34)

where & is a fermionic object encoding the zero mode dependence, and ¢’ is the common
non-commutativity parameter in ghost space. the matrices T, R, S, and w would be
defined below.

As explained in [20], we find that it is more convenient to work with objects having
even labels instead of the odd parity elements that appear naturally in the ghost sector.

This results in further similarity to the matter sector. We emphasize that these are not

4We thus set the total spacetime volume to 1 through this normalization, which may be accomplished
by a toroidal compactification of all 26 bosonic coordinates, including the timelike direction. In general,
for Dp branes, the tangential /longitudinal directions may be compactified.

® The ghost number assignments are understood to be for the vertex operators as per modern con-
ventions.
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the original even degrees of freedom but special (infinite) linear combinations:

xz = TeoYo, pﬁ = R;)q07 902 = "{e_lseoxo, and pz = KeSeoPo | (2.35)
where

4 (3 4oi0—etl

Teo = — / do cos eo cos oo = %, and its inverse (2.36a)
T Jo m(e? — 0?)
4 (3 4e2 jo—etl

Roe = — /2 do cos oo (cos eo — cos ﬂ) = %, and (2.36b)
T Jo 2 mo(e? — 0?)
4 (3 4q0—etle

Seo = / do sineosinos = ——5——-, (2.36¢)
T Jo m(e? — 0?)

with mixed parity labels, in the open string limit N — oco. These matrices satisfy the

relations:
TR=1,, RT =1,, SSt=1., sts=1,, (2.37)

along with many more useful relations which we partially collect below in §2.4 and in
§2.2.3. Here we remind the reader that ()" refers to the matrix transpose which differs

from the (7) notation used in [20]. The infinite vectors w, v are given by:

2v/2i0-1 1
— /2t =Y T 2.38
We V2i , Vo — 7 0o ( )

Their finite N versions would be presented in §2.2.3 along with certain helpful algebraic
properties they satisfy. See [20, §2.1.3, Appendix B| and [22] for derivations and a careful

presentation of many more relations.

After this preparation, the * product among string fields valued in Moyal space with even

labels is implemented by the exponential of a bi-differential operator as follows:

A A

0zt opF " Bucop:  Ophoxb | apt Oug

o'
b, b c . cy __
(A* B)(xwpeaxe:pe) = AGXP (22

e>0

(2.39)
— -
where 0 and O are respectively the left right and left fermionic derivatives obeying the

standard anti-commutation rules, and €’ is the non-commutativity parameters for ghosts.

Metric wn ghost space

In [20, 42], the ghost Moyal coordinates were combined into a single 4N x 1 vector
€9 = (2%, pl, 28, p¢) T for the cut-off theory. This results in a few structural differences
with the matter sector, which we assume to have Lorentz symmetry. As suggested and

exploited in [26], we can combine the ghost (non-zero) modes instead into the two doublet
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¢l = ( xgc ) and £ — ( r ) (2.40)
—Pe e

which we denote together again by £9% This is done in order to use an Sp(2) metric +icq
12

vectors®

S o0

(with €19 = =1 = —e*,e11 = 0 = €22) in the (b, ¢) ghost phase space and to make the
SU(1,1) symmetry [27] [20, Appendix H| manifest whenever applicable; the metric ieq
is the analogue of 7.

Since the signs and factors of ¢ were somewhat important in our calculations, we

briefly spell them out here. Under an SO(4) rotation to the new basis,

a?
b b c

é-gh: pi s fl — :Eec 7 2 _ xeb

xe _pe +p6

De

we find that the block matrices transform as:

ERa— —ie ®iaq, ERL — Ih®w —o30,
La—1L®a, L ® B — —ic®iosf, (2.41)

where « is block diagonal and § is off block diagonal i.e.

(a0 (0 B
() ae(08) v

for N x N matrices a1, a2, 81 and Bs, which can satisfy additional symmetry properties
depending on the string configurations. The presentation now becomes slightly cleaner
due to the similarity of the algebraic expressions with the matter sector, such as for the x
product for a monoid subalgebra (2.59) and propagator transformation rules (3.10). This
makes the derivations of full matter+ghost integrands such as for the tadpole case below
(3.23) a bit more straightforward than earlier.

Notice that we now have the canonical * anti-commutator in the ghost Moyal plane:
{68, & b = —ie™" oy (2.43)

Hence, it is consistent to impose an —ie ® tensor product factor while defining dot prod-
ucts. In all fermionic bilinears and quadratic terms, this metric factor would be understood

to be present.

Supto some factors from [26] we have chosen for convenience.
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Expression for the Moyal basis bra (&, €97

Including the ghost sector, the string field shall now be denoted by fl(a’c, £, &, €9"). Similar
to the purely matter sector, the operation of going to Moyal space from the usual Fock
space may also be implemented by taking an inner product with a bra (£, z, £€9% &y| defining
the Moyal basis. Since the matter and ghost sectors factorize for considerations of the

basis states, let us use (£, 9% while restricting to the pure ghost sector and write
A&, €)= (60,6"|®). (2.44)

The result of the Fourier transform applied to the ghost “position space” basis is:
_1
gh| _ _o—2N T L iOlp o p—Eoléo—v2wT ee) ,—E9nTMI"¢oh—gIh TR
(&0, 89" 2 l+w w (Qlé_qe e . (2.45)

where M§ " is the analogue of My above in the matter sector, and appears in the definition

of the perturbative vacuum (2.61), and we have the vectors carrying Sp(2) indices

Ao V2R b, N — V2R ot (2.46)
! 2267 be 4 267wy ) 2 02ie. |’ '

~

which carries the positively modded oscillators ¢, b,,. Here we have transformed to the
even basis the expression given in [20] by utilizing some simple algebraic relations satisfied
by the relevant matrices.

In the Siegel gauge bo|®) = 0, one can factor out the ghost zero mode dependence
as A(Z,&, 6,6 = &A(Z,€,69), and we shall often use the symbols (9% and A(£9)
while referring to the ghost sector. We shall also set the non-commutativity parameters
0" = +1 = 0 by a choice of units. This sets the 2N x 2N off-block diagonal matrix defined
in (2.23) 0 = —09 ® 1., labelled by even integers. Thus, excluding the matter sector and

the zero mode, we can now write the Moyal star product between two fields as:

19 7

(A B)(e7) = A exp (Qagghzafg,) B(¢™);  where now Y= —ic®0

(2.47)

where the matrix € = io9 in the outer product is part of the Sp(2) metric above.

The trace operation

In order to discuss the string field theory action later in §2.2.4 and the normalization

of string fields, we must now consider the trace operation that is analogous to the [
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operation in Witten’s formulation. The trace” of the % product of n Moyal string fields
implements the joining of n strings and finally folding the string and gluing the half-
strings. This is associated with the n string interaction vertex |V,,) in the Fock space
language

Tr (Al *.--*An) ~ (B @@ (P|Vi), (2.49)

upto constant factors. This correspondence was used in the successful evaluation and
study of Neumann coefficients in [20],26, ref 1].
The trace above is simply represented as integration over Moyal (phase) space &, €9

with the appropriate measure:

det o’

Tr=—— e [ (d€) (d€9" 2.50
i e | () e (250)
where one can restore 6,0 for generality, by defining ¢/ = 0’01 ® 1c,0 = —0os @ 1. It
turns out that the integrals in this formalism would all be Gaussians and hence can be

expressed in terms of determinants and inverse of matrices.

2.2.3 Regularization and the monoid subalgebra
Regularized matrices for finite N

A very interesting feature of the discrete Moyal basis is the consistent regularization
developed in [22] by Bars and Matsuo, involving a cutoff prescription in the number of
string modes 2NN defining the phase space doublet. It allows for a deformation of the
string spectrum from the frequencies valued in the non-negative integers, 0 < n < oo, to
a sufficiently reasonable finite set® of frequencies &, as functions of n with 1 < n < 2N.
The finite versions of the N x N matrices T, R, S and N X 1 vectors we, v, from (2.36) are
in general dependent on all the frequencies k,,. These are uniquely solved for by requiring

that the following relations are satisfied:
R=r,2T"K2, R=T" +vw', v=T"w, w=R"v (2.51)

along with a few more general relations for the ghost sector [20]. The explicit finite forms

thus obtained in [22, 26] (see also [20, Appendix B]) are given by:

wevong wevo/ﬁg

Teo =

Roe =

2 20 T2 20
Ke — ko Ke — Ko

" Although we do not use the zero mode dependence, it is instructive to mention the structure here in
the normalization using the odd modes

/dgo Tr (A(go,g)T * (a%) - %/”Ta%> A(go,g)) = (D|ép|®) = 1. (2.48)

8Tt is somewhat interesting to compare this to the spectrum of the so called fractal strings [43].
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1 1
—q2e [y lK2/s3 — 1|2 v — o1 [1o[1 — w3/K2 |2

1 [ 1
He’;&e|K’g/K/g/ - 1|2 HO’#O‘]' - I{%/Klg/’2

we (2.52)

in terms of the x,. The matrix S appearing in the ghost sector can be expresses as
S = keTk,'. In appendix B we shall use these for numerical checks towards the overall
robustness of the regularization.

The T, R, w,v matrices were also shown to satisfy the following algebraic relations
starting from (2.51):

TR=1,, RT =1,, R"R=1,+w'w, T'T=1,—wv',
T T

TTT — f&’ TU:L’ o= — Y
1+wlw 1+wlw 1+wlw
Rw =v(1+w'w), RR" =1,+w' (1+w'w). (2.53)

As mentioned earlier, many more relations are carefully derived in [20, §2] that also involve
the matrix S and allowing for negatively indexed matrices .

This deformation results in a preservation of associativity while taking double sums.
This can be seen as follows. From (2.38) for the infinite N limit expressions for the w, v
vectors, we find that w'w — oo as N — co. Then from the relation Tv = w/(1 + w'w)
above, we conclude that v is a zero mode of the T vector in the open string limit. Hence,
marginally convergent infinite sums can become ill-defined by becoming dependent on
the order of summations. For instance, in the open string limit, we could obtain two
distinct results R(Tv) = R-0 =10 or (RT)v = 1,0 = v. However, looking at the relation
Rw = v(14+w"w), we infer a cancellation between an infinite and a vanishing factor taking
place, leading to an unambiguous result RTv = v. Therefore, associativity anomalies of
the above kind can be removed by working with the finite N expressions above (2.52) till
the end of a computation and then taking the open string limit in a controllable manner.

We remark that the regularization essentially removes the null elements of the algebra
by hand and hence is topologically different from the string field algebra, even in the open
string limit. It would therefore be very interesting to study this structure on its own and
because it correctly captures many aspects of perturbative OSFT as shown in [21, 26|

and as we shall see in the following.

Monoid subalgebra relations

The regularization also leads to a (Moyal) star subalgebra constructed out of finite number

of modes.” This subalgebra was originally derived for the infinite N case in [19, ref 1]

In the full open string field theory, all star subalgebras necessarily contain an infinite number of
modes for consistency with the Witten axioms. Here we are only considering the deformed theory. We
can relegate the subtleties of the closure of sub-algebras in string field theory by working at a finite
value of N, which is somewhat similar to level truncation, and hence amounts to imposing a UV cut-off.
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but the relations naturally carry over to the finite N case and the ghost sector (see [26,
§3, Appendix A] and also [20, §3.1] for an alternate derivation). The elements of this
subalgebra are string configurations corresponding to quadratic exponentials defined in
Moyal space:

Appiag(€) = Ne € MEETAike AT g) = 1, (2.54)

Here, the string configuration (for the matter sector) is parametrized by 2N x 2N complex
symmetric matrices M, a 2N x 1 complex vector A, the d dimensional momentum k*, and
a normalization factor N (which is independent of the £ but may depend on Z depending

on the Dp-brane system), set by the (matter) trace (2.50)

NethTogAT M1
det(2Mo)d/2

Tr(An mak) = (2.55)

which shall be taken to exist formally for the purpose of intermediate calculations.
The interesting result is that these shifted Gaussians when star multiplied retain their

structure in the sense that:

NlengMlgng)\1+ikly’c *N2675TM2575T/\2+H€250 _ N12€7§TM12§7§T)\12 pilk1tk2)z (2.56)
i.e. they define a closed algebraic structure under the Moyal star product:

AleMly)\lykl * AN27M27>\2J€2 = AN12,M12,)\12,1€12' (2-57)

Here k12 simply equals k1 + k2 by momentum conservation. The off-block diagonal anti-
symmetric matrix o appearing in the definition of the * product (2.22) makes it convenient

to define the matrices m; := M;o so that we have:
myp = Ml(f, mo = MQU, and mig = Mlga. (2.58)

Then the parameters for the product are fixed by the relations below:

mio = (m1 + mgml)(l + mgml)_l + (m2 — mlmg)(l -+ mlmg)_l, (2.59&)

)\12 = (1 — ml)(l + mgml)fl)\z + (1 + mg)(l + mlmg)fl)\l, (259b)
1

Nia = MiNs det(1 + mamy) exp [Jr Z)\ghTaKa/gA%h} where, (2.59¢)

—1\—1 —1
1
Kop = (a1 +my) X (+m2”fll) s mi= Mo (2.59d)
—(1+mime)™" (ma+mj )~

Although this regularization cannot realize the Virasoro algebra and breaks the gauge invariance, it does
preserve the non-linear Gross-Jevicki matrix identities [34] (see also (2.79) below) satisfied by the infinite
Neumann matrices. This is because the fundamental matrices continue to satisfy the same relations as
their infinite N counter-parts (whenever they are regular) even after the deformation.
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We remark that with the choice of basis (2.40) we shall use, the relations in the ghost
sector becomes identical including the signs, after the Sp(2) metric factor —ie from (2.43)
is inserted appropriately.

These shifted Gaussians form a monoid (essentially a group without the requirement

of inverses) or a semi-group structure by virtue of the following properties:
1. It is closed under the % product operation.
2. It is endowed with an associative product structure.
3. It has a unique unit element!'® which is the number 1.

4. Although the generic elements do have inverse images, not every element need have
one (for example, the projectors satisfying Ap x Ap = Ap, Tr(Ap) = 1 lack an
inverse, as may be readily verified).

It is in general non-commutative just like a group. Thus being just short of forming a
group structure due to the lack of an inverse, it is a monoid or a semi-group containing
many interesting string configurations useful for calculations.

In particular, the perturbative vacuum state for the ghost sector (in the Siegel gauge)

that we shall be using frequently, belongs to this class and is given by the monoid element:
igh h h
Agh(em) = g N§" exp [~€ Mg e (2.60)

where the matrix Mgh takes a block diagonal form in the purely even basis:

1 pT
LRTk,R 0
Mg = | 2 e . Mh=0, and
0 2k 1
NP = 272N (1 4 Tw) 3 (2.61)

is a normalization factor determined from the Tr(AEr)AO) = 1 condition. We also provide

the expression for the perturbative tachyon state ¢;|p; ), with a momentum p |20, §4]
which is employed in Appendix B for numerical checks requiring both the matter and

ghost contributions:

(6, €91 = PVED(1 4y Typ) =82 (7= € Makimuere —e " TUINET(9 )
where again the normalization is set by Tr(A;EAp) =1, My is given in (2.26), and d = 26
for criticality.

As we shall see, the shifted Gaussians serve as generating functionals for describing

scattering processes which can involve perturbative (and non-perturbative) excited string

Ycorresponding to the identity state |I) under the reduced star product studied in [34].
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states in addition to the tachyon. To this end, let us consider again a general monoid
element:

Apr s poton g = NePFem§ MEEA g st Tyt (2.63)

and for the purpose of string diagrams with perturbative external states, restrict to the
class with M = My and M9 = Mgh, while keeping the rest of the parameters general.
The excited states are represented by polynomials in &, £9” multiplying the tachyon state

Ap(&, 697 above, i.e. we have:

Ac(§,€7) = p(&, €M Ap(€, €7 (2.64)

These are the analogues of the Gaussian string states multiplied by Hermite polynomials
in the functional formalism but now defined in the non-commutative Moyal space. The re-
quired polynomial factor can be prepared by differentiating the monoid A (¢, §gh)e_5T)‘_5ghT)‘gh
with respect to general matrix parameters A, 9" to bring down “powers” of &, £9" taking
the needed linear combinations, and at the end setting A = (—iwepe,0) and A" = 0.

Hence, equivalently it would be possible to perform computations with general monoids
A, = Ap(g,ggh) e~ M= hile utilizing the monoid algebra relations to obtain a
functional that depends on a set of /\a,)\‘%h for each external state labelled by «, and
then differentiate this functional to recover the original amplitude. Thus, we see that the
subalgebra is a helpful structure for explicitly evaluating string diagrams, to which we
turn next. We shall be mainly exploiting these rules while evaluating the tadpole and

string propagator diagrams in the rest of this part.

2.2.4 Procedure for evaluating string diagrams

In order to study string diagrams using this formalism, we require the gauge fixed string

field theory action written in Moyal space 20, 21]:

Sar == [ s T (A€ (Lo - DA+ A0 A, + 4@,
(2.65)
where A(Z,£) contains only the non-zero ghost modes and the full string field has the
explicit zero-mode dependence A(z, &, &) = &A(Z,€) in Siegel gauge. We remark that
this form of the action is also applicable for the finite N truncations.
Let us recall from §2.1.3, that the Ly = Lé( + Lgh operator appearing above is the

—tlo generates worldsheet strips of

worldsheet Hamiltonian and therefore the operator e
length ¢ and width «. This operator arises in the Schwinger parametrization (2.10) for
the inverse of the kinetic operator above, i.e. (Lo — 1)~!, which is the propagator. The
propagator is the other ingredient needed while constructing string diagrams using SFTs,

in addition to the vertices, which is given by the % product interaction in case of OSFT.
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Due to the interplay between kinetic term and the interaction term in OSFT, the
propagator becomes complicated in £ space and involves a potential term (2.25), (3.9).
Hence, we expect to have a non-trivial action of e 7*0 on string fields, which can however
be expressed in closed form in terms of hyperbolic functions. Let us look at the “t-evolved”

monoid element in the matter sector:
A(t,€) = ety (/\/'eféTMgng)‘ eipf) = N(t)efiTM(t)E*ET)\(t) R (2.66)

The transformed parameters are given by the rules:

M (t) = [sinh t& + (sinh t& + Mg M~ cosh (t&)) '] (cosh (t&)) Mg\, (2.67a)
A(t) = [(cosh (ti) + MM sinh t&) ™ (A + dwp) ] iwp, (2.67b)
Ne 7t A M + coth tRMg)~1(A
w(py = Lo [ i) (M coth My ) 7O+ fup) (2.67¢)
det (3(1+ MMF) + 51— MM )e-27)

There are arrived at in [21] by using the fact that A(t, £) is in the kernel of the Schrédinger
operator (0; + Lg) or by transforming to Fourier space as done in [20, §4.2| for the ghost
sector. The ghost sector rules would be provided later in (3.10) when needed. Here we
recall that Mg® (2.18) i is the matrix that appears in the perturbative vacuum Ag(€)
(2.62) and K (2.26) is a natural “spectral” matrix.

The monoid subalgebra [20, 26| (2.59) and the propagator rules thus allow for one
straightforward way of formally writing down the integrands for Feynman graphs in the
non-commutative ¢ space. Now let us briefly consider how these are applied to general

string diagrams. See [20, 21, 26| for more details and examples.

Tree diagrams

The procedure for evaluation of evaluation of tree diagrams can be outlined as follows:

1. The external states are represented by monoid elements A;(Z, £, £€9%) appropriate for

the (primary or non-primary) operator insertions on the semi-infinite strips.

2. Two external legs A; and A; meeting at a vertex are joined together using the x*

product rules (2.59) to give the resulting string field A;; = A; x A;.

3. The intermediate string fields are propagated using the operators qf“ = ¢ talo (see
(2.10)) using the transformation rules just described (2.67). These are then star
multiplied at vertices and depending on the topology of the string diagram may be
further propagated while accounting for all the string fields.
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4. The final trace operation (Gaussian integration over &,£9%) (2.50) implements the

folding of the two halves of the resulting string.'!

Here the variables g, = e e encode the modular parameters of the intermediate strips
tq; the string diagrams are therefore evaluated at fixed t,. The combined matter + ghost
integrand would then need to be integrated with the appropriate dt, el measure (see
(2.10)) over the moduli space given by t, € [0,00) (or equivalently q, € (0,1] with dq,/q>
measure factor), which is a simple enough geometrical object.!?

For illustration, let us consider the tree level 4-point function in OSFT which was
studied using the Moyal formalism in detail for tachyonic external states in |26, ref 2| by
Bars and Park, and in [20, 21]. This requires the evaluation of the s-channel and the

t-channel diagrams shown in Fig. 2.2 (and their permutations).

(a)

Figure 2.2: (a) The s-channel diagram 12A34(¢) and (b) the ¢-channel diagram 41 Aa3(t)
contributing to the OSFT 4-point function at a fixed modular parameter ¢t. Here the
external string fields are denoted by the monoid elements A4;(§),i = 1,2,3,4, carrying
momenta p!’ which could be taken off-shell. The ¢-channel is related to the s-channel by
a cyclic permutation (colour ordering) and by interchanging the Mandelstam variables:
s <> t. Further permutations give lead to identical dependence on s,t at the end.

For the s-channel, the starting expression as per the above procedure for Moyal space

would be:

12A34(q) = / dd:f‘ Tr [qLO (Al * AQ) * A3 * A4] . (268)

HThe last * product may be omitted since it reduces to the ordinary commutative product under the
trace by virtue of integration by parts.

2There are further change of variables and careful orderings needed for simplifications and for arranging
identical expressions for the various string diagrams contributing to an amplitude. See [13, 26] and
references therein.
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In words, the external states represented by the monoids A; and A, are first star mul-
tiplied (2.59) to given an intermediate string field Ajo = A; % Ag, which is also of the
monoid type. The ¢*° then evolves it to the element Aj2(q) as per (2.67). The remaining
vertex star multiplies A12(q), A3, and A4 with the correct cyclic ordering, and implements
the trace. It is convenient to first multiply As and A4 to give Asq and then drop the x
product between Aj2(q) and Ass. The Z integral simply leads to a momentum conserving
delta function (27)%6%(p1 + p2 + p3 + pa).

Using the same method, the t-channel expression is given by:
11 Az3(q) = / %z Tr [q"0 (Ag * Ar) % Ao * As] . (2.69)

The off-shell integrands for 4 tachyonic external states were computed in [26, ref 2],[20,
21] in terms of the relevant Mandelstam variables s = —(p; + p2)%,t = —(p1 + p4)?, and
were shown to lead to the Veneziano amplitude directly, without recourse to conformal
mapping techniques. Additionally, the formalism also produced detailed information on
the relevant “off-shell factor” than was previously available. See the references mentioned
for more details on the computations and analysis.

We shall be using the structure of the s and ¢ channel diagrams above while writing
down the one-loop 2-point function later in chapter 5. Let us now turn to loop diagrams

whose simplest cases we analyze in the rest of this Part.

Loop diagrams

In case of diagrams with loops, one also needs to perform a state sum which is the
analogue of the integral over loop momenta for a single scalar field. One can augment

the procedure for tree diagrams to write down loop integrands as follows:

1. One can imagine a single loop as formed by identifying two legs of an off-shell tree
amplitude, which can be obtained by cutting the loop. We can label the two fields
by the monoids A; and A; as before.

2. Next, we replace these by
A; qﬁ/o (€+i£T7li+ip¢i €*5ghTTlgh’z‘> 7 Aj e*iﬁTm‘*ipii €+EghT?79h’z‘ (2.70)

If we consider the contribution only from the ordinary ghosts, we can insert a
(normalized) Fourier basis et 1+ ¢=¢" ™" which furnishes a complete set of

states.!® The states are propagated using qfo as before.

3. A (dn;) and a d%p; integration at the end then implement the state sum we seek.

3These are to be understood in the form of a distribution due to the singular normalization involved
and the vanishing quadratic term in the exponents.
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Once again, the integrations over the moduli of the propagators t, needs to be performed
with the appropriate measure [;° dt, e’ = fol dqa/q>.

The simplest one-loop diagram is the one-loop vacuum integrand without any external
legs shown in Fig. 2.3. This is the annulus diagram which leads to the partition function

and hence the open string spectrum. Applying the rules, we can write it as:

7T

which can be obtained starting from the 2-point vertex Tr(A; * Az). The result of the

exp[ﬂ' & q] eiPYI//
/

S
.

Ie'xp[‘_i{:r ,7] eiPX
, .

Figure 2.3: The one-loop vacuum diagram in OSFT at a fixed modular parameter ¢ in the
matter sector. The Fourier basis for taking the state sum are represented by et N oEipT
One state is propagated using e 770 before taking the overlap; the integrals for state sum
are over 1, p.

calculation after taking into account the ghost contribution as presented in [20, §4.2| by

Bars et al. is

I()(t) — (27T)d/2l;dt7d/2 et H(l _ eftlie d 2) H tﬁo d 2) (272)

e>0 0>0

This contains the correct open string spectrum with all the non-negative integer fre-
quencies and coincides with the first quantized result. This calculation highlighted the
importance of the finite N regularization limit prescription of taking the open string
limit at the end of a calculation, without which the odd frequencies k, = 2n — 1 would
disappear. We shall also make use of this expression later in §4.3.3 while performing a
simple consistency check using factorization [44] in the ¢ — oo limit for the tadpole result

obtained in the next chapter.
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The same method holds for loop diagrams with external states involved. For instance,
the tadpole diagram Fig. 3.1 that we will be focussing on in §3.1 can be obtained by joining
two legs of the off-shell 3-vertex Tr(A; x Ag * A3) to form a loop and inserting a complete

set of states.

As is clear, there are many formally equivalent ways of doing a computation—some
of which owe to associativity, cyclicity, etc. and others from interchanging (dn;), (d€)
integrations. Thus the Moyal expressions can also lead to interesting algebraic relations.
We note that for the purpose of numerical calculations, it is also useful to consider the
Feynman rules in the Fourier basis given in |20, 21| and briefly described later in §3.4

while examining associativity for the tadpole calculation.

2.3 Results from the oscillator basis

In the oscillator construction [34], the Fock space of open (bosonic) string fields is con-
structed by acting with the creation operators o jo» b—n> C—m on the vacuum \Q) The
star product is then implemented by using n-vertices belonging to the tensor product of
the dual spaces H(®*. In particular, we have the three-vertex (V3| and the two-vertex
(V| whose explicit structure encodes the Witten-style overlapping conditions (see |11, 34]
and references therein). The 3-string vertex fixes all the interactions that may arise in
the theory. For the purpose of this work, we provide only the relevant ghost part [34, 45]

appearing in the combined vertex:

(V3| =*(V3| ® 9"(V3],
I (Vs| ~ 195(Q exp(—E4M), (2.73)

where Egh is a quadratic form coupling the ghosts involving the ghost Neumann matrices
X5

3 [e'e)
B =N X bl (2.74)
r,s=1 n=1
m=0

Furthermore only the coefficient matrices for the non-zero modes (in the Siegel gauge)
would concern us. These are the ghost Neumann matrices denoted by X775 | with r;s €
{1,2,3} and by their symmetry and cyclicity properties, we can restrict to X n —
X x12 — x() and X2' = X(5). They are algebraic valued and can be obtained

efficiently from CFT using contour integral representations [11, 34].

The one-loop tadpole can be represented as a ket (or more properly as a bra) which

involves an exponential purely quadratic in the creation operators. These special states
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then belong to the class of squeezed states in the Hilbert space.

|T) = / dt et det(1 - S)f) exp (—1CLJfMaJr - CTRbT> ¢olY). (2.75)
0 (Qdet(1 — SV))13 2

where the ¢ dependence in () and the infinite matrices M, R, X , and V are understood.
The relevant inner product involving reflector (Val,|V3), Lo, etc. is presented in (3.65).

We quote the following form for R(¢) derived in [14, §4] using squeezed state methods
presented in [18]:

R(t) = X" + [ X12(0,¢) Xﬂ(o,w]l_ls)?srfm w;] (2.76)

The “hatted” matrices are simply the Neumann matrices dressed with the ¢ dependent

propagator factors of the following form:
Xt 1) == e MR/2 Xm0/, (2.77)
In terms of these, the infinite matrix X is given by

S| XM X2t

X = X2t ) X(t) | (2.78)

and S = 1y ® C, where again C;, = (—)"0nm is the twist matrix, that arises from the
specific overlap conditions imposed by the Witten type vertex in the matter and ghost
sectors. The above matrices become 2L x 2L dimensional in an oscillator level truncation,
which roughly corresponds to using 4N x 4N dimensional matrices in the discrete Moyal

representation for finite V.

Expansion around ¢t =0

As observed in [14], the infinite matrix R(¢) cannot be reliably expanded around the point
t =0 (or ¢ == e~! = 1) that we are interested in. This is because an intermediate matrix
to be inverted, 1— 5 X (0), for the expansion point becomes singular due to a subset of the
Gross-Jevicki non-linear relations satisfied by the unhatted matrices Mg 4 = —CX 0.+

in the ghost sector:

Mo+ My +M_ =1, MAM_ = ME— M,, (2.79a)
MG+ M3+ M2 =1, MoMi + MyM_ + M_M; =0, (2.79D)
M3 — Mg = MoMs. (2.79¢)



Chapter 2. Algebraic structure of perturbative OSFT 36

These are mutually commuting matrices and in the limit £ — 0, when we have

1-M_ My

1—5X|—o =
My 1- M,

, (2.80)

this allows us to express the determinant in terms of the constituent blocks by the usual

formula for 2 x 2 matrices:

det(1 — SX)|i—o = det(1+ M_M; — M_ — M, — M2)
= det (Mo — MG+ M_M,)
— det(0) = 0, (2.81)

which makes the Taylor series ill-defined. This fact is also carefully pointed out in [14,
appendix B|. The authors study these expressions numerically and comment on why a
level truncated analysis would differ from the correct numerical behaviour which matches
with a BCFT based expansion (3.63) as the level is increased. Since the identities only
hold in the infinite L limit, the problem does not arise at finite level, which effectively
acts as a UV cutoff for ¢t = 0.

Thus, the order of limits t — 0 and the level L — 0o do not commute and subsequently
the infinite level result gives a factor of —2n for the linear term instead of —n as confirmed
by numerical studies at finite level. As we shall see in §3.3, the Moyal expressions do not
suffer from this order of limits issue (at least at the leading order) and leads to the correct
linear coefficients. In the consistent Moyal truncation we use, something similar happens
with the inverse, but this time the full matrix to be inverted vanishes at ¢ = 0 even for
finite IV thus altering the UV behaviour.

2.4 Summary of notations for Moyal space calculations

Here we collect some of the notations and conventions that will be used in the rest of this

part.

Phase space basis vectors ¢, £9: The string field A(z,&,£9%) is valued in the non-
commutative phase space &' = (zf,....zhy,ph, .. .pgN),fgh = (& ,€2 ) labelled
by even integers. The doublet structure (z, p) would be understood in the following
which for ghosts is in (2.40). The zero mode dependence is factored out in Siegel

gauge through A= £0A(£9"). We shall suppress the Lorentz indices unless required.

The integration or the BPZ inner product is mapped to the trace in this phase
space. Also, we shall denote (d§), (dn), etc. for integration over the Moyal space
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1
modes!'* dd§1 ... dd§2N, ddm .. ddngN, and suppress the measure factors of ot un-
i

less necessary.

Constant matrices: The spectrum is denoted by a 2N x 2N diagonal matrix x, which
in the parity basis is K = Diag{ke, ko} and the labels e, o refer to the even and odd
integer mode numbers. In the open string limit N — oo, we shall set ko, = 2n
and Ko,—1 = 2n — 1, corresponding to the perturbative spectrum. A useful matrix
which naturally appears in the ghost sector is given by a similarity transformation
of k:

RN = (2.82)

RTk,TT 0

0 Ke ] .
The linear transformations to go to the discrete diagonal basis requires the use of
certain (constant) infinite matrices whose elements are simple functions of the mode
labels e and o. In the regulated theory, these have their finite dimensional analogues
which in general depend on the frequency matrices k. and k,. The infinite N limit
of the matrices is sufficient to see their fall off behaviour at large mode numbers in

infinite sums:

4 jo—e+1 4 2 ;o—e+1 2.9 jo—1
Teo = *La Roe = *Ly We = \/57;2767 Vo = iz .
e — 02 mo(e? — 0?) T 0
(2.83)
these satisfy the relations presented in [20] of which we mainly use:
2T 2 T ww "
TR:le, RT:J.O, R:KJO T Kes TT :16—m, (284)

where the last one is among the finite NV relations (2.53) and which turned out to be
crucial for insuring associativity consistent with gauge invariance and the correct

string spectrum.

Monoid elements: We shall be primarily using the monoid subalgebra §2.2.3 for our

calculations. These are shifted Gaussian functionals of the form
A(€) = Ne—& ME—ETA+ikT

For the perturbative ghost vacuum flgh = £, A" where Agh has parameters N@qh =
272N (1 + wTw)_% and M = Mgh (2.61). For external states built on the pertur-
bative vacuum, it is sufficient to consider a generating functional with M~ = Mg*

and M9" = —ie ® Mogh with a general AX, A9 and construct states as polynomials
P&, €9").

4The 7, £ here are (unfortunately) unrelated to the 7(z),£(z) conformal fields defined by FMS [5] and
in the recent developments in open superstring field theories.
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We shall assume that the interchanging functional operations as usually done in

QFT can be performed here as well, although it does not seem that straightforward.

Normalization factor: The Witten type vertex and the Moyal vertex are related by a
(divergent) factor. By using the regularized theory, it leads to a renormalization of
the bare coupling gg to the physical gr when considering the D25 brane reference
BCFT. The two vertices are related as:

<¢’1"I’2 * @3> = /L?TITI‘ [Al * A2 * Ag] (285)
where we have chosen the Siegel gauge and A;(§) = (£|P;) and

_ —d 2
pg = —22N@=2) (1 4 o Typ) 5" <det(3 + ttT)> (det(l + 3ttT)) . (2.86)

Modular parameters: We use the variable ¢ for the worldsheet lengths so as to match

the usual convention for the nome ¢ = e?™7. This requires that 7 + it /2.

g=c¢e", g =e M, g =€, etc. (2.87)
Some simple matrix functions that would be convenient for writing down integrands
can then be defined in terms of ¢ and the mode label n as f;(n;q) (i =1,2,3,4) to
be given in (3.16) and some auxiliary functions h;(n;q) and g;(n;q) in (4.1).

We shall be quite explicit in the following, since we are seeking to resolve the minor
mismatch in the oscillator construction and since many of the steps are simple block
matrix multiplications or Gaussian integrations. The reader can skip these intermediate
steps and essentially consider the final form of the expressions if desired. We shall also
retain the “gh” superscript although it is usually clear from the context when the quantities
refer to the ghost contribution. When the superscript is not used, it refers to the matter

sector which we shall sometimes denote by an “X” superscript.

In the next chapter, we shall apply the Feynman rules in Moyal space (described in
§2.2.4) to write down the formal analytic expression for the tadpole integrand that will
serve as the starting point for our analysis of the one-loop structure of open string field

theory.
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Chapter 3

One-loop tadpole integrand

In this chapter, we write down the one-loop tadpole integrand in the Moyal representa-
tion while focussing on the ghost contribution. This diagram represents the next simplest
probe of the one-loop structure of OSFT after the one-loop vacuum amplitude (the annu-
lus diagram which gives the partition function and hence the string spectrum). The open
string tadpole has a single external leg, and it receives contributions from the internal
propagation of closed string states. It thus encodes the coupling between the closed string
background and open strings. In usual field theories, the tadpole contributes to a term
linear in the field to the action, and can be chosen to vanish by a shift in the field value.
As analysed using the open-closed SFT of Zwiebach [29] in [14, §5] by Ellwood et al, the
shift in the closed string background is reflected in the open string tadpole as well.

We shall be using the Moyal method to further understand the structure of this
interesting object and consider certain finite factors. These can then serve as a starting
expression for examining the non-analyticities in the ghost sector, as a function of the
modular parameter ¢. For prior treatments using the CFT and oscillator methods and for
discussions on the divergences in the diagram, we refer to [10, 12, 14, 46] and references

therein.

3.1 Ghost sector expressions in the Moyal basis

We wish to obtain an expression for the one-loop contribution to the tadpole graph in
bosonic open string theory. Since this is an intrinsically off-shell quantity, we need to work
in the framework of a string field theory and we choose the Witten type OSFT reviewed
in the previous section. The string diagram for this process is depicted in Fig.3.1 where
an open string state at zero momentum (p. = 0) in a D25-brane background appears
from vacuum, splits into two open strings and then annihilate each other, just like in
QFT. It is parametrized by a single modular parameter associated with the length of the
internal propagator. The corresponding integrand at a fixed modular parameter ¢, may
be obtained by identifying two legs of an off-shell 3-point diagram and integrating over a

complete set of (normalized) quantum states et T o =6 T oo deseribed in §2.2.4.
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Figure 3.1: The open string tadpole diagram at a given modular parameter ¢ for an
external state A.(§) in Moyal space. The width of each strip is fixed to 7 and the
curvature singularities are suppressed.

Following the Feynman rules for OSFT perturbation theory in Moyal space outlined
in §2.2.4, we can formally write down the unintegrated amplitude corresponding to an

external state A.(§) as follows:

T(t) = _P diz d'p M (dngh) Tr [Ae % (e_ian+§gthgh€_ip.g—c) N (e—t(Lo—l) (eian—ﬁgthgheip-i)ﬂ .

3 (2m)d (2m)2dN
(3.1)

This will be the starting point for most of our analysis and it follows directly from the
gauge fixed action in the Moyal approach (2.65) after choosing the Feynman-Siegel (FS)
gauge, and is structurally distinct from the starting expressions in other methods. Here Tr
denotes ¢ integrations (2.50), Lo = Lé( + Lgh is the total propagator and we have evolved
one of the basis states using the e %0 operator before taking the overlap implemented
by the trace operation.

We have set [y = v/2 so that o = 1. Additionally as mentioned in the previous chapter,
in the discrete Moyal formalism we may be allowed to rescale the modes appearing in the
matter and ghost degrees of freedom in order to set the non-commutativity parameters
f=1=0.

The ghost number saturation condition for the Witten vertex dictates a total of +3
ghost number charge at each vertex. Since we restrict to off-shell states of ghost number
1, this then leads to the projection onto ghost number (3 — 1)/2 = +1 states for all the
states propagating in the loop. Hence, the Fourier basis we chose would be sufficient,
with the additional insertion of the ghost zero mode —&y which is always understood to

be present.

The expressions for the ghost sector contributions are naturally simpler compared to the
matter sector due to the absence of the ghost zero mode ¢ (in the Feynman-Siegel gauge).
Additionally, the ghost contribution is in a sense universal. Hence, we restrict to pure

ghost external states in this section and consider the matter contribution later in appendix
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B. As discussed in §2.2.3, the fields we consider would now be of the form p(ﬁgh)Agh(fgh),
where p(£9%) represents a polynomial in £9" and Agh is the vacuum monoid defined in
(2.61):

AZ" = Nyexp € TME" e — g Trh| (3.2)

These integrands may therefore be obtained by evaluating from a generating functional

W(A9" t) dependent on an element valued in the monoid subalgebra
A€ = N exp [~ TME M — ¢ TAM ] (3.3)

differentiating with respect to this parameter \9" appropriately and then setting it to

zero at the end of a calculation:

(e AG" = (p (—afgh> A1>

as done in usual quantum field theory calculations. Hence, it would be sufficient to analyse
the class of monoids of the form A;(£9%). Furthermore, we restrict A.(£9%) to be in the

SU(1,1) singlet sector [27]|20, Appendix H]| of twist even pure ghost excitations, since

©oh—y (3.4)

the tadpole state is a twist even singlet.

Method of evaluation

Interchanging the order of integration (between 7 and ) in (3.1) and using associativity

of the * product allows us to obtain various formally equivalent expressions:
(a) Ay x Ay — A1a[n, €] — A As(t) — Tr — [dn
(b) Az As(t) — Agsn,& 1] = [ dn — A1 Ad[€,t] — Tr
(c) Agx Ag(t) — Agz[n, &, t] — A1Agz — Tr — [ dn,
(d) As(t)* Ay — Aszi[n, &, t] — Az1 Ay — Tr — [ dn, and
(e) As(t) *x Ay — Agi[n, &, t] — Ag1As — [dn — Tr,
where the last two are possible due to the cyclicity of the trace.

We choose the first sequence due to its relative simplicity. The second one allows us to
identify the Fock space state by integrating A%;(€) with |£) but it involves a somewhat
complicated inverse nested inside another inverse which makes direct evaluations difficult.
It does lead to the correct behaviour near t = 0 as we shall mention in §3.4 while examining
associativity. The remaining forms result in awkward expressions that turn out to be

rather unwieldy for our purposes.
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If one employs the finite N regularization from §2.2.3 and makes the assumption
that all physical quantities appear as Cauchy sequences in IV, one can ensure uniform
convergence of the integrand as a function of . Perhaps this could justify some of the
algebraic manipulations we use, but in general one cannot avoid subtleties associated with
order of limits, namely the non-analyticities from closed string physics may be extracted

only in the open string limit. We shall return to this point in the later sections.

3.1.1 Overlap amplitude in Moyal space

After this preparation, let us list the three monoid elements appearing in the amplitude

along with their parameters:
Aﬁlh — Nyexp 7é-ghTMgh§gh7€ghT)\gh M, = Mgh, M =M A :Nogh» (3.52)
Agh = e T My =0, Ao =" Ny=1, (3.5b)
Agh — " " Ms =0, A3 =—4n9" Nz =1. (3.5¢)

Here we recall that Mgh is a symmetric matrix but the metric in ghost space is set to be
+icgp (With 19 = —1 = —e91) and hence the full structure of the matrix for the quadratic
term is of the form —ie ® Mgh. This makes the combination an anti-symmetric matrix,
as required for anti-commuting degrees of freedom. Additionally, we have suppressed a
metric factor in the linear term £9" A9 whose explicit form is £9"T(—ie ® 1on )"

To commence evaluation, we first take the * product of A; and A, to obtain:

AN12,M12,>\12 = AN17M17/\1 * ANQ:MQ:)\Q (3'6)

This can be written down by applying the monoid algebra relations given in [19, 20, 26|
by Bars et al. and mentioned briefly in in §2.2.3. Given two monoid elements in Moyal
space, A1(§) and As(&) from the class of shifted Gaussians (quadratic exponentials with
a linear term), the string field obtained through the % operation is parametrized by [19,

26| which we provide here again for convenience:

mio = (ml + mgml)(l + mgml)_l —+ (m2 — mﬂng)(l =+ mlmg)_l, (37&)

A9 = (1 — ml)(l + mgml)flx\g + (1 + mg)(l + mlmg)*lx\l, (3.7b)
1

Nig = NMiNs det(1 + mamq) exp [—i— Z)\ghTaKag)\%h] where, (3.7¢)

—1\—1 1
1
Ka,@ = (ml Ty ) 1 ( + m27{?i) e m; = M,;o. (37(1)
—(1+mim2)~t (ma+mi )~
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Applying this rule to the two string fields for our case in (3.6) immediately leads to the

parameters:
A2(€9M) = Nyg exp(—gghTMﬂhggh— €9"T\15), where
My = MZ", Aia = —(1—md" o + xoh,
1 1
Nz = Ny exp <4nghT0mghngh— 2)\9hTU779h> . (3.8)
where we have used K11 =0, K19 =1 = —Ko; and Ky = mgh and once again the ghost

space metric is implicit.
Next, we need the t evolved monoid element As (fgh, nI", t), for which we use the action

_gghTMghEgh_gghT)\gh

of Lgh on a general monoid element Ne . Unfortunately, the Virasoro

operator Lgh is no longer diagonal in this basis:

.
L = Tyroh — i (82,1) Mg e ((,ggh) + g9 TRIR pGR eh (3.9)

unlike the oscillator case: The simplicity in the interaction term has made the kinetic
term complicated. Hence L())th has a non-trivial action on the string fields, which can
however be written down in closed form. This leads to the following transformation rules
[20] in terms of hyperbolic functions of the “spectral matrix” &9 (2.82):
h
A(t) = e 8 Ay pron pon (67 = N (1) exp (=€ M (1) — €M TAT (1)), where
(3.10a)

-1
M) = [sinh tRIM (smh t79" + MI" M cosh tg-gh) } sech t&9" MZ",  (3.10D)

-1
AIh(1) = [cosh tR9" + M9 A" sinh mgh] Ao, (3.10¢)
1
NIy = N9 exp {—F ZAghT(Mgh + coth t/%gh)*l)\gh]
x det [;(1 + MMM + %(1 - MghMgh—l)e—Wh] : (3.10d)

a very similar expression to the one in matter sector (2.67) §B, except for the extra
dependence on the zero mode momentum p* and the vector w for the matter case. Notice
that the correct boundary conditions for ¢t = 0 and ¢ = oo are taken into account in the

above rules.

Now, applying this transformation on (3.5¢), for which the matrix of parameters Mgh

vanishes, we readily obtain the string field:

As(t) = N3(t) exp (—fghTM;;(t)fgh— §9hT)\3(t)> , with parameters
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Ms(t) = tanh t&9" ME", A3(t) = +sech(t&") n9",
2N
Ns(t) =272V H(l + e 2 exp <Z11779hTMgh1 tanh t/%ghngh> . (3.11)
n=1
We can now use the property that the remaining * product between Ajo and As(t) may
be dropped as total derivative pieces contribute only to boundary terms under a trace (£
integration with appropriate measure factors inserted). We therefore define a new string
field configuration Aj2As(t) = Ai’;‘?)(t), under the ordinary (local) product in function

space, with parameters:

My93(t) = Mo + M3(t),
A123(t) = A2 + A3(t),
Niaz(t) = N1z - N3(t). (3.12)

Hence, the trace in (3.1) simply results in

1 _
TI“[A123 (t)] = N123 det(2M123 (t)) exXp |:+4)\1|—23M12§)\123:|

=: Cy exp [—nghT angh—i— )\ghTﬁji—ngh} : (3.13)

In order to perform the remaining Gaussian integration over 79" we have separated the
quadratic, linear and zero degree terms in 9" by collecting the contributions from Nja3
and the argument of the exponential in the first line of (3.13) above. In terms of the

matrices that are used in the Moyal representation §2.4, these are given by:

Q,(t) = —i [Umgh + ngh_l tanh t79"
+ (md"T 4 sechti9"T — 1)om" (1 + tanh t&9") "1 (md" + sech t7I" — 1)} :
(3.14a)
£l = —%0 [+ mg" (1 + tanh 89) (1 — mf" — sech &) (3.14D)
Cy(t) = Np det(2Mp) exp [—Fi)\ghTMl_Zé)\gh}
= det(Mo)% exp [+iAghTM61(1 + tanht/?cgh)_l)\gh] . (3.14c)

where we have used the subscript n to specify the variable in the quadratic form, a

convention we shall be following from now onwards!.

'Here we point out that the 4wve sign in the exponential factor in the first line of (3.13) is different
from the usual —wve sign for Grassmannian Gaussian integral, since the antisymmetric metric factor e
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At this point it is convenient to introduce the (Euclidean) nome g = e*?™7 = ¢~ and
the functions:
flng) = (1-¢")? fa(nsq) = 1+ ¢*",
ft+2f3
f3(niq) =1—¢*", fim)=(1=-qMB-g") =77, (316)

in order to convert the hyperbolic functions to exponentials for typographical simplicity.
We can then rewrite the coefficient matrices obtained above in terms of the matrix func-
tions f;(k9":q). These have block diagonal structure but contain non-diagonal matrices
in the upper block. Additionally, they do not commute with matrices such as mgh and

h . . .
M{§". However, using matrix relations such as

0 0
RT = (MR M T = oM, and o | o=
0 ao 0 o

(3.17)

for block diagonal matrices, one can simplify the above expressions for n9" coefficients as

2
0,(0) =~ (oo + 2" D) — & (3 D sttt afita) - o))
(

f2
1 _
~3(@fs@M o + My fala) + 0 fi(a) — fi(9) o), (3.18)
1 1 _
Ly(q) = Jofs(a) = LTI, (3.19)
where we have dropped one argument of f;(q; #9") as shall be done in other places as well
for typographical simplicity.

Let us also mention that these functions simply appear through intermediate expres-

sions2of the form

- 1
(1 + tanh t&9") ! = e~t**" cosh ti9" = 352 (3.20a)
1 —sechtik9" = ? (3.20b)

2

. 2
e tRO" (cosh tRI" + sech tRI" — 2) = 2fJ1”2 (3.20¢)

adjoining Ai123 produces an extra -ve sign upon taking a transpose. Explicitly, we have the following
signs:
(—ie) " (—ie) Y (—ie) = —(—ie). (3.15)
Since we insist on using an —ie metric in ghost space, there is the extra —wve sign which makes the
exponential part in the Gaussian integral identical to the matter sector.
2Yet another useful relation is

i+ fs =2f1fe.
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Additionally, we can obtain the half-angle relations by noting that f3(n;q) = fa(n;/q) f3(n; /q).
Finally, we perform the integration over n9” (3.13) to obtain a purely quadratic functional
dependence on \9" in the exponential of the form —i—Z)\ghT}" /\gh, where the matrix F in

the ghost sector can be written as
_ a1 T -1
F(t) = Migp3(t) + £,) Q" Ly, (3.21)

Here, the first term M55 arises from the 19" independent overall factor C,(t) in (3.14c)

defined above.

Collecting all the factors together, the ghost contribution to the generating functional
WA, A" t] is given by:

WIN 1] = (1+w w)T det(2Q4") exp [+1A9’”H9h] : (3.22)

We shall include the matter sector contribution from appendix B, which is obtained
through a very similar computation—with the only difference being the integration over
the zero mode momenta p* along the Neumann directions, and the use of a different set
of constant matrices for defining the monoid elements. The matter contribution to the
generating functional serves to provide a consistency check for our analytical expressions.
Only the determinant factors need be included in numerical checks when considering over-
lap with the perturbative vacuum state [Q2) = ¢|Q). And for purely ghost excitations, we
use this scalar piece for the matter sector—it contributes to the measure factor and does
not affect the structure of the Ry, (q) factors in (2.75), that we are primarily interested
in.

Finally, the total matter+ghost generating functional has the structure:

o2 det(29,)

1
X ygh . _ T\ & _t L xT X | \ghT gh
WA, NI ] = (1+ww ) e Qo207 exp [4 (A Fx AT + A" FopA )]

(3.23)

where X denotes the matter part from the embedding coordinates X*#(z), have combined

the conjugate variables n and p into a single “vector”

-(5)

and denoted the matter coefficient matrix @ with the subscript .
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3.1.2 Block matrices

Next, we can consider the block structure of the matrices Q,, £,, and Fg,. To this end,

we recall that the matrices Mgh and &9" (given in §2.4) take the block diagonal form:

1
MM = —=

5 (3.24)

0 41

e 0 Re

RTkoR 0 ] o _

Rk, 77 0 ]

We remark that the Mgh above is given by 7 X Mgh as compared to the one given in [20]
whereas the matrix #9" remains the same. Then the 2N x 2N coefficient matrices have

the explicit constituent block structure:

L[ ke (o) + Ty Falso) T =5 [fi(re) = Thi(r0) R
= - . ’ d
G| S5 k0 - BTAGDTT) } [kefilie) + BT mofs(e] |
1 T[{',;lf]_ (K;O)TT %f?)(’ie)
’ 1 ‘ : 3.25
n(4) 2| —LRTf3(ko)T" Lkcfi(ke) o

where again the blocks are labelled by half-phase space degrees of freedom (mg’b, pg’b).

Let us observe that the infinite sums over the odd integers k, in all the four blocks
of Q, diverge badly for ¢t < 0 since the functions fi, f3, and f4 are unbounded as &,
increases. Hence, these matrix elements are not analytic in a neighbourhood of 0. Only
the t — 07 limit is well-defined for which the matrix Q,, vanishes due to the zeroes of the
functions f1, f3 and f4 at that point (as we shall discuss below). Strictly speaking, this
prevents the expansion we seek involving Q.- ! However, the matrix £(¢) also vanishes
at t = 0 due to the zeroes in f; and f3. Hence, the combination £(t)' Q(t)"*L(t) in
F(t)—which does involve infinite sums—can be taken to vanish at ¢ = 0 for the purpose
of this work. This behaviour signals that the expansion we obtain may be asymptotic
and not a convergent expansion, owing to this non C* nature.

Additionally, we notice that in the open string limit N — oo, the order of the pole
from the combined determinant factors, Q, and Q, in (3.23), becomes infinite as well.
This is consistent with our expectations of an essential singularity at ¢ = 0 associated

with the Shapiro-Thorn closed string tachyon state in (1.1).

In general, due to the relatively simple structure of the T" matrix, we can expect
combinations of the generalized hypergeometric functions, yFy_1, to arise from the infinite
sums in @,. The non-analyticity in Q, matrix elements would then be a log branch cut.
The non-diagonal terms, with n # m are of the form:

el _ﬂ P 411—m ) 411—n Y 41m+1
2n,2m_4ﬂ_2(m2_n2) q\4q qa, 72 q, a2 q 1 )

1 1 1 1
—P <q4,1,n+2)> — 4P <q2,1,2m) + 4P (q2,1,2n> — 4P (q2,1,m+2)
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1 1 1
+49 (qZ, Ln+ 2)) —3p© (m + 2) — 3 (2 - m>

1 1
L3 <n N 2) 4 3p© <2 _ n) } ’ (3.26a)
- —i(=1)"*Mmg 4.1 4. 1 5 1
22,2m:m —nq® q,17§—m + mq® q71,§—n + 2nd q,1,§—m

1 1 1
—2md <q2, 1, 5~ n) + ng® (q4, 1,m+ ) — mq® <q4, 1,n+ 2)

2
2 1 2 1
—2nd (¢, 1,m + 3 +2md | ¢°, 1,n+ 5 )0 (3.26Db)
127272 :7(—1)7”'7” {m2 (H 1 —‘rH 1) —712 (H 1 +H 1>
m2m T Y2 (m2 — n?) -n—3% n—3% —-m—1 m—1

1 1 1 1
+¢*m? <<I> <q4,1,2 n) + o (q4,1,n+ 2) —¢°n? <<I> <q4,1,2 m) + o (q4,1,m+ 2)>>

+4 (n® —m?) tanh ™" (¢%) + 4log(2)(m?* — n?) } (3.26¢)

while the diagonal matrix elements are given by:

1 1 1 1 1
o = = P (qgh2,-—n)—40 (%2, —n) —q® ("2 =) +40 (P 2n+ <
2n,2n 871'271 {q (q (q ) 72 TL) (q ) 72 n) q (q ,2,m+ 2 + q;2,n+ 2

(g — 1) + 350 (; _ n) 3D (n n ;) } , (3.27a)

Qonon = R {q <—Q‘I) (q4, L5~ n) + ng® <q472, 5= n) + 2% <q27 Lg - n)
1 1 1 1
—2n® (q2,2, 5 n> + q® <q4’ 1,n+ 2) + ngd (q4,2,n+ 2> _92p <q2717n+ 2)

1
—2nd (qQ, 2,n+ 2)) — g™ (q2” - 2)} , (3.27b)

1 1 1
pp 2 4, 4 2 46 1
2n.2n = g2 {QHTL% —&-2an% +2¢°® (q 1, 5 n) ng*® (q ,2, 5 n)

1 1
+2¢°® <q4, Ln+ 2) +ng*® <q4, 2.0+ 2) + 720 (—4¢>" + ¢*" + 3)

g <; _ n) ) <n N ;) _Stanh™ (¢2) + 810g(2)} . (3.27c)

In this case, the jFj_1 functions get further expressed in terms of Lerch transcendents
®(z,s,a), a generalization of the zeta and the polylog functions, defined classically [47]

by the infinite series representation:

O(z,8,a) = ZO(”‘Z:G)S‘ (3.28)

In all of the above, the ® functions with the argument $(a) < 0 is chosen to be the

analytic continuation Hurwitz-Lerch Transcendents, which has by definition, an identical
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analytic expression?.

We can now examine some series expansions to notice that these are functions having
a leading logarithmic branch cut ¢*logt for the blocks Q** and QPP, and ¢ log(t) for the
blocks Q*P = QP*T.

6612992t>  512t° 4096 log(t) 365923328
PP — 16t — tt - 1024 t5
s = 100 e Ty T ( 32 53075m2 1 1V >+O( )
8it3(181og(t) + 19 + 6log(2 2it5(360 log(t) + 151 + 24log(2
o _ Y (18log(t) + 19 + 6log(2))  2it°(3601og(t) + 151 + 24 log( ))+O(t6). (3.30)
972 9m2

Since the three functions fi 3 4(t) have first order zeroes at ¢t = 0 (or ¢ = 1), and because
the single sum over the odd frequencies &, still retain the same order of zero for both finite
and infinite N, we can factor out this zero. Hence, in the open-string limit, corresponding
to N — oo, we can simply? divide out by ¢ in order to expand the inverse. The physically
correct order of operations would be to consider the expansion only in the open string
limit. However, one can also attempt an expansion for the deformed theory defined at
finite NV, and see where it leads us; since both have similar formal structure. The oscillator
counterpart of this issue with order of limits, namely level L — oo followed by ¢ — 0 and
its reverse, is discussed in [14] (and was reviewed earlier in §2.3) where it was found that

the result does differ from BCFT® by a factor of 2 already at the leading correction in t.

Let us therefore factor out the parameter ¢ = — In ¢ and introduce the two matrices:
49, (q) 2Ly(q)

Z = — n = — n 331

(q) g Y(q) g (3.31)

in order to rewrite the matrix F(q) in (3.21) as below:

1

Flq) = i(Mé’h)*lfz(q) —IngY(q)" Z(q) " V(). (3.32)

This form will turn out to be convenient when we study the behaviour of the matrix R(¢)
in the limit ¢ — 07 directly in the modular parameter ¢ later in §4.1. The matrix F has
component blocks which would be labelled as F**, F* = FP*T and FPP in terms of the

phase space doublet indices (z,p) as usual.

3This would differ from the representation in terms of the original Lerch functions, which take the
form

Zn

®*(2,5,a) = nZ:O (CEETER (3.29)

for R(a) < 0, where we omit any term with n 4+ a = 0.

)
4We do however expect to miss some of the very interesting non-analyticities of the form e~ 2™ t =

L 20w .
e’ ma in our analysis.

5 Although the oscillator and Moyal representations are formally isomorphic, there are subtle differences
due to the special nature of the Witten type vertex. See [22, 23] for a careful discussion of these matters
and for a detailed analysis of midpoint issues.
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The matrix Z(q) as it appears above is bounded at ¢ = 0 and hence would still
be amenable to an expansion. However, the resulting expression for F need not be
analytic because the matrix inverse Z(¢)~! allows for infinite sums that alter the pole-zero
structure. Furthermore, there are double infinite sums involved when this is sandwiched
between V' and ). Perhaps these non-analyticities may be relatable to the closed string
states arising in this degeneration limit geometrically. In order to simplify the analysis, we
shall restrict to the case when the Vs contribute only diagonal matrices—corresponding
to even parity elements—thus eliminating some of the multiple summations. We hope to

look at the other cases in more detail when occasion offers itself.

3.1.3 Remarks on determinant factors

In this work, we are primarily interested in the analytic behaviour of the squeezed state
matrix R(t) or equivalently F(¢) in the limit ¢ — 0, but as a check on the correctness of
our expressions, we shall study the determinant factor numerically in appendix B using
similar methods as in [14]. The determinant part corresponds to the overlap with the
perturbative vacuum state, i.e |A.) = |Q) the open string tachyon at zero momentum,
and has interesting divergence structure of its own. However, as encountered in [14], it is
awkward to study this factor analytically due to the essential singularity at ¢ = 0.

The full matrix element contributing to the ghost sector does not lend itself to an
expansion because in general each of the matrices whose determinant would be required
would appear as a power series starting at degree 0 (constant term). As the minimal
degree does not decrease or increase along a row or a column, this form of the determinant
proves unwieldy for a systematic expansion. We therefore do not perform a series based
analysis of the determinant using the diagonal basis in this work and instead focus on the

finite factor from the R matrix:
(Qenbm | T (1)) ~ R (t) x det (--- ;) (3.33)

Additionally, as part of a series of papers on off-shell conformal field theory (see [13] and
references therein), the N-tachyon scattering case has been studied in great detail by
Samuel et al. and addresses these questions much more directly using advanced Riemann
surface theory upto the one-loop level. In this approach, the measure factors correspond-
ing to the matter + ghost determinants are evaluated in terms of line integrals involving
rational combinations of elliptic functions and their derivatives. It may be possible to
extend some of their results to the overlap with a general Fock space state other than the

tachyon case considered there.
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3.2 Squeezed state matrix elements

In the Siegel gauge, the ghost contribution to the tadpole state can be expressed in terms

of Fock space kets and Moyal fields as:

() = / dET(£9", )|, (3.34)

Comparing to (3.1), we have the Moyal string field
T(Em )~ [y [ s (et ] (3.35)

where again we have left the overall sign unfixed and we note that this particular form
is only given in the Moyal basis. We transform the expression for (9] in the odd basis

given in [20] to the basis labelled by even integers, that we use, and write this as a bra:
_1
<£gh| — _2—2N (1 +wTw) 4 <Q|671€_§0(60_\/§WT68)e_gghTMghggh_gghT)‘gh’ (336)

as we wrote in (3.36) earlier and where we have the vectors

2RTb, 2R kol
)\?h:< v2 ) Agh:<f ’“C), (3.37)

—2v/2k; 1D, + 26wy 2v/2ié,
and Mgh is the matrix defining the perturbative ghost vacuum Agh:
ME" = L Diag{RT ko R, 4x !
0 =3 iag{R' KkoR, 4k, " }.

We remind the reader of the metric convention we have been using—where the —ie factor
is implicit—and hence fghTMghfgh = 72i§1TMgh§2 as well as €9PTAIh = —j(1T)A2 —
€2T )\1)

To probe the structure of the state |7(¢)), one usually finds its overlap with various
Fock space basis states (p|. Hence, we must consider the corresponding overlap ampli-
tudes in Moyal space and then transform back to Fock space.

In order to convert the amplitude written in Moyal space, (3.1) to the one in terms of
Fock space states, we need to construct the appropriate perturbative string fields A¢(§).

To this end, we give the corresponding expressions® in the oscillator formalism:

(AT (1)) ~ / dE (A€ (€T (1)), (3.38)

where we have denoted the external state by |A.) and introduced a complete set of states

(€9M—the appropriately normalized bra defining the Moyal basis in ghost space to be

5Upto a t independent normalization factor to which we return in §4.3.3.
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given below in (3.36).
We recall that we can restrict to the SU(1, 1) symmetric [27] combination of pure ghost
external states, since the tadpole state is a singlet under this symmetry. In particular, the

matrix R,,,, defining the quadratic form in the exponential of the squeezed state satisfies:
mRum = n R, (3.39)

i.e Rk is a symmetric matrix. This does not demand the full SU(1, 1) but can be achieved

by restricting to the discrete Z4 subgroup.

3.2.1 B oscillators

The relation between the matrix elements F,,, corresponding to the half-phase space
degrees of freedom €9 and the usual Fock space matrix elements R.,,, () can be obtained
by using the form of the é,, by, oscillators in the diagonal basis. To this end, we must
employ the action of the linear maps between the two bases on these operators. The
Moyal images of the Fock space states can be obtained by acting on the vacuum monoid

with the so-called B oscillators:
én B o B, where BoA(€) = (€|O]). (3.40)

These are thus simply the counterparts for ¢,, l;n and the usual & oscillators (in the matter
sector) used in bosonic string theory and may be expressed either as differential operators
or phase space fields with left and right * action on the string field in the £ basis. We
choose the differential operator representation in our discussion that follows.

In [20], the oscillators are given for the odd parity degrees of freedom z°, p°, y° and ¢°,
that can also be used to represent the bc ghost system in the Moyal language. We have
applied the canonical transformation that takes the odd basis to the even basis (§2.2) to

rewrite them as follows:

e 1 21 1y 00 e 1 , T 4 0
Be = - [—0/ sgn(e)r, 'pl + 5% ; 5= % Ryojewe — i 5g1(0) S|/ e oab
. 1 o' 0 . 1 0
b c b . T b T
L o = = | se(o)S T peal + T
. 5 [9/p6| i sgn(e) 5 8pfe|] 0= [ i sgn(o) lolefeTe |°|e8xg
(3.41)

where we have restored the non-commutativity parameter 6’ for the ghost sector and the

summations over repeated indices are restricted to only the positively modded variables.”

"We only give the ghost parts without the zero-mode contribution since once we have chosen the Siegel
gauge, only this form would be relevant to the discussion that follows.

|\
|\
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We remind the reader that the matrix S, arises naturally while defining the Moyal
product in the ghost sector and simply equals Se, = IieTeolio_l. It also satisfies SST =

1.,5"S = 1,, which can be proven from the properties of the 7" and R matrices.

3.2.2 The ghost sector matrix R(t)

The BE;Z, Agfo oscillators can now be directly used to construct the perturbative string
fields A.(&,£9%) that correspond to the matrix elements Ry, (t) (and M,,,(t) in the
matter sector) when written in terms of Fock space states. The pure ghost fields would

be of the form
p(EMAF" (677

where p(£9%) is an appropriately normalized polynomial, which would be the analogue of
Hermite polynomials acting on Gaussians in a representation in terms of position space
functionals ®[X*(0), c(0)].

In terms of these, the relevant matrix elements get mapped to the following Moyal
polynomials with ghost bilinear pieces:

y
Re ¢ —0eer + Hipgpg,, (3.42a)
Roor < Op0r + 2i(koRZP2 TR ) oo, (3.42b)
iReo +— —4i(p°z° R0, (3.42¢)
iRoe < +4i(roRzp" ") e (3.42d)

acting on the perturbative vacuum field (as an ordinary product). We know that the

8 vanish identically which reflects the twist symmetry of

mixed parity cases Reo, Roe terms
the tadpole state | 7). This can also be seen numerically as we have verified. We remark
in passing that we can also obtain the matrix elements for the matter part by using the

oscillators given in [26] as:

M, —(Reéee’ — Heﬁe/l“e%') (3.43a)
iMeo = iMoe < (dkeze(p' T)o) (3.43D)
Moo  (KoBoor — 16(pTT)O(pTT)O/) (3.43¢)

which may be useful for future applications.
Now that we know the required form of the polynomials, we can proceed to construct

them starting from the generating string field A;(£9% A\9") given in (3.3) using

8In the above, we have inserted extra factors of ¢ in the mixed parity cases to make the string fields
real.
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() 4g = (p (—afgh> A1>

while taking into account the implicit —ie ® 1o metric factors everywhere, including the

(3.44)

Agh=0
linear term. Explicitly, we make the replacements:

0 0 0 0
c,c b b . 3 3 . ) 4
p(x 7p 7x 7p) p<+28)\xb’ 28)\pb7 28)\x67+Z8ApC> (3 5)

Once we have the matrix F(t) defining the quadratic form in A9” in the exponential of the
generating functional W(A9", t) for the integrand (3.22), we can plug it in the above map
which produces the Fock space amplitudes from the ones in Moyal space. Then we can
rewrite the matrix element Ry, (f) corresponding to (Q|émbn|T(£)) (or equivalently the

perturbative monoid element pgnpgmAgh for the purely even parity case, etc.) as follows:

Ronom = — <5nm - ;f§5,2m> (3.46a)

Ron—12m-1= 0nm + (2n — D)(RF* R )an_1.9m_1, (3.46b)

Ranom—1 = —2i(RJ:xp)2Tn72m_1, (3.46¢)

Ron—1,2m = —2i(ko RF™)2n—1,2m- (3.46d)

where the upper indices on F refer to the N x N blocks in the 2N x 2N matrix F(t)
cob b

belonging to the phase space representation used, namely “momenta’” pp°, “position” xz°z
and the mixed cases. The negative sign in the first equation (and implicit in the following)
is due to the particular way the ghost zero mode &y is incorporated in the Moyal basis.
This gives a normalization constant (—u3 ') (§2.4) that absorbs the extra negative sign.

From the expression for F, (3.32) , we notice that the matrix elements in the purely
momentum sector, FPP are particularly simple since the N x N block matrices in ) that
contribute to the product are all diagonal matrices. Hence, the infinite summations are
sidestepped. By using the above map, we find that these correspond to the purely even
parity elements of the R matrix. In §4.1, we shall study the behaviour of these class
of matrix elements more closely by taking advantage of the simple forms for the 7', R
matrices(in the infinite N limit).

Because of the twist symmetry of the Witten type vertex (Vs| and the reflector (V4|
we have vanishing of the mixed parity elements Re, = 0 = R,.. This requires that block

F® =0, which then translates to a linear constraint relating the three blocks? in Q. L

L9, Lir = 0. (3.47)

9Since Q,, is symmetric and (Mgh)71f2 (¢) is already block diagonal, it suffices to consider only three
independent blocks.
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We can now express the relation (3.46) as:

R 0 T
R=-C+o folt § g
0 1 0 —dr.!
2K T

B q-re kol 0 TH-1 R 0

=Oros 2o | o 1 £ CoLon 0 —drt ’

e 0 AT —kefs(o)R | oy | Twp i) <2kt fy(ke)

0 _q2no 4 %f?)(/ie) %Kvefl('“ﬂe) n _%Rng(Klo) —f1(Ke)
(3.48)

Here, we have inserted the o matrices simply to interchange the two blocks on the diagonal
in order to match our conventions for the parity basis. We have written the above to
show that the the £, matrices do not result in two more infinite sums—but only one
extra infinite sum—which gets simplified by using the TR = 1., RT = 1, relations after
the matrix inverse is expanded as a formal operator series as we do in §4.1 for the purely

even parity case.

3.3 Matrix elements to linear order

One of the interesting results from our analysis is that our starting expressions correctly
reproduce the linear order behaviour of the matrices Ry, () and My, (t) that appear
in the definition of the one-loop tadpole state in (2.75) as expected from BCFT. The
oscillator and the Moyal formalism are formally isomorphic but this is one of the instances
where the subtleties in the definition of the propagator and level truncation result in
different forms. It is difficult to say where exactly the isomorphism breaks down but it
may be attributable to the level truncation which breaks the gauge symmetry of OSF'T
and the peculiar nature of the Virasoro zero mode operator ﬁo in the Moyal basis|23, §7].
It is interesting!'® that the difference for the linear correction term from the two methods

is only a factor of 2.

Verification of the linear behaviour

Zeroth Order

For ¢t = 0, the matrix F becomes simply

1oony
]:\t:0=§ H 1f2</‘5gh39)’q:1

1

0 Zlie 0 2

Te;ITT 0 ]X

RT1+1)TT 0 ]

Due to non-associativity, a factor of 2 issue arises also in the computation of the closed string tachyon
mass [48] through the Ellwood-Hashimoto-Itzhaki-Zwiebach invariant.

] |
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(3.49)

2Tk TT 0
0 %/{6 ’

by quickly noting that fa(n;1) =2,T R =1, and RT = 1,. This when substituted into
(3.46) gives the t independent piece to be

an’t:{] = (_1)n5nm = Unm (3.50)
and by a similar short calculation, we can show that
Mnm|t=0 = (_1)nm5nm = Unm (3.51)

for the matter sector. Here we recall that C' is the twist matrix which is crucial in
defining the reflector vertex <‘~/2\ and arises from BPZ conjugation and the Witten style
overlapping conditions. These precisely correspond to the closed string tachyon state (1.1)
which dominates due to the divergence structure arising from the determinant factor near
t=0.

Here, we have assumed that there are no extra poles from the infinite summations in
YT()Z(t)"'Y(t) that cancels the single power of ¢ multiplying it. This will certainly be
true for Ry, 2, associated with the diagonal blocks in Y(t) but can also be seen to hold
for Roj—1,2m—1 by examining the block structure in (3.48). But more importantly, we
can take this as the correct prescription since it matches with the BCF'T prediction for
the structure of |7 (¢))!

First Order

Interchanging the order of summation over x, (odd integers) and the non-negative integers

defining the exponentials e™* of f;(n;t), appearing in the various blocks in Q, and L,

given in (3.25), we can expand them to the lowest order in the parameter ¢:

t| 21+ TTT) 0 9
= - Ot
QW 4 0 %41‘13 + ( )
1-jee 0
=t 2wl 74 O(t%), (3.52)
0 Z’ie
t 0 K
Ly=3 e “l+ 0@, (3.53)
- o
where we have used the relations:
T ww’ —27T .2
TT = — 1—’_71_7 R = K’O T He, (354)
w'w

and the off-block diagonal elements in @, do not contribute since fi(n;t) starts at O(t?).
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The quantity w'w diverges linearly as O(N) and expressions involving it should be
treated with care to avoid inconsistencies. Hence, we shall keep the O(1/N) term and

argue when it may be dropped. The matrix

(3.55)

appearing in the first block of Q, above can be readily inverted using a Taylor series in

1/ww < 1 when N > 1. We make the following ansatz involving a function pu(z):

V2_nl,2m = 6nm + M(w—rw> w?n(wT)Zm (356)

and require VV™! =1 = V71V to find

T
ww
Wi=V1t=14_ — 3.57
L (3.57)
which may then be verified by a direct substitution. Then we find that
1{W O
-1 . .
== finit blead 3.58
Q, , [ 0 4n + finite + subleading, (3.58)
showing that:
t | 4TkoRs;2RTk,TT 0
LroL, =— e ? o(t*
n O Lo 4 0 KeWke +0(t)
7" 0
=t ) + O(t?)
0 1HeWke
1 wwl_ 0
=—t Lrwiw - + O(t?). (3.59)
[ 0 (e

Now we can consider the open string limit for the second block since there are no divergent
terms in this expansion, while we retain the 77" form for the first block. Isolating the

linear term from %(Mgh)_lfg(q), we obtain

» 2TTT 0
This when substituted into (3.32) leads to:
2Tk, T —tTT" 0
F=—| “Fe : +O). (3.60)
0 Lke — L K2
2 4 e
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Consequently, we can readily write down the squeezed state matrix R, to this order
using (3.46):

4 1 4t 1
RQn,Qm = _5nm — % X —5277/(5”771 — % X Z4n25nm
= Spm — 20t S + O(12), (3.61)

Ron1.2m-1 = Onm + (20 — 1) [R (—QT/io_lTT + tTTT) RT}
2n—1,2m—1

= —Spm + (21 — 1)t 6 + O(t2). (3.62)

The mixed parity cases Ra,2m—1 vanishes identically as we have argued before. This

enables us to express the general matrix element as:
ROOY) = Crypy — 1 Cr t + O(t2) (3.63)

As shown in [14], the linear correction in ¢ is completely generated from the conformal
transformation of the external Fock space state, and is determined from a BCFT analysis
of the conformal map done near ¢t = 0.

It precisely coincides with the above form, whereas a Taylor expansion based on the
oscillator expressions gives a linear coefficient off by a factor of 2:

R = O, — 20 Crm t + O(). (3.64)

nm

As explained carefully in [14], the two limits involving the level (size of the matrices) and
the modular parameter, L — oo and ¢ — 0 do not commute in the oscillator case but
holds in the Moyal case at least to the order that we have analysed. As inferred earlier
in this thesis, the difference in the propagator structure could account for this subtle
breakdown of the isomorphism. Hence, the peculiar structure of the propagator in Moyal
space merits further investigation. See also the interesting discussion in [23, §7].

Additionally, let us remark here that the Moyal approach, including the method of
regularization, has worked extremely well to produce the most advanced analytic results
for the off-shell 4-point function for tachyonic states [26] as mentioned in the introduction.
Hence there is ample reason to trust the Moyal method, that has already been tested in
that context.

One may also verify this behaviour numerically by repeating the analysis done in [14]
for finding a numerical fit near ¢ = 0. Here we have used the finite N versions of the
matrices (2.52) which ensure that the star algebra relations are satisfied. For N = 84
(requiring inversion of 168 x 168 matrices) and ¢ varying from 10~ to 16 x 10~* in steps of
10~4, we obtain the linear fit given in Table 3.1. We emphasize that the higher order terms
starting at ¢? are the ones that really encode any effects of the Shapiro-Thorn massless

closed-string states. Unfortunately, our algebraic approach only allows to successively
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R"™ | _(0.99999974 — 0.99912772 x t)

RU™ | 4(0.99999858 — 0.99010797 x 2t)

RUM | —(0.99999768 — 0.99743118 x 3t)

R | 4(0.99999516 — 0.98843886 x 4t)

Table 3.1: Linear behaviour of the matrix elements R,,,, near ¢ = 0 based on numerical
evaluation of 168 x 168 size matrices. The fit reinforces the agreement between the Moyal
and the BCFT predictions for the structure of R(¢).

approximate these coefficients (as we do in §4.1) but not exactly. It does clarify the
discrepancy noticed in the oscillator case and is in that sense an improvement. However,
we remark that in the geometric approach based on a BCFT analysis, it is difficult to
isolate their effects as well due to operator mixing under a conformal transformation of

non-primary operators.

3.4 Associativity at linear order

The various orders for evaluating the overlap mentioned in §3.1 could differ if associativity
is not strictly satisfied, as is possible if one is expanding directly in the N = oo open string
limit, and not applying the controlled limit prescription which guarantees associativity
but can miss non-analyticities. The alternate order Ay x Az — Aas(n, &) — / dn —
Ay AY3(€) — Tr corresponds to the manner in which the amplitude would be evaluated in

the oscillator method (see §2.3) where the tadpole state is evaluatedt as:
QNSO
T) = —gr K* / dt 1 5(Valbf) e 30 FLOD V), o5 (3.65)

and the amplitude is obtained by taking the inner product with an external state (A.|.
Here the superscripts refer to the string Hilbert spaces in the first quantized formalism.
The corresponding matrix F(t) defining the quadratic form in A9 towards the gen-

erating functional, W(A9", t) in this particular order of evaluation is then

F(t) = (Miy3)~", with

~gh zgh T
LM@ + <;1 _‘_é gh) M- 1f3 f3Mgh ql{ )+2<q ) o
f

-1

Mz = f2(q) fo 0 f2 f2 f2(q fo

(
(48]
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A quick inspection of the above structure reveals that similar to the earlier evaluation
order, the matrix to be inverted in Mj,; vanishes at ¢t = 0. Collecting the linear order
terms after some simple algebra results in an identical expression for the linear correction
term, namely:

Ry = Crm — nCrmt + O(t?), (3.67)

and hence we conclude that the order of limits problem does not arise in this order
of evaluation either. However, further expansions are made awkward by the somewhat
complicated form of the above expression, which requires two matrix inverse operations
nested one inside the other.

Hence, from the above exercice we can infer that constructing the tadpole state out of
the Fourier basis and then combining their contribution to the overlap amplitude (by the
n9" integration as we have done earlier) would be preferred over considering the overlap
with the state itself, which may be somewhat counter-intuitive. Of course, just the linear
order behaviour does not fix a prescription uniquely or prove the correctness of these
expressions. Nonetheless, this is an encouraging result showing the subtleties in the map
between Moyal space and Fock space.

It would have been more interesting if associativity was indeed violated in this calcu-
lation, which could display the similarity to the oscillator inner product directly. Hence,

we have not been able to clarify the order of limits issue completely.

Fourier Basis

We must remark that the issue encountered in the oscillator basis also arises if one at-
tempts to expand the amplitude in Fourier space defined by the conjugate variable n9".
The Feynman rules in Fourier space were studied and given in detail in Refs. |20, 21| by

Bars et al. The propagator and vertex take of the form:

A" /9" ) ~ exp [nghTF hpoh g 9hT ok (g)y/oh T — 2n’ghTGgh(t)ngh} , and  (3.68)

h h
Tr( SN e T ) ~exp |— anhTan] (779 1+ -nghn) , (3.69)
z<]

respectively, where we are now using the 2N x 2N basis with implicit —ie metric and
rI"

One may again write down an amplitude formally and as t — 0, the matrix to be inverted

becomes singular simply due to the linear dependence of the blocks

11
Q(t) ~ % [ - ] ® M1 (3.71)
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where the first block has vanishing determinant. Hence this form cannot be used as the
starting point for a systematic series expansion around ¢ = 0. However, we remark that
for numerical purposes, the Fourier basis provides quicker analytic expressions since the
x products are already taken care of. The disadvantage is numerical instability due to
using much bigger sized matrices as compared to the £ basis.

Thus in summary, we have demonstrated in this section that the expected behaviour
from BCF'T is correctly reproduced by the Moyal expressions in £ space. For showing the
validity of the relations, we have used the map (3.41) from th oscillators as operators in
Fock space to differential operators in Moyal space. One really interesting aspect is the
non-analyticity of these matrix elements already seen at the quadratic stage: the higher
order terms come with factors of log(t) as we shall show later in §4.1. Hence, even the
expansion in BCFT can at best be asymptotic and thus allows for explicitly including the
closed-string states in the form of exponentially suppressed subleading tails in the form

2
of 6727r n/t'

3.5 The twisted ghost butterfly case

It is an interesting exercice to consider the overlap with the twisted ghost butterfly state
instead of the perturbative vacuum. This is one of the simplest star algebra projectors
(those string fields satisfying ® * & = ®) and is defined by the following state in Fock

space:

[¥p) = exp [—;L’g] 1), (3.72)

where the prime refers to the twisted ghost conformal field theory studied by Gaiotto,
Rastelli, Sen, and Zwiebach (GRSZ) [49](see also [20, 50]). It is conceivable that the full
twisted butterfly captures some of the physics of the tachyon vacuum solution (closed
string vacuum) OSFT owing to its role in projector based solutions [51].

Because the (total) stress tensor on the canonical strip coordinate w is twisted as:
T'(w) = T(w) — djg(w), (3.73)

where j, = c¢b is th ghost number current in the original CFT, (and similarly for the

anti-holomorphic component), the new Virasoro operator above is given by
L' g=L o—2j . (3.74)

In Moyal space, the ghost part of this state is represented by the twist even and SU(1,1)
symmetric string field [20, Appendix E]

Al = o Nge " TMse"", (3.75)
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where now the normalization and the coefficient matrix are:

1| kK 0
— 972N Mp = —=— € ) 3.76
NB ) B 2 [ O 4,{,6_1 ] ( )
We remark that this string field satisfies
Bl x Aly = BSx Aly = Alg x 80 = Aly x 8¢, = 0,Ve > 0, (3.77)

where now the ﬁg’c are fields in Moyal space instead of differential operators:
b i b 1 . 10
Be =pj, — 5 sgn(e)ret,, pe = §:c|ce| — i sgn(e)k, 1p|e|. (3.78)

Moving on, let us write Mp =: XMgh, where we introduce the matrix

r' o . 1T
X=1 4 1 , with T := Tk, T Ke. (3.79)

We mention that the matrix elements of I'T can be evaluated exactly in the infinite N

limit and are given by:

T3n2m = (—)”*’”“ﬂ(nfim?) [d} (; +n> +1) (; —n> — 9 (; +m> — <; —m>] .

(3.80)
Then, we have M B(Mé]h)_1 = x. Now, let us consider the monoid defined by
A/B % ethTth ) (qLoe_ggthgh)‘
This has the parameters:
f3(a) 5 rgn [ fs(Q)} h
Mgz = Mp + MY" = |x+ M",
1 BT R0 X h)]
fl(Q)] [ h fl(Q)]
Aoz = |mp — = |xmJ" — , and
1 [ P R@TT T Rl
1
Nizg = 472N det(f2(q)) exp [477ghT ((Mogh)_1 ?EZ; + Ungha> ngh’] ) (3.81)
2

As for the perturbative vacuum state, we can next take the trace over £9"and then perform
the Gaussian integral over n9% This time, we set A9 = 0 and have the non-vanishing

coefficient matrices as follows:

ot o e o] -]
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1 1
+ Zaxzwgha + 1(1\45”1)—1 ;zgg; (3.82a)
Cf =271 + wTw)1/2 det (fa(q)x + f3(q)) . (3.82b)

Finally, the Gaussian integration results in C7]73 det(2 Q,’? ) which may be looked at numer-
ically. Here, we can also consider excitations on top of this state by having a general
A" but keeping in mind that the state already contains excitations created by the odd
oscillator modes ¢_,, Z;_O. Since it is annihilated by all the even oscillators ¢, 36, we notice
that for excitations created by the corresponding creation operators, we recover the same

even parity matrix elements Roy, 2,, as in the earlier analysis.
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Chapter 4

Expansions for squeezed state

matrix elements

In this chapter, we wish to study the behaviour of the matrix element factor R;,,—
defining the squeezed state in the (ghost) exponential factor of the integrand as appear-
ing in (2.75)—as t — 0" using expansions in various basis functions. The exponential
is quadratic in the creation operators, and the coefficient matrix R can serve as a probe
of closed string physics since it describes the resulting field configuration. The region
near t = 0 would be of most interest in this direction, as may be seen from Fig. 3.1
in a conformal frame appropriate for closed strings. Naturally, one can find an abso-
lutely convergent expansion in the nome g = e~! for |gq| < 1, corresponding to open
string degrees of freedom. Because of the essential singularity at ¢ = 0 coming from the
massive closed string states, the expansion in other basis functions such as {t°,Int} or
equivalently {(—1n¢)*, In(—In¢)} would not be a convergent expansion, but could at best
be an asymptotic expansion. This is consistent with our understanding of the quantum
inconsistency of bosonic OSFT (or any open bosonic string theory) at the loop level.

In the following, we shall explore the utility of the Moyal formulation to directly learn
about the structure of the integrand as a function of the parameter t. We learn that
the expressions we obtained in §3.1 do have the correct qualitative features near ¢t = 0
and we found that it reproduces the correct zeroth and linear order coefficients, which is
somewhat non-trivial. Furthermore, we can develop a series expansion involving special

functions to successively approximate the true analytic form for R, (t) by our method.

4.1 Even parity matrix elements as t — 0"

In order to perform an expansion in ¢, let us introduce the following auxiliary functions

derived from the functions fi, f2, f3 and f; employed earlier (3.16)

fi(n;t)
t

;1) = 150, (i t) = hi(ns ) — hi(n: 0) =

— fi(l)(()), giving explicitly



Chapter 4. Expansions for squeezed state matrix elements 65

mmﬁy:“_iqﬂ{ hﬂm0:1+j4m,

hs(n;t) = 1_':%‘/, hy(n;t) = 3 46”; + ef2nt’ and

gi(n;t) = (1_(3t—tn)27 g2(n;t) = 1+§T2nt + 2n,

g3(n;t) = 1_j_2m —2n, ga(n;t) = 5 46_n; te 2n. (4.1)

These can be thought of as certain basis functions with a well-defined asymptotic be-
haviour. Also, we notice that |g;(n;t)| < 2n for i = 1,3, 4; a boundedness property which
we will use later.

We remark at this juncture that the functions tanh ¢ and sech ¢ which appear in the
original form of the block matrices (3.14) may be Taylor expanded in terms of the Bernoulli
numbers By, and the Euler numbers Fy,, around the point ¢ = 0. However, reorganizing
the multiple sums and products followed by applying any identities involving them quickly
becomes challenging. Therefore, we continue to use the much more straightforward (and

uniform) representation in terms of exponential functions in our analysis.

Moving on, we illustrate this expansion scheme for the case of even parity matrix
elements, Roy, 2, for convenience. Since its expression involves the inverse of a matrix
function, which is difficult to obtain analytically (at least in the discrete diagonal basis),
we employ a formal series to represent the inverse!. After this step, one can find expan-
sions around the point ¢ = 0 although the sub-matrices do lead to more terms without
any apparent patterns for resummations. To this end, we split the matrix to be inverted
Z(t), which appeared in (3.31) as follows:

Z(t) =29+ dZ(t), so that we may write
ZH)t =4 2502 () 2yt
= (14 M) 25!

=) (—1)"M*(t) x Z5t (4.2)
s=0

where we have defined a matrix function M(t) :== Z;'§Z(t). Here we recall that Z, must

t
be defined as the limit lim+ Qnt() but note that the matrix Q,(t) in (3.25) is not analytic
t—0

at t = 0 due to the insufficient fall-off behaviours of the T, 2,,—1 matrix elements as n, m

increases

4(2m — 1)

90 — (_\ntm
2n,2m—1 ( ) 7r(4n2 _ (2777, _ 1)2)

(4.3)

!This is justified because the domains of analyticity of the two maps overlap.
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which behave like

in sums for large m.
2m —

We also remind the reader of the block matrix forms from (3.57)

4V 0 1 ww! ww’
Zo = V=1l—-———— d W=vVl!l=14_ " 4.4
0 Hg]’ 2T +wiw Trrere MY
giving
1
W 0
zl=| 1 . 4.5
0 [ 0 He_g ] ( )

The matrix 0Z(t) is then expressed in terms of functions g1, g3 and g4 in a form very
similar to Z(t):

’?(:193("56) + T’@;194("50)TT _% (91(Ke) — Tg1(ko)R)
(gl(’ie) - RTgl(ﬁo)TT) i (5694(”6) + RTK/OQS(K/O)R)
("%_193(/%) + T”o_lgﬁl(HO)T—r) _% (91 (Ke) — T“o_291 (HO)TT)
(ke2g1(ke) = Try g1 (ko) TT)  3(kg galke) + Thy gs(ko)T T RZ)

)

(4.6)

where we remind the reader that each matriz element is in general an infinite sum —
owing to the matrix products — and we have used the relation R = ;2T k2 for rewriting
the structure using only the T" and s matrices. However, in taking powers of the matrix
M symbolically it is more helpful to keep the matrix R since then we can readily apply
relations such as RT = 1, and T'R = 1. in order to reduce the number of terms.

Note that although the individual blocks in M(¢) have at least a first order zero at
t = 0, the products of these blocks still retain only a first order zero due to the higher
order poles arising from the infinite sums. This is because we are interchanging the
order of summation in double sums which are not absolutely convergent. Therefore all
the higher matrix powers (M(#))* continue to contribute to the #? term in Ry, (t) in
our expansion scheme and consequently these coefficients cannot be obtained exactly by
the above series. This drawback is again due to the infinite dimensional nature of the
problem.

Because of the logarithmic branch points, the terms for various s are not analytic,
although they vanish at t = 0 as remarked above. However, we expect that the contri-
butions fall off with increasing values of s (as seen from the tractable s = 0,1,2 cases)
and must converge since the full function only has a removable singularity as t — 07.
The matrix )(q) presented in (3.31) is now written in terms of the functions hq(n;¢) and
hs(n;q) as follows:

Try hi(ko)TT  Lhs(ke)

V) =| "
(@) —iRThy(so)TT  Liehy (k)

(4.7)
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We shall now try to investigate the effect of working with a finite size truncation for
the matrices vs directly using the infinite N versions of the expressions. Because the
functions involved in the infinite sums satisfy the boundedness property: |g;(n;t)| < 2n

for i = 1,3,4, we find that on examining the structure of the matrix powers M?, the

contribution from the extra term % in W remains subleading and always goes as
NP for some p > 1. Since we only work with the partial sums for defining the series
representation of the inverse, i.e s = 0,1,...,5, say, these terms do not add up to give
extra finite N corrections. Consequently, we can drop these O(1/NP) extra terms from
our calculations and effectively set W = 1 to do the relevant infinite sums over odd/even
integers. In other words, we have made a choice of order of limits that allows us to use
the infinite N expressions consistently.

Now, in order to study these partial sums using a series representation in ¢, we shall
now comment on their analytic structure. As the functions arising from the infinite sums
over the odd/even parity indices are uniformly convergent only for R(¢) > 0, term by term
differentiation is not justified. Such mathematical niceties would have existed if we kept
N < oo but then one misses the nice non-analytic behaviour expected in the quantum
theory which signals the inconsistency attributed to closed string states. In the following,
we therefore work directly in the open string limit. In addition, as we are expecting only
an asymptotic expansion due to physical reasons, it may be possible to justify sending
N — oo at this stage of the calculation for practical reasons.

In concrete terms, the above procedure would result in an expansion of the form:

[e.e]

R (t) = > (A, +log(t)A)t" (4.8)
r=0

where the coefficients A, and /NXT receive contributions from the partial sums over s and
the log(t) piece will be shown to result from the non-analytic behaviour of the special
functions that arise.

There are more non-analytic terms than the simple log(¢) dependence that can be
admitted (see (4.23)) since we do not have absolute convergence and hence the individual
coefficients A, and A, may not all exist. We are at this point only looking for hints of

non-analytic behaviour and cannot rigorously account for any missing subleading terms.

After these digressions, let us return to the series expansion at hand. In the following
we illustrate the general procedure and also display some coefficients that contribute to
the final matrix elements. We shall denote the expansion for R(t) in terms of the matrix

products by a sequence of functions

R(t) = i RO (1), (4.9)
s=0
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where we have chosen R(?) to match the linear order expansion we derived in §3.3. We
emphasize that this sequence of functions constructed out of hypergeometric functions
does not furnish an asymptotic basis as can be seen from the basic criteria for the gauge

functions

b =olon(). (a5 T 4o0) (4.10)

not being satisfied by these. Except the first two terms, the rest all contribute starting
at O(t?) and consequently these provide only an asymptotic approximation to the true
function.

The simplest block to look at is the purely even block Rap 2, given by (3.46) which

we provide here again:
Ropom = 092n.2m 1 o 4.11
2n,2 - 2n,2 + %‘7:271,2 ( . )

This is because it involves Z~! sandwiched between Y*P and VPP which are diagonal
matrices and hence is easy to keep track of in a power series expansion. In block matrix

form, the matrix FPP from (3.32) corresponding to the even parity elements is given by:

1
FPP — _Z,Qefz(,{e) +t (yTz—ly)PP, where we can expand

(yTZfly)pp _ yTpx(Zfl)xxyxp + ysz(Zfl)zpypp + yTpp(Zfl)pmyzp + yTpp(Zfl)ppypp

1 _ i _
= _Zhii(“e)(z 1)mh3(’fe) + §h3</€e)<z 1)xp“eh1(“e)
1 _ 1 _
+ gnehl(/{e)(z DT ha(ke) + Enehl(/ﬁ;e)(z DPProhy (Ke) (4.12)
The matrix powers M, M?, ... required for implementing this procedure requires some

block matrix multiplications. These can be performed using the NCAlgebra package [28|

and recursively applying the relations satisfied by the T, R matrices such as
TR=1,, RT =1,, T'T=1,—wvv', ete.

using the “NCReplace” series of commands?.
We are not at this point able to explicitly resum the series and demonstrate that this
converges but it is still instructive to look at the functional behaviour of each of these

contributing terms separately.

2The sth power would give 2 x 2 blocks where each block is a sum of 2°~! terms. Each such term is
a product of s elements from the matrix M which in turn have sub-structure.
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4.2 Illustrations for geometric series

We have therefore obtained a few lower order terms by this method when the expressions
reduce to a sum of terms with infinite sum over a single index (the odd integers). At
higher values of s, there are many terms which still involve only a single infinite sum
but the few remaining terms involving double and triple sums (over both even and odd
integers) lead to computational problems.

In the following, the integer in the superscript corresponds to the power s in the series

expansion for the inverse.

s =0 term

The first term in the expansion corresponding to s = 0 is given by:

4 1 t
Rg:l)Qm = —Onm — % [_42nf2(2n; t)énm + TG (hl (271; t)2 - h3(2n; t)2) Onm

—Ant —6nt —2nt
e nt—1 e e
= < ( ) + + ) Onm

nt 2nt 2nt
40044
3

= <1 — 2nt + 6n°t> — +0 (t5)> Srm (4.13)

which contributes to the leading behaviour in the even sector, namely, C),;,, — nCpmt +
O(t?). The coefficients increase rapidly initially but then decrease as expected due to the

factorial suppression.

s =1 term
For s = 1, the infinite sums arising from the matrix products over the odd integers can

be performed using Mathematica.

W __ 4 yTae—1v]”
Riphom = == % t[y MZ; y] (4.14)

2n,2m

Since the matrices T, 2;m—1 and Ra,_1,2, have a relatively simple structure expressible
in terms of integers, we expect these to be in general in terms of hypergeometric functions

7F7_1 with arguments of the form ¢*; k € Z, .3

For the diagonal matrix elements, we obtain:

2n __ 1 2 1 1
Réln),2n = (q>q) {_4q2n+2¢) <q4v 1; 5 - TL) + 2nq2n+2(1) (q47 27 5 - Tl)

647203 log?(
1 1
+nq4n+2(1) <q47 27 5 - n) + 4q (q4n - 1) (p (q27 17 5 - TL>
4an 2 o 1 2 441
—4nq(q —1)(I> q,2,§—n + 4q°® q,l,i—n

3For the s = 1 case, which is very similar to the original matrix Z(q)((3.26a), (3.27a)), these functions
reduce to the Lerch transcendent representations and the appropriate analytic continuations—see (3.28).
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1 1 1
—3ng*® <q4,2, 5~ n) +4q® <q2, 1n+ 2) + 4ng® <q2,2,n + 2)
1 1 1
—4g”" 29 (q4, Ln+ 2) — 2ng”" 2@ <q4, 2,n+ 2) +dg" 2 (q“, Ln+ 2)

+3ng" 2 (q4, 2,n+ ;) — 4¢"" 1o ((127 1,n+ ;) —4ng*" o <q27 2,n+ ;)
—ng*® <q4, 2,n+ ;) — 1672n%¢*" log(q) — 16m*ng®" — 8v¢®" + 14n°ng™™ + 4™
+8log(2) (¢*" — 1)2 +2(¢*" — 1)2 P© <; - n> (2nlog(q) +1)

—2 (" = 1)" 4 (n + ;) (2nlog(q) — 1)

—nyp™M (; — n) (=5¢"" — 2¢°" + ¢*" + 4¢*" (4nlog(q) + 1) + 2)

+nyp (n + ;) (44" — 5¢™" — 2¢°" + ¢*" + 8n (¢*™ + 1) log(q) + 2)

+16¢°" tanh ™" (¢*) — 8¢*" tanh™" (¢°) + 27°n — 8tanh ™" (¢*) + 4y } (4.15)

The above expression would simplify for particular integer values n. A very useful series
representation for understanding these special functions is given by Erdélyi [47], which is
valid for |log(z)| < 27, s=2,3,... and a #0,—1,-2,...

_a ) N e log () ) — Tog(—
Oz, s,a] =273 Y (s —k,a) = + [U(s) — (a) — log(—log(2))]
0

k=
k#s—1

log®~!(2)
(s —1)!
(4.16)
where ((s,a) = ®(1, s, a) is the Hurwitz zeta function. Substituting this into the Mathe-

matica output would give us the log(t) dependence we wanted (as z = e~ # in our case).

The resulting expression can be truncated at a finite k to obtain an expansion in ¢ and

logt as for instance:

a 16t*  64t° 6
Ry —logt[ﬂ—ﬂ—l-@(t)

32 ( 1 ) e 4t (34 — 2172 + 41og(2)) N 4t5 (1408 — 58972 + 240log(2))

22 + ==
+ + 32 4572

+ 0 (9

(4.17)

For R(a) > 0, the two functions defined by Lerch Transcendents and Hurwitz Lerch
transcendent coincide and one can simply replace the former with the latter. This is
useful since Mathematica is able to expand Hurwitz Lerch functions with arguments e#*
arguments near ¢ = 0. This is another way to obtain the series expansions, although it is

sightly less computationally efficient.
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Similarly, the non-diagonal elements (n # m) are expressed as:

_\n+m 2m_12 2n_12
Réz)gm _ ( ) { (q ) (q ) |:_m2q2q) <q47 1, % _ TL)

32m2m(n? —m?2)log?(q) nm
+n?¢*® (q4, 1, % — m) —m2@?d (q4, 1,n+ ;) +n2¢*® <q4, 1,m+ ;)
—4m2m/1(0) (; — n) log(q) + 4m m/J(O) (n + > log(q) — m21/1(0) (; — n)
—m2yp®) (n + ;) + 4m? tanh ™! (q ) + 2m?y© <2) + 4mn?y© (; - m> log(q)
—4mn*y© (m + ;) log(q) + ny(©) (; - m) +n?y® (m + ;) — 4n® tanh ™! (¢?)
oty ()] 5 0 oy ) o 1)

nm

1 1 1
2nq® ( ¢*,1,= —m ) — 2mq® 1,=— 41,- -
o (0.2 ) 2 (1.5 ) o (4.1 )
1
+mq2®(q4,1,2—n>—2nq@(q 1,m+ )+2mq<I>< ,1,n+ >
1 1 1
+ng®® <q4,1,m+2) mq*® <q ,1,n+ >+nw(0 ( m>m{1(0 <m+ 2)
o (1 0) 1 an 9 1
—map 3 n +ma ntg +(¢"™ —1) (q 1) [—4q® q’l’i_m
2 4,1 2 441 2 1
+qq) q71a§_m +4q(I) q,177 —q q717§_ _4qq) Q71am+§

+q<I><q 1m+2>+4q<I><q 1,n+ ) @ ¢*1,n+ )

—4map®) (; - m) log(q) + 4map® <m + ;) log(q) — 31© (2 - m) — 3y (m >

+
+4n)(©) <; - n> log(q) — 4nap® <n + ;) log(q) + 3y (; - n) + 3@ (n + ;)} }
(4.18)

KA

By construction, these non-diagonal elements all satisfy the SU(1,1) condition [27]
R,m m=Runn (4.19)

order by order in s. For specific values of n,m, the above expressions do simplify, for
instance:

;34(112) 1 4 2/(.2 2/, 4 2 2 3 -1 2
= -1 1 +1)(3(g+1 +4¢°+1 1) tanh
9 288724 logQ(q) {(q ) (g+1) (q ) ( (q ) (q q ) (q + ) an q

+(g—1)%q (3¢® +9¢" + 34¢° + 65¢° + 78¢" + 65¢° + 34¢° + 9 + 3))
—3(¢* = 1)" (¢* + 4¢° + 1) tanh~! q} . (4.20)

However, we find that after ®(z,1,a) simplifies, the logt¢ terms from those terms are
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absent in a series expansion for the non-diagonal elements. For example, we find inter-

estingly enough that:

1y 8t*log(2) = 48t%log(2) , t*(31 —512log(2)) 5
Rof =~ 2 + 2 T 372 +0 (t )
1y 16t%log(2)  160t3log(2)  2t*(1408log(2) — 79) 5
Rig = — 2 + 2 - 372 +0 (t )
1y _ 8t?log(2)  64t3log(2) | t*(9281log(2) — 61) 5
Rag = 2 o 2 + 372 +0 (t )
1y 8t?log(2)  80t*log(2) = t*(103 — 1472log(2)) 5
Ry = — -t + 33 + O (¢°), ete. (4.21)

The log branch cuts from arctanh terms have cancelled after the sum over the block
matrix indices (z,p). The individual infinite sums from M all diverge badly for ¢ < 0 but
they combine appropriately for the non-diagonal case to give a log-free expansion at this

order in s.

s =2 term
(2)

9m.2m 10T & general n, m although they are a

We are able to construct the matrix elements R
longer combination of special functions, namely products of Hurwitz Lerch transcendents
and Lerch transcendents which are not particularly illuminating. Hence, we only provide

the series expansions for certain matrix elements to show the general numerical structure:

2 _ 2
R® _ 2t°(441og(2) — 271og(3)) L <2 _ 16log”(2)  304log(2) N 72 log(3)>

2 32 é 32 2
32 71 64log(2) 9416log(2)  894log(3) 5
th—= - O (t
+ ( 3 T BT T T e 572 ),
(4.22a)
@) 2t%(27log(3) —44log(2)) 5 (16log*(2) 108log(3)  76log(4)
3 ™ T s
34 96log?(2) 41l1log(3) 2162log(4) 5
th —— — — O(t°).  (4.22b
+ ( 37T2 7T4 + 71.2 97r2 + ( ) ( )

Next, we can combine the contributions from these three terms and analyse how well
they approximate the behaviour by comparing to a numerical evaluation of the same as

we do in Fig. 4.1. However, from the open-closed correspondence we expect the above

expansion in terms of the ¢" and log(t) basis to be incomplete. The crucial point is that

one cannot dictate that the summation over s and the Taylor series expansions over r

above must commute. Hence, the summation over s can lead to the subleading terms?

4This physical input from the CFT picture can be taken into account explicitly by the formalism of
Hardy fields employed in real asymptotics, which allows to amalgamate many “exponential scales”. See
chapter V, appendix 1 of [52] and chapters 3,5 of [53] for details on the theory.
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Figure 4.1: The individual contributions from the various matrix powers s = 0,1,2 and
their sum is plotted for two matrix elements (a) R44(¢) and (b) Ra4(t). The numerical
estimate for NV = 64 is also plotted for the Ry4 case and is seen to closely follow the
analytic sum. For Roy, the fit is not quite good since it starts only at the quadratic order
and more terms would be required to account for the small but comparable contributions.

021 -0.015

from closed string states of the form:

0o o0 o
Run(®) =33 3 nonss(log, ()2t (1.23)
k=0 j=0 s1,52=0
where ¢y, s, are some specific (real) coefficients and we have suppressed the mode labels
n, m for simplicity.

By adding the contributions from the higher matrix powers in s, one may obtain a
subset of the above coefficients to higher accuracy, the ones corresponding to the k = 0
level in this expansion. The exponentially small parts from & > 1 are the ones of most
interest to us and which encode information about the on-shell closed string states and
it would be interesting to recover some information about those states.

In summary, we have provided a formal procedure for successively approximating the
coefficients in an expansion near ¢ = 0. We do not claim to the efficiency or numerical
control resulting from this method. We must also acknowledge that this procedure does
not extend in practice beyond the lowest orders due to some of the double sums (involving
generalized hypergeometric functions) that arise from the block matrix multiplications.
Because of the non-analytic behaviour—which has its physical origins in the worldsheet
picture—it is intrinsically difficult to identify the divergences or the subleading terms in
the algebraic method we have used. Nonetheless, we hope that it has augmented the
knowledge levels on the algebraic structure of OSFT at the quantum level.

In the next subsection, we shall study the behaviour of these matrix elements near
the other limit of the modular parameter, that is, ¢ — +o0o by using an expansion in the

! near ¢ = 0. Since the oscillator based expressions are much more suited

variable ¢ = e~
for this kind of an expansion, we only check till the linear order term for consistency. We

will find that our expressions correctly reproduce the numbers that can be generated from
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the oscillator based expansion.

4.3 Expansions near t = oo in the continuous k-basis

In order to obtain the expansion for R, in the large ¢ (or small ¢) limit, as a power

!, one goes to the continuous k-basis [23, 24, 26| that we discuss later

series in ¢ = e~
in §4.3.2. It corresponds to another basis for the same j = 0 representation of SL(2,R)
associated with the discrete basis defined in terms of mode number labels, that we have
been using. We choose it to convert some of the infinite sums to integrals for the purpose
of numerical evaluation of the series coefficients. In certain cases, one can correctly guess
the exact algebraic numbers by using the RootApprozimant command in Mathematica if

they stabilize as the “WorkingPrecision” is increased.

4.3.1 Even parity elements till linear order in ¢
To commence the evaluation, let us define a matrix & in terms of purely the even fre-
quencies K¢ as § == diag{/ié/ 2, Ke 1/ 2}. Then we can express the matrices Q,, and £, that

contribute to R(q) as:

1o fa+tfat? —(f1 —thir) BT W -1
Q,=-81| . 2 §7 = -571Qrs
T4 —2(fi—rTftT) (fatrT far) 4

1 . thith Lfs _ 1 . _
L,==-8"1 . 2 S7t= _s7'Lrs 4.24
n 2 [_; Tf3tT zllfl‘| 2 ( )

where we have introduced the block matrices Q and L” after absorbing the numerical

factors. Here, we have employed the matrix ¢ := /ke T which is the operator [26]

o

Q1

tanh - which appears in the continuous Moyal basis® and r is the formal inverse of
1

the matrix ¢, i.e. r := /K, R
) o \/Kz

matrix F(q) (3.32) as:

. Then we can rewrite the matrix which appears in the

‘C;?r Q;lﬁn _ S*lLHT(Qn)fansfl
. . —1 .
thtT  —itfar fs+tfatt  —5(fr—thir) tht™  5fs
%f;s if1 —%(fl —rTfit") %(f4+7“—rf37") _%TTfiitT %fl
(4.25)

=81

in block matrix form.
To obtain the inverse, once again we perform a geometric series expansion by sepa-

rating the degree zero term through Q"(q) = Qf + 6Q"(g). Since as ¢ — 07, we have

5As we do not use the parameter ¢t = —log ¢ in this section, we hope the repeated use of the symbol
wouldn’t give rise to any ambiguities.

S*l
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fi(q) — 17, f3(q) — 17 and fa(q) — 37,

A O
ky—1
— 4.26
@7 = (1.26)
where we define the infinite matrices:
1 1
- 0= 1—A 4.2
14+ 3ttT’ 347y 3( ) (4.27)

Next, we insert the following binomial inverse series in order to obtain F(gq) which in

terms of these new matrices become:
1 — k] ® K=l kK o—
Fla) = 3M§" ' fo +Z DS Q) Q] (@) TILRS T (428

We shall denote the expansion as:

Z 1)*F*15(¢), where we set (4.29)
FO) = 5ME" fal) + ST (9)(Q) L (@) S (4.30)

Here as well, the simplest element to consider is the purely even block FL¥ which

2n,2m>

contains the explicit term:

(LET(Q") 'L = Ly (Q™) 2w L, + L (Q)zp Ly, + Ly, (Q),0 L, + Ly, (QF),, Ly,
(4.31)
where we have used the doublet indices x, p as subscripts for typographical convenience.
In the following, we simply restrict to the general structure of the lowest order s =0
term since we are primarily interested in certain consistency checks in the ¢ — 07 limit.
The oscillator expansion is much better suited for expansions near this limit and hence
we return to that method in §4.4. We shall later collect the exact coefficients for ¢° and
q' and verify that they match with the exact results from the oscillator expressions.
Upon inserting the constituent block matrices, the momentum block F*PI in (4.30) has

the structure:

]:;51)2'21( ) = —% -2 f2(2n)0pm + 2v/nm - <f1(2n)f1<2m)Q2n om — f3(2n) f3(2m)Aon 2m)

- _*5nm + 9 (Q - A)2n,2m
vnm n
+ 5 —2Q02m@*" — 2Q0p 2m@*™ + (A2n,2m + Qop2m — m) q*"

(2 + A)2n2m@™ + 402 2mg*" 2"

—~
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*292n,2mq2n+4m - 292n,2mq4n+2m + (Q - A)2n,2mq4n+4m ) (4'32)

without any summations over repeated indices. The next term in the expansion becomes
more tedious but starts contributing at ¢! (due to the infinite summations over the odd
index).

To this end, it is worthwhile to note that the constant part of the matrix L” is of the

form:
tth

L"(0) = [ ] (4.33)

= N[

This allows us to collect the coefficient of ¢° from

1 1 1—#t!

kT k=17 k\(0) _ _© .
@) = e L (134)

which when substituted into the expression for Ray, 2, in terms of Fop, 2, (3.46):

1—#" 1
RO, —_ [1 1 ]
2n,2m \/71 =+ SttT \/> 2n,2m

1—tt!
— )= | , (4.35)
m |14+ 3t |y, 0
which is precisely the even parity elements of the Neumann matrix X3!,  in (2.76) as

was derived in the oscillator formalism.

Similarly, the coefficient of ¢! is given by the matrix:

R = 230 | (A)20a(A0hams + 5 (A0)2na (@ o+ (065 m) | 4 (4.30)

by considering the s = 1 power and noticing that the ¢*”, ¢*® terms do not contribute at

this order for any n. Now, one can show that Qr' = At; hence the above reduces to:

In
R&),zm =38 %(Athn,l(/\thm,l- (4.37)

4.3.2 Numerical evaluation in the continuous s-basis

The matrix elements of the rational functions involving the ¢ matrix such as

1 1
= t=t¢
14+ 3tT 14+3tTt
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can be obtained by numerical integration by going to the continuous Moyal basis®, known
as the k-basis. The k basis diagonalizes the operator K; = (L1 + L_;) of SL(2,R) [23,
24, 26):

Ki|k) = K|k) (4.38)

which commutes with the vertex, and is useful for performing analytic and numerical
calculations.
The ¢ matrix is diagonalized in the infinite N limit to give the eigenvalues|26]: t, =

tanh(7k/4). Then we have the integral representation for the matrix elements as

1
tonom—1 = V2n Top_19m—1 —F——=
2m — 1
(o.]
:/ dk vop, (k) tanh(mk /4)vam—1(K) (4.39)
—0Q
where we start” with defining the overlap functions
on(k) = (sfn) = — 9l (4.40)

/1y /2 sinh T8
K 2

which are a class of polynomials that arise naturally in the continuous basis and are
analogous to the Hermite polynomials for the number operator. These are orthogonal

with respect to the weight function

2 e\ !
= | —sinh — 4.41
w(k) </£ sinh = > (4.41)
A generating functional for these polynomials is given by:
2" 1 —kKarctan z
> ) = (- )= fu(2) (1.42)
neZ

and they satisfy the recurrence relation:

U (R) + -1 (5) = =~ ya(r), (4.43)

among many other relations listed in [23]. Setting yo(k) = 0,y1(k) = 1, leads to the

polynomials:
yi(k) =1, y2(k) = =k,
1 1 4
y3("€) = 5’12 - 17 y4(’%) - _6’{3 =+ gﬁa

5The notational conflict in using & for the continuous basis and for the spectral matrix would be
restricted to this subsubsection.
" The following properties are taken from App A of [23].
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1, 5 1 1, 23
ys() = 5kt — oh + 1, yo(r) = — ok’ + 2K° — ok, (4.44)

and so on and so forth.
After this short exposition of these somewhat amusing polynomials, let us return to
the evaluation of the matrix functions. In terms of the new continuous basis, we can

express functions of the ¢ matrices such as

(F(ttT))anm = /_Z dk v (k) F (tanh2 (%ﬁ)) vom (K), (4.45a)
(tF(tTt)>2n72m_1 = /_ZOO dk vop (k) tanh <%> F (tanh2 <%)> vom—1(K), etc. (4.45b)

using which we have evaluated (4.37) upto a WorkingPrecision of 16 in Mathematica. The

resulting numbers for some matrix elements are listed in Table 4.1. Now, by using the

R || 2 4 6 8
2 || 0325154 —0.0030333 0.0511147 —0.0338815
4 || ~0.187867 0.0542726 —0.0205320 0.0195760
6 || 0153344 —0.0442004 0.0241050 —0.0159787
8 || ~0.135526 0.0391520 —0.0213049 0.0141220

Table 4.1: Numerical evaluation of the linear coefficient in a few even parity matrix
elements R, (¢) using the continuous « basis for the Moyal * .

oscillator based expansion in (2.76) and (4.57), we obtain the linear coefficient to be in

terms of the ghost Neumann matrices:

1)|osc
Ry = — (X212 1X11,22m + X2271L,1X12,12m) : (4.46)

2n,2m n,

These rational numbers are tabulated in Table 4.2 and found to be the stabilizing value

as the WorkingPrecision for the numerical integrations above is increased. Indeed, we

osc|l
RO H 2 4 6 8
9 6400 _ 16640 244480 _ 13126400
19683 177147 4782969 387420489
4 _ 33280 86528 _ 1271296 68257280
177147 1594323 43046721 3486784401
6 244480 _ 635648 9339136 _ 501428480
1594323 14348907 387420489 31381059609
8 _ 52505600 136514560 _ 2005713920 107688985600
387420489 3486784401 94143178827 7625597484987

Table 4.2: Exact linear coefficients in a few even parity matrix elements R, (¢) obtained
using the oscillator method in terms of Neumann coefficients.
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may also express the Neumann matrices X&) in terms of the matrix

. 0 -S

defined in [20] to analytically prove that both expressions for the linear term coincide.
This expansion can thus result in interesting relations between the Neumann matrices
and matrices arising from the Moyal structure which may be established by using the
canonical way of expressing all the Neumann matrices in terms of the matrix ¢ and the
frequency matrices k. and k, [20].

Regarding studying the determinant factor in the integrand using a ¢ expansion(see
also 3.1.3), which is common for all matrix elements, we find that the lowest power of
each matrix element do not decrease along a row or a column which is required for a
systematic expansion. Essentially, one cannot separate the degree zero piece as there is
no nice way to express det(1 + A~ B) in terms of det A~'B.

Although one can include the higher powers ((Qf)~10Q")* to obtain the exact coeffi-
cients for a ¢ series, this would necessitate many more numerical integrations arising from
collecting powers together and results in numerical uncertainties. The oscillator basis on
the other hand furnishes the exact coefficients since the Neumann matrices are known
exactly from CFT. We therefore simply contend ourselves with the zeroth order and the
linear coefficient using the x basis and compare with the oscillator based expansion. This
serves as a consistency check on the correctness of our expressions in the ¢ — +oo limit.
Hence for the purpose of constructing a g-series, we employ the oscillator based expres-
sions in (2.76) expressed in terms of Neumann matrices in the following subsection. This
can then be used to search for some hints of the non-analyticities expected from the

underlying geometrical picture.

4.3.3 Another consistency check using factorization

Let us pause for a moment and do a quick check on the overall determinant factors near
the t — oo or ¢ — 0 limit to make sure that the result is regulator independent. In this
limit, we expect the integrand to factorize into the 3-point function, with two legs on-shell
with p? = 1 = —m? for the “lightest” tachyon state and one off-shell tachyon state with
p = 0, and a tachyon propagator® with ¢t — co. The off-shell 3-tachyon amplitude has
been known[13, 34, 45| to be of the form:

gr23(k;) = grK® x K~ (FHR+k3) (4.48)

8This may be read off from open string partition function.
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3v3

where we recall that gp is the on-shell 3-tachyon coupling (by definition) and K = ——.

4
Hence, we expect the leading asymptotics to be:
go(L+w w)™ | det(20)") —d/2 K3 % K2 g '(—2logq)~%?
E (QW)d(N—&—l/Q) q \det(QQnX)’d/Q (QQp) — gr X (27T)d(N+1/2) (4.49)

as ¢ — 0, when d = 26. The 27 factors arise from the X and p integrations and the
manner in which the basis states e " are normalized. We have also set [ s = V2 on the
right hand side for consistency with our earlier conventions.

The factor Q,, arising from the momentum integration is dominated by —loggq and

hence we require:
a2 det(2Q4")

i —— == =gr K 4.50

The determinant factors involve the block matrices (3.18), (B.11):

Qo — e figllfz(fie) +Tr, falko)TT =4 [fi(ke) = Tfi(ko)R]
K 4 7% [fl(’ie) - RTfl('%o)TT] % [’iefél(’{e) + RTHofS(Ho)R] ’
x_ U w a+ Trg (k)T =4 (fi(ke) = Thi(ko)R)
TS i (fils) - TR (kefs + R rofiR) *50)

In the ¢ — 0 limit, we have fi — 1, f3 — 1 and f; — 3 and hence the ratio of the
determinant factors above reduces to give:

T 3+rTr)
det(2)5] det(1 + 3tt ") det ( 1 _ p2N(d-2) det(1+ 3tt")det(3 41 "r)
1 =
? det(3 + t£T)4/2 det (1+:1?)gTr>d/2 det(3 + t£7)4/2 det (1 + 3rTr)%/?
= 22N(0-2) ot (1 + 3t )2 det(3 + t¢ T ) U det(tt )=,
(4.52)

where r :=t71 = /ﬁglt—l—/{e and we have substituted r "7 = (¢¢7)~!. Multiplying with the

—-1/2
)

remaining factors and using det(tt") = (1 +w ' w) we have:

(d—2)det(1 + 3tt )2
det(3+¢tT)d

s det(l+ 3tt )2
det(34¢tT)d”’

— —ug%‘% (4.53)

%(1 FwTw) 5 x 22N det(ttT) 5 = 22N<d—2>i;(1 +w'w)

where p3 is the normalization factor (2.86) that relates the interaction term in the Moyal
and the oscillator formalisms(§2.4), and which vanishes as N — oo. In terms of us,
the couplings are related as gr = —ug x 290K 2 [26, ref 2, Eq. 2.3] and hence the N
dependence is removed. The LHS now becomes: gr/6 K2 which is off from the expected
result of gr K by a factor of éKQ = 9/32 = 0.28125. The 6 is because of the symmetry

factor 3! for the 3-point function but no such factors would arise for the tadpole case. We
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hope to return to this slight discrepancy when occasion offers itself.
Moving on, we can obtain the higher order terms more efficiently and exactly using

the oscillator based expression, to which we turn next.

4.4 A convergent expansion in ¢ using the oscillator expres-

sion

In this work, we have been mainly interested in the behaviour of the finite matrix elements
as t — 0T. This corresponds to looking at the ¢ — 1~ limit, and hence may also be
indirectly inferred from a series expansion near ¢ = 0 (the ¢ = 400 limit) due to the
expected non-analyticities. Physically, one would expect that the ¢ evolved string field
becomes ill-defined when R(t) < 0; the propagator would result in divergent sums while
acting on a string field for ¢ < 0. Thus, intuitively we would expect the matrix elements
to be uniformly convergent for |¢| < 1 and to have non-analytic behaviour everywhere on
the unit circle |g| = 1 which obstructs an analytic continuation beyond the unit disc in
the ¢ plane.

We therefore proceed to directly use the oscillator expression given in [14]| to probe
the ¢ — 17 limit. The matrix elements R, (¢), can be given a systematic expansion
in powers of ¢ as follows. The matrix whose powers are taken in the geometric series
expansion has a minimal degree 1. Therefore, the matrix powers start contributing only
from higher and higher powers onwards as the infinite sums in the matrix products would
not alter the order of the zeroes. This allows us to obtain the exact coefficients by adding

up the contribution from a finite number of matrix powers.

A g-series expansion
By a theorem of Sierpiriski (see |54, §4.2]), there can exist power series which converges
at a single point on the boundary (say z = 1) but diverges at every other point. In our
particular case, we would have a series with radius of convergence 1, that converges at
q = 1 to either +1 or —1 but exhibits discontinuous behaviour on the disc boundary.
The oscillator based expressions given in [14, §4] is naturally suited for systematically
finding a ¢ series expansion for R,,,,(¢) since the propagator is simple in this basis. Again,
the ghost sector is relatively simpler as compared to the matter sector due to the absence
of the momentum zero mode.
As the hatted matrices (2.77) appearing in (2.76) for R(g) do not seem to satisfy any
nice identities unlike the Mg + matrices, we resort to a geometric series for studying the
matrix inverse (1 — SX)~!. Inserting this formal expansion into (2.76), we have:

R(t) — xl + [ XIQ(O,t) XQl(O,t) } >0 (S)A(:)SS [ :f;;g?g; ] (454)
=0 9

s
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and let us introduce the infinite matrices Rﬁﬁ% by rewriting:

s=0

in terms of the variable q.

At the risk of further over-complicating the notation, let us also introduce a constant
matrix X as follows:

X = (4.56)

X21 Xll
x1 x12 ’

which is essentially the SX (t) matrix stripped off the ¢ dependent propagator pieces and

n/2

the C' matrices. The C' matrices and the ¢/~ factors from the propagator effectively make

the contribution from the sth power term into:

(o]
11 12 12
ROM0) =deo Xhh+ D0 (1P 30 X0 (LB )y X2

p=s+1 |il=p S terms
12 21
+Xnuu1 ( U )12|u1us+1X,U's+1m
s terms
21 12
+Xn7#1 ( u )21|M1'LLS+1XV'5+1m
s terms
21 21
+X”nu1 ( u )22|u1us+1Xﬂs+lm ) (457)
s terms

where we are only summing over the set of integer partitions of the power p into s + 1
terms:

il =+ ...+ pst1 =p,

and its permutations. For performing these block matrix computations we have again
used the NCAlgebra package® [28] which among its many powerful features handles block
matrices in a somewhat more reliable and easier manner as compared to Mathematica’s
built-in functions. For instance, the block matrix powers which grow exponentially with
the degree can be quickly evaluated as formal expressions using the “NCDot”/“MM” (Ma-
trixMultiply) command. These can then be fed into a “module” for inserting the X%+
exact values. Essentially, the output of the NCAlgebra commands are used to construct

lists and we apply the transformation rules on them to convert them to the coefficients.

For low values of s, one can use the “Permutations” and “IntegerPartitions” commands

°T would like to thank the UC San Diego Mathematics department for making available this package
using which parts of the computations in this work were performed.
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in Mathematica to insert the appropriate indices and perform the (constrained) summa-
tions'®. Again, this becomes computationally challenging since the number of terms in
each block grows exponentially with s as 2°7! and we had to contend ourselves with
s < 17 truncation due to time and energy constraints.

To obtain till the ¢'® coefficient exactly, one needs to include the s = 0,...,17 con-
tributions (the s = 18 terms start only at ¢'?). Once we have an expansion in terms of
exact coefficients, we can find the corresponding diagonal or near diagonal Padé approx-
imant (n ~ m) and look at its pole-zero structure in the complex ¢ plane as we do in
appendix 4.5. This is a useful exercice in general, when the available data is limited due

to a multitude of reasons.

We have obtained the coefficients till the ¢'® term for a general matriz element Ry,
symbolically. For particular values of n, m, the expansions can then be readily obtained.

We provide a few elements below for illustration:

1 27 27.23, 29.7.13 ; 27.13693 , 2%.54503

Rll(q) = _373 - @q - 38 q + 312 q — 315 q + 317 q
28 .53 -3469 - 105251 - 28802532911 17 27 . 20826099209 - 1406808088061 18
toeet 353 a + 356 q

~ —0.407407 — 0.175583¢ — 0.448712¢> + 0.0876711¢> — 0.122149¢* + 0.108044¢°
— 0.0360726¢°% — 0.0321163¢" + 0.0250613¢° + 0.0228212¢° — 0.0179066¢*°
—0.0218985¢' + 0.00985881¢'2 + 0.0211021¢"* — 0.000638823¢'* — 0.0163765¢"°

— 0.00652212¢"% + 0.00736123¢'" + 0.00716576¢™ + O(¢*?), (4.58)
19 28.5%2  28.269 , 210.569 , 28.107-2131 , 29.7.224617
RQQ(Q) = ? + 39 q + 311 q — 314 q 317 q — 320 q
28 - 204248123 - 1153179431133481
4t 258 q18 + O(qlg)

~ 0.0781893 + 0.325154¢ + 0.388739¢> — 0.121819¢> + 0.452008¢* — 0.23088¢°
+0.139741¢% + 0.0208859¢" — 0.0978634¢® + 0.0156951¢” + 0.0705072¢°
— 0.0118808¢" — 0.0591811¢'2 — 0.00238481¢" + 0.0496639¢'* + 0.0171492¢"°
—0.0333904¢% — 0.0243469¢*7 + 0.0128015¢"® + O(¢*?), (4.59)

and for two non-diagonal elements, we have:

25.52 28.5.13  28.5.109 2+210-5-67.199 3+28-52~137~181

_ 4
R24(q) - 39 - 311 q+ 314 q 318 q 320 q

1%0ne can also employ “If” conditionals to do these summations by brute-force for low enough s. The

r P

routine needs to check Z Z(p — s+ 1)° If conditionals and also perform multiplication and addition
p=1s=1

for the size of the Permutations of Integer Partitions to obtain the first » 4+ 1 coefficients exactly. This

number grows very quickly.

+0(¢")
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28.5.7%.181 - 846389 - 14954516415841 4
+ 362 q

~ —0.0406442 — 0.0939333¢ + 0.0291702¢ + 0.176204¢> + 0.0455149¢* — 0.051438¢°
—0.00973223¢5% — 0.0752605¢7 — 0.0205626¢° + 0.0851266¢° — 0.023345¢*°
— 0.0660465¢" + 0.032174¢"2 4 0.0440361¢" — 0.0130819¢'* — 0.032953¢"°
—0.00765715¢'% 4 0.019743¢*7 + 0.0184546¢"® + O(¢"?), and for (4.60)
25-5-29+28-5-191 2%.5.199 , 219.5.7.37.53 5 2%.5.11-7489

+0(¢")

_ 4
Rag(q) = 311 E VY 35 4 319 q 323 q
28.5.7.31 18664747 - 823481250069563
_ L 364 q18 + O(q19)

~ 0.0785788 + 0.153344¢ — 0.0532556¢° — 0.181411¢® — 0.00336015¢* — 0.0665607¢°
— 0.157655¢° + 0.0480861¢" + 0.179151¢% + 0.0564545¢° — 0.119223¢"°
+0.0299126¢"" + 0.132947¢'% — 0.0913012¢™® — 0.0771423¢* + 0.0626403¢"°
4 0.028327¢" + 0.0115182¢'" — 0.00372998¢*® + O(¢*?). (4.61)

It is interesting to note that the coefficients are all nice rational numbers given that the
Neumann matrices are only algebraic valued. We observe that there is a (rather slow)

non-monotonic fall-off of the coefficients as seen from Fig. 4.2. However, we can see from

coefficient

—— Ryq
0.4 Roo

R4
—+— Rog

0.2

power

Figure 4.2: Ri1, Rog, Ro4, Rog coefficients vs the corresponding powers of ¢

Table 4.3 below that for low n,m, they still approximate the function near ¢ = 1. We
expect these Taylor series expansions to correspond to certain special combinations of
elliptic functions. As it is difficult to identify the form of the function from the series—
and it varies for each matrix element—we tried to look up the numbers ' in the OEIS

[55].  Although we haven’t found any match so far, it may be possible that one can

1Tt offers a feature to check rational sequences by searching for the numerator sequence and denomi-
nator sequence separately.
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series (1) || 1 2 3 4
1 0.988788 0.0157688  0.00910705 —0.00146615
2 0.0315376 1.00062 —0.0204256 0.0336059
3 0.0273211 —0.0306384 1.07677 0.0259935
4 —0.0058646 0.0672117 0.034658 1.01014

Table 4.3: A few of the purely even parity matrix elements Roy, 2, evaluated at ¢ = 1
or t = 0 using the oscillator based expansion till ¢'®. The diagonal elements are all
consistent with being +1 with the off-diagonal ones vanishing, since the twist matrix
Crnm = (—)"0pm reduces to 40y, in the even sector. In the odd sector, we have checked
that there is consistency with —d,,, as well.

express these in terms of rational expressions!? of elliptic functions and their derivatives,
line integrals, etc. Once one obtains the expression in terms of elliptic functions, one can
convert them to Jacobi © functions and then apply the Jacobi imaginary transform to
obtain the closed string contributions explicitly, similar to [13].

Furthermore, it is interesting to compare this expansion to the one we obtained in
§4.1 for the general even parity matrix elements directly in the ¢ variable. We find that
they do all follow each other sufficiently closely near the ¢ — 0T region (which maps to
the ¢ — 17 region) as can be seen from some sample matrix elements plotted in Fig.4.3a;
in the non-diagonal case there is a numerical difference since the true function is expected

to vanish as ¢ — 17, but notice that the scales differ.

1.0
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Figure 4.3: A comparison of the behaviour of the matrix element Ry, 2, near ¢ = 0
obtained using the first three terms (s = 0,1,2) in the Moyal basis (green) and using
the first 19 terms (till ¢'® = e7!8) in the oscillator basis (orange, dashed) plotted for
(a)Raa(t) and (b)Ray(t). The two furnish very similar values for the diagonal case but
differ for the non-diagonal case, which was expected given the vanishing behaviour near
t=0.

12This is expected the case as the Schottky double is a torus and elliptic functions are the natural
doubly periodic functions should appear in any physical quantity[13, 14].
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4.5 Padé approximants for R,,,(q)

In this section, we shall try to infer the analytic properties of the functions represented
by the expansions from §4.4 in the ¢ plane by considerations of their Padé approzimants.
These are meromorphic functions of the expansion parameter that have identical Taylor
series coefficients till the finite data generated for an unknown function (by using various
computational techniques).

Specifically, the r/s Padé approximant till order N is a rational function, constructed

as the quotient of two polynomials of degree r, s respectively such that r + s = N and:

Ar(z)  ap+aiz+---+apz"
By(2)  14biz+ -+ bsz®

Pl(z) = =po+piz+---+pyzY + Ry(2),  (4.62)
where the expansion coefficients p;, (i = 0,--- , N) coincide with the series expansion at
hand. Generally, the diagonal/symmetric case r = s &~ | N/2]| captures the zeros and
poles of the unknown function more accurately and provides the fastest convergence to
the true function as N increases. One can estimate if the poles so obtained are spurious or
not by roughly checking how much they overlap with the zeros in the complex z plane as
the value of NV increases. An accumulation of non-spurious poles could signal an essential
singularity or a branch cut [56].

We have constructed the Padé approximants for a few matrix elements in Table 4.4 to
demonstrate their utility and to show that these provide a better approximation compared

to relying on the Taylor series as can be seen by comparing to Table 4.3 above. In order

| Rf Rf) Ri3 RS,
—0.999853 1.00166 —0.00221739  0.0244735
~1.00018 1.00347 —0.0218953  —0.0581234
—0.999948 1.00009  0.000125679  0.00170096
~1.00003  1.00014 —0.000261842 —0.00459688

O 0 N O

Table 4.4: The Padé approximant P,f evaluated at ¢ = 1 for various matrix elements. The
values are consistent with what one expects for the diagonal and non-diagonal elements,
namely (—)" and 0 respectively, although the convergence as k increases is not uniform.

to look for hints of non-analyticity, we can study the poles and zeros of these rational
functions as we do in Fig. 4.4 for two purely odd parity matrix elements. As can be
observed from the plots, the poles do not appear to accumulate near the unit circle (or
near ¢ = +1 for that matter) at this order, and a few of them even seem to be somewhat
spurious since they overlap a nearby zero. But notice that the poles are still consistent
with being outside the unit disc. Let us therefore consider the absolute values of the

corresponding residues at these poles to ascertain the relative strength of the poles. We
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poles % poles

zeros zeros

(a) (b)

Figure 4.4: The zeros and poles in the complex ¢ plane of the 9/9 Padé approximant to
the matrix elements (a) Rgss(q) and (b) Rq3(q) obtained using the oscillator expansions
based on the exact Neumann matrices.

divide out by the constant terms in these expansions—which is always X1 as can be seen
immediately from (2.76)—in order to provide the numbers more intuitive. Furthermore,
it is useful to consider the absolute values of the location of the poles to see if they are
indeed approaching the boundary of the unit disc. We have performed these checks for
several matrix elements and have presented the data in Table 4.5 corresponding to the
R3 case above. Because the off-diagonal functions vanish at the point ¢ = 0, we may
expect to see stronger signals for these. Once again, we remark that with the current
limited data there is not a robust behaviour that may be claimed to hold and also that the
residues may not be representative of the (non)analytic structure due to possible rapid
oscillations. To get a better idea of the strength of these poles, we can also consider a

t13 of the absolute value (rescaled by X!l ) of these approximants in the complex ¢

plo
plane as in Fig. 4.5 below. Next, we have at our disposal another approximation scheme
which is known to work better for low values of N: the Borel-Padé approximation. In
this method, one combines Padé approximants with the Borel transform by first taking
the Borel transform of the truncated series, then finding its Padé approximant and finally
doing the inverse Borel transform.'® The Borel transform of the truncated power series

in ¢ is obtained by replacing each coefficient py by pi/k!, i.e:

N N P

k
> “prg” =D qu (4.63)
k=0 k=0

13The code for generating this plot was taken from a Mathematica Stack Exchange page:https://
mathematica.stackexchange.com/questions/3458/plotting-complex-quantity-functions.
1See the discussion in [57, §3.1] whose notation we shall try to follow.
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qi |gi] Rescaled residue at g;

—1.42723 1.42723 1.73178
—1.14524 — 0.985928; 1.51117 4.92979
—1.14524 4+ 0.985928; 1.51117 4.92979
—0.259587 — 1.39047: 1.4145 4.20125
—0.259587 + 1.39047:  1.4145 4.20125

0.300928 — 0.953144% 0.99952 0.0630495

0.300928 + 0.9531447 0.99952 0.0630495
1.63103 — 0.802827  1.81791 1.96839
1.63103 + 0.802827  1.81791 1.96839

Table 4.5: The location of the poles of the 9/9 Padé approximant to Ry3, their absolute
values and the corresponding residues. For being more useful, we have rescaled all the
residues with the constant term X1 = % ~ 0.10974.

Figure 4.5: A plot displaying the absolute value and phase for the 9/9 Padé approximants
to (a) Rs3 and (b) Ry3 in the complex ¢ plane. The “spikes” correspond to the location of
the (simple)poles and the strength of the residues can be visually estimated by noticing
how fast these are diverging. The phases are indicated using colours such that positive
real numbers are assigned red, negative real numbers are assigned cyan, and the hue varies
linearly. All the numbers for absolute values are rescaled by the constant piece XL .

whose Padé approximant P! (q)porel can be obtained in a similar manner as above.
The final step is to perform the inverse Borel transformation that involves an integra-

tion along the positive real axis:
- o0
PST(Q) = / dt e_t P; (tQ)Borel- (464)
0

The interesting case is when the integrand has poles on the positive real axis which can
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correspond to ambiguities from subleading terms, not ordinarily seen in a power series
expansion. Hence, we have analysed the pole structure of P! (q)Borel but have found that
although there appears to be poles at certain positive values of ¢, these are not stable as

the order r/s is varied. For Rass, for instance, we have in Table 4.6 but for many other

{r,s} Pole of (P!)Borel on R+

{8,7} none

(8,8} 18.526252
{9,8} 17.710812
(9,9} 18.450791

Table 4.6: The location of the poles on the positive real axis for the Padé approximant
to the Borel transform, (P! )porel, as 7, s is varied for Ras(q).

matrix elements we have checked, this behaviour is much less clear as the imaginary parts
are not stable.

However, we have evaluated the above integral for ¢ = 1 and have found the expected
result of Cpp, = (—)"dpm to good enough accuracy. We have also examined the (scaled)
residues of P!(q)Borel towards this line of analysis. In short, the essential singularity
expected for ¢ = +1 and branch cuts due to log(—log¢q) do not show up conclusively at
this order, indicating the need for much higher order coefficients or some other underlying

features of the functions.
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Chapter 5

Comments on the string propagator

in the ghost sector

In this chapter, we write down the ghost sector expressions for the corrections to open
string propagator at the one-loop level (N = 2, g = 1). This corresponds to the self-energy
diagram in QFTs and in case of the bosonic theory, the diagrams are similar! to the ¢3
theory. However, in OSFT there would be an infinite number of string states allowed in
the loop and as remarked earlier, the propagator used (3.9) has an interesting structure
involving an additional potential term. We shall be using a similar method employing
state sums as done for the tadpole in chapter 3, and use only the Moyal star in £ space for
our analysis. We will begin by reviewing the covering of the bosonic moduli space using
the four relevant string diagrams [13] in Fig.5.1 after some preliminary remarks concerning
ghost charges. Notice that there are two bosonic moduli ¢; and 9 each ranging from 0 to

oo and the analytic structure becomes much more intricate (and interesting) consequently.

On ghost number assignments

Recall that for one-loop? diagrams, the perturbative quantization procedure dictates that
states of all ghost number, G; € Z, must propagate in the loop subject to the ghost
number saturation condition for the corresponding genus by the Riemann-Roch theorem.
These are the so called spacetime “ghost strings” which are different from the ordinary
reparametrization be ghosts [33] on the worldsheet.

Applying this rule for the one-loop 2-point function, we require that the vertex oper-
ators for the two states |®1) and |®3) corresponding to the two propagators of “length”

t1 = —Ingq; and to = —In gy carry the ghost charges:

Gy=3-1-G,=2-G1, (5.1)

The extended nature of the world-sheet however also allows for “twisting” the internal propagators
[6].

2To be precise, what we call “one-loop” here would correspond to the lowest order O(hl/ 2) correction
if the relation between the open string and the closed string coupling are taken into account and hence
would actually be “half-loop” (v/h) level, as per standard Polchinski conventions.
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Figure 5.1: The four diagrams contributing to one-loop 2-point function. Diagrams (a)
and (b) may be considered to arise from the s channel and the last two: (c) and (d), from
the ¢ channel.

when both external lines are connected to the loop but only G; = 1 = G5 when only
a single line is connected to the loop as in . This results from the requirement of total
ghost number +3 for the Witten type vertex. For the first case, the condition requires
that both states be of either even or odd ghost number which is true also for the Schnabl
gauge analysis[31].

While considering the two diagrams of the first type, we will account for only the
contribution from the ghost number +1 quantum states in this work. However, while
constructing the quantum effective action it is essential that we remove this restriction.
Hence, our analysis would necessarily be limited in its physical validity. The remaining
two are not one particle irreducible and have the tadpole as a subgraph. Hence they share
some of the structures. At the end, all the four diagrams should be added with equal
weight (= +1) in order to match with the first quantized results on-shell [6].
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Covering of moduli space

As expounded in [13, §5] by Samuel et al., the moduli space is covered by four string
diagrams as depicted in Fig.5.1, of which one is non-planar and the rest three are planar.3
Of these three planar cases, two have the one loop tadpole as a subdiagram and hence has
zero momentum transfer. With the appropriate change of variables, these are guaranteed
to have the same form of the integrand. These diagrams smoothly cross-over as the
modular parameters are varied in order to provide a single covering of the moduli space
(Ref.[13] clearly demonstrates this). Additionally, the ghost factors are no longer trivial
as in the tree level cases.

We see that the last two diagrams differ by the way two legs of the off-shell four-
point function are glued together to form a loop. The Witten vertex is cyclic but not
permutation symmetric and hence we find these inequivalent diagrams for obtaining a
single covering of moduli space as required by consistency with the Polyakov amplitudes
on-shell. In the following, we consider only pure ghost external states for convenience. It
was shown that in addition to the physical poles corresponding to an intermediate particle
going on-shell, there are also unphysical poles in the off-shell amplitude[13]|. Hence these

diagrams contribute to very interesting off shell structure.

(s)

5.1 The non-planar integrand I 12)43

The non-planar contribution to the open string propagator is given by:

day [ dg>
12|43 / dtl/ dt2112\43 t,t2) = / / 12|43 (41, 42), (5:2)

where the legs 2 and 3 in Fig. 2.2a are identified, and the labels 2 and 3 are therefore

redundant. The integrand (in the ghost sector) can be expressed as below (see also (2.68)):

I35 (a1, a2) = / AT | Ara(gr, ", €% X") x Ad(€ X" + Agla, " €], (5.3)

and we have explicitly indicated the arguments for clarity. Here we have defined the

monoids:
Lgh hT,gh
AlQ(ql, ngh, ggh, )\,gh) — ql 0 |:A1 (67 )\_gh) ” e+€g n9 :|

LINT _pghT, gh
A3(q2a Ugh7 ggh) = QQO |:€ & e ]7 (54)

3Planar is used in the sense of Feynman graphs; the string diagrams are still non-planar due to the
unique structure of the Witten type vertex.
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in terms of the simpler elements:

A (€97 M) = Nge 8" TME" e e TN
Ax(ih ) = %“W“
A (9%, €97 = 759thgh7
(ggh )\gh) _gghTMghggh_fghT/\Zh. (5'5)
where as before, )\‘{h, )\Zh are the sources which may be used to insert the specific asymp-

totic string states at the end of the calculations. Here again, we choose to remove the first
x product that appears between Ao and A4 while evaluating the trace under the assump-
tion of associativity. We apply the sub-algebra rules for the monoid and the propagator

rules to write down the parameters for the resulting string fields below:

Aly(q1) -

Mis(a) = M§", My(t) = ¢f" (=(1 = m§"n?"+ X",
Niaqi) = 67(712) exp [_nghTQ%IQ)ngh_i_ )\glyhT[’%m)Tngh] , (5.6)

where the coefficient matrices appearing in the normalization factor Nisc are given by:

1 1 .
) = —omf! — S(1—mf" )M fi(qn) (1 —mf") (5.7a)
1 1
£7(712)T =5 |:O' + ngh 1f3(£]1)} (5.7b)
1 .
C(IQ) No exp [8)\€hTMO 1f3(q1))\§h] : (5.7¢)

and for the monoid

Agh(%):

245"

N3(q2) = det Bfg(qg)] exp [—i—lllnghTMo_l“;iggzi gh| (5.8)

Now, let us proceed to evaluate the string field resulting from taking A4 * As(qe) =:

Ay3(q2). The parameters for the resulting expression are the following:
L fla) ] [ fsla2) . gn 2}_
ma3(q2) = |m mg 1+ m
() = [+ T gy 1 S0

)
3(q2) nf3(q2)  gn
+[h@ﬁ ™ g.b<>mg]

gh f3(QZ) ]_1’ (59&)

1+mO
fa(ga)ymi"
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Nas(go) = 2[1 — m"] [1 n f3(g2) (mgh)2:| e s {1 N f3(Q2)mgh] [1 ) f3(a2) on
0 fa(g2) " fa(q2) f2(g2) 0 O falg2) °
(5.9b)
Nag = NoN3(q2) det {1 + ;zgzz; (mgh)z] exp [4—[11)@0](@5)\5] , (5.9¢)
where in the last expression, we must substitute:
_ (. gh gh _1f2(Q2))_1 _ ( f3(q2) ;. gn 2>_1
K= (mo +(mo) f3(q2) ' Kas =1+ fQ(Q2)(mO ) ’
Ko — (1 o f3(@) o\ ~(f3(@2) g g1\
34 = +mg fg(gg)mo , and  Ks3 = fg(gg)mo + (m{") . (5.10)

Combining the two string fields by taking the ordinary product of functions and taking

the £9" trace, we are left with
07(712'43) /(dﬁ) exp [_nTQ7(712|43)n+£7(712|43)T77] (5.11)

where the A\; 4 dependences are implicit. Thus, the final contribution from the ghost

sector becomes the following:

1
det (2Q7(712\43)) exp [+4£7(712|43)T Q$71243)_1£%12|43)} . (5.12)

Here, the argument of the exponential mixes the components of the “vector”

h
o
- (%0

and for a general one-loop n-point function, we obtain an n component vector. This is
similar in spirit to working in Fourier space but here we only work with 2/N x 2N matrices.
In certain cases, we can use these formal expressions for numerical calculations; the
advantage of this representation is the straightforward application of the transformation
rules, although they involve several inverses of infinite matrices and intermediate matrix

multiplications.

5.2 The planar graphs

One may observe that the planar amplitude with both external states on the same bound-

(s)
12]34

above. Hence, the combined integrand can be written as

ary of the annulus, A comes with a relative positive sign with respect to the amplitude

2+ Tl = [ ™ T [Analan ™ N {008) As(en™} | (513)

1
gh
)\4 5
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This is special for the 2-point function since for general diagrams, the permutation non-
inwvariance of the Witten vertex requires that we treat such diagrams, with lines on
different boundary components, as contributing to separate amplitudes in general (colour
ordering). The anti-commutator structure in the amplitude allows for taking advantage
of the partial twist symmetry of these monoid elements. Here, we simply remark that we
can write:

As Ay = (-)20 (Q(A4) + Q(Ag)) , (5.14)

where we have included the ghost zero modes 56 in the form of A; = —£éi)Ai for clarity.
This leads to some partial simplifications and we hope to report in this direction in the
future.

As mentioned earlier, the two remaining planar graphs have the one-loop tadpole as
a subdiagram and are related by interchange of the external states labelled 1 and 4. We

consider the integrand (see also (2.69))

Iﬁ)pg(%,(h) = /dﬁgh Tr [A41(Q17 XN 5 Aa (") 5 As(gz,n™) | - (5.15)

which one can think of as being obtained by identifying the 2 and 3 legs of a ¢ channel
diagram (see Figs. 5.1 and 2.2b again). One can again write down formal expressions
for the parameters in the integrand in terms of lightcone like variables, although we are

unable to simplify them for further analysis at this point.
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Chapter 6

Concluding remarks

In this part, we have primarily focussed on the finite contributions from the squeezed state
matrix elements R,,,,, (¢) characterizing the tadpole state in the ghost sector of OSFT, and
looked for hints of non-analyticity as a function of the modular parameter t. Using the
Moyal representation of the star product, we were able to write down formal expressions
for the generating functionals for correlators. Since all integrals in this formalism are of
the Gaussian kind, we obtained these in terms of determinants and inverses of infinite
matrices, which is one of the main difficulties with these methods.

Due to the partial analytic control we have over the infinite matrices, we were able
to study the behaviour of R, (t) near the two boundaries of moduli space by employing
expansions in ¢t and in ¢ = e~! for the matrix inverse—although conformal techniques
become awkward in this basis. The matrix R carries information about excited string
states and how they couple to closed string states arising in the ¢ — 0T limit. In particular,
we were able to demonstrate the utility of the formalism by capturing the linear order
behaviour (§3.3) near ¢ = 0 which precisely matches with the correct BCFT prediction
(3.63). However, we are now able to see this purely from the OSFT perspective. This
is one of the newer results in this work. In the oscillator representation, this expansion
becomes ill-defined and produced results that differed by a factor of 2. In the process
of identifying the zeroth and linear order coefficients, we have thus uncovered a subtle
difference between the Moyal and the oscillator methods, owing to the Fourier transform
(2.34) and the resulting somewhat peculiar form of the propagator (3.9).

Ideally, one would like to see the signatures of the closed string states by generating an
expansion involving the closed string variable § = 2/ g starting from a closed form
expression in the g variables and doing the Jacobi imaginary transform. This way one
could recover the off-shell physics associated with the closed string spectra. Unfortunately,
the algebraic approach we employ in this work is not tailored for this endeavour and hence
we have studied the effects of closed string physics only indirectly.

Nonetheless, we have performed consistency checks of our analytic expressions by

examining various limiting regimes of interest and found general agreement with the
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oscillator and BCFT results. Beyond the linear order, we are able to successively approx-
imate the matrix elements of R, (t). However, the algebra becomes quite unwieldy as
may be expected from the fact that the aforementioned infinite matrices are constructed
out of non-commuting blocks. We have also employed the oscillator expression (2.76) to
generate a series in ¢ till the 18th degree (for general n,m) and used it to analyse hints
of non-analyticity. We however, refrain from making any claims pertaining to the margin
of errors or the efficiency yet, since these are much less clear.

To summarize, the present work makes a modest attempt at answering perturbative
questions in OSF'T using the Moyal formalism and complements the CFT and oscillator
investigations. Due to the strong divergences from the closed string tachyon, the full
amplitude is unphysical but still serves as a useful probe of the structure of this very
special string field theory. Recently, more physical superstring field theories have been
fully constructed which can describe the Ramond sector |9, 16, 58, 59]. The work in [60]
has correctly reproduced the 4-point amplitude involving spacetime fermions. It would
be of utmost interest to study quantization of this theory from which the tachyon is
projected out.

One promising avenue would be extending the recent progress made in the direction
of partial gauge fizing [61]. This still remains somewhat mysterious and a better under-
standing of the gauge algebra at the quantum level may also shed more light on how

closed string degrees of freedom are encoded in open superstring field theories.
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Part 11

Models for Antigravity Backgrounds
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Chapter 7

Local scale symmetry in spacetime

In this Part, we investigate several simple models for backgrounds accommodating regions
of antigravity. The motivation for these originate from a formulation of Einstein gravity
combined with the Standard Model, augmented with a local scale (Weyl) symmetry,
as developed by Bars et al [62, 63]. This construction dictates that the theory only
contains dimensionless parameters and in particular, the usual dimensionful gravitational
coupling would be promoted to a field dependent quantity (See also [64—67]). The field
dynamics hence determines the value of the effective Newton’s constant which is now
allowed to be negative. As shall be explained in more detail in the next chapter, this
theory may be gauge fixed in a manner so as to identically reproduce the conventional
Einstein gravity coupled to matter in familiar regions of spacetime, but in others that lie
beyond singularities, with an opposite sign of the gravitational coupling, thus leading to
antigravity.

This required relative negative sign has non-trivial consequences for the dynamics of
fields and particles propagating in these backgrounds. In particular, the Hamiltonian
comes with kinetic terms that can change signs. This negative kinetic energy requires
interpretation: It was shown that unitarity is not violated, but there may be an instability
associated with negative kinetic energies in the antigravity regions. As a first step in
studying this issue, we consider Hamiltonians for particles, fields and strings in chapter
8 where the kinetic terms flip signs in an abrupt, non-analytic manner. This would be
sufficient to capture some of the physics we are looking for—chapters 8 and 9 are mostly
verbatim reproductions from the work in [3] and [4] respectively, which are mostly self-
contained. In the current chapter, we briefly provide further context for this kind of
probe analysis. Through examples we show that negative kinetic energy in antigravity
presents no problems of principles but is an interesting topic for physical investigations

of fundamental significance.
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7.1 Conformal coupling

The Einstein-Hilbert action for pure gravity

1
167Gy

Spg = — /ddaj\/—g [R+ A (7.1)
in the bulk, is characterized by the Ricci scalar R which is a function of the metric g,
and its derivatives, the cosmological constant A, and a dimensionful coupling G which
can be related to the d dimensional Planck length. Now let us consider coupling scalar
fields to the background metric in a local scale (Weyl) invariant manner. In d = 4, we

start with the dilaton ¢(x) and the transformations:

gur() = Q% (), d(z) = (), (7.2)

where a smooth arbitrary function Q(z) provides a local rescaling of fields. The canonical

conformal coupling required for this gives rise to the two terms
1 2 1 v
SR+ 59" 0,00,9, (7.3)

which makes the field theory action invariant (the Lagrangian changes by a total derivative
piece, see [68, §6]). The field ¢ acts as a Weyl compensator and is a gauge degree of
freedom.

One can immediately notice that the kinetic term for the dilaton ¢ in (7.3) comes
with the wrong sign as for ghosts, but since it is a redundant gauge degree of freedom,
that by itself does not pose a problem. In fact, this negative sign leads to a relative sign
structure when coupling to physical scalars and evades the restriction to non-negative
Newton’s constant.

Taking the metric as dynamical and dropping the Einstein-Hilbert term and the cos-
mological constant, let us now restrict to only the conformally invariant field theory; then
we find that the effective Newton’s constant becomes spacetime dependent from identi-
fying 1/167G ny = ¢*/12. Such theories have been of interest in modelling the large scale
structure of the universe and also arise naturally in string compactifications to lower
dimensions. As we shall describe next, by a suitable gauge fixing, the Weyl invariant
theory above can be seen to be equivalent to the usual Einstein gravity. The cosmological
constant can also be recovered from a potential term. But when more scalars are consid-
ered, we obtain new features such as geodesic completeness due to additional spacetime

regions, that were absent in the ordinary general relativity.
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2T-gravity

We must mention that this particular modification of Einstein gravity has its roots in
2T-physics, which postulates a local Sp(2, R) gauge symmetry but now defined in phase
space (See [69, 70| and references therein). In order for consistency and absence of ghosts,
the theory naturally comes with one extra space and one extra time coordinate, i.e the
2T formulation of a d-dimensional theory must be d + 2 dimensional. Nevertheless, the
gauge invariant sector of the theory reduces to the Weyl invariant formalism described
above. By embedding the system in this manner, the formalism makes phase space
gauge symmetries manifest and many hidden symmetries and dualities in d dimensions
would arise as natural predictions from d + 2 dimensions in the process of getting rid of
the extra 1 + 1 dimensions. By suitable gauge conditions, the parent theory can thus
be used to obtain several different looking systems from the perspective of 1T-physics,
that share the same gauge invariant content with a different 1T-physics interpretation.
These gauge invariant observables encode the physics of the equivalence class, whose
members are called “shadows” and are related by canonical transformations—that change
the meaning of time and Hamiltonian in 1T-physics—mapped by the local Sp(2, R) gauge
transformations.

In particular, 2T-gravity—the d + 2 dimensional dynamical gravitational theory—
equipped with the diffeomorphism group, when gauge fixed to d dimensions, in the so
called “conformal gauge”, predicts a remnant local scale symmetry. The Noether current
for this symmetry vanishes identically [71], and hence its effect on dynamics becomes
rather subtle. The 2T-gravity theory has a dilaton like field which descends to the dilaton
field ¢(x) and acts as the Weyl compensator. Hence, although this scalar couples to the
Riemann curvature R*,,, directly, the usual Einstein gravity can be recovered by gauge
fixing this field, with an effective minimal coupling. With more than one conformally
coupled scalar field, however, we can expect some new non-trivial physics: The novelties
include geodesic completion through additional spacetime sectors that are predicted to
exist beyond the singularities of the traditional Einstein theory. Thus, the Weyl symmetry
demanded by 2T-physics, provides a solution to the problem of geodesic incompleteness
of the traditional general relativity coupled to the standard model of particle physics|62,
63].

7.2 Negative kinetic energy

Requiring all physical scalar fields to be conformally coupled implies that the additional

scalars beyond ¢ contribute to the Lagrangian with the usual negative sign, leading to

1

V=9 59" (04009 — 8us8ys) + %(5252 —$HR| C Lies (7.4)
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in case of two scalars, for instance. We observe that the Ricci scalar is multiplied by
a ¢> — 5% factor, which is then proportional to the inverse gravitational coupling. The
conventional general relativity is recovered in the so called “Einstein gauge” (E gauge) set
by requiring the scalars to satisfy:

1 9 9 _ 1
E ((bE-‘r SE-‘r) - +167TGN (75)

where the + refers to the resulting usual positive sign for the gravitational constant (i.
e. attractive gravity, see (8.4)). Following the dynamics of these fields, however, one
must also consider field configurations where (¢? — s?) < 0. The additional spacetime
regions where the sign is negative are required by the dynamics; their inclusion makes
the theory geodesically complete. Then, the gauge condition restricting the coupling to
positive values becomes ill-defined. The transition region where the coupling blows up or
¢? — s% vanishes! is associated with curvature singularities [72, 73].

In the case of cosmology, this has led to cyclic cosmologies that are geodesically com-
plete [63, 74, 75]. Geodesic incompleteness is a signal of the breakdown of the spacetime
description and predictability in both general relativity [76, §9, §12| and superstring field
theories. Generically, these improved and geodesically complete cosmological solutions re-
quire that the universe pass through an antigravity phase. Classically, when the coupling
diverges near ¢? — s?> ~ 0, one can use the existence of an enhanced conformal symme-
try to connect the field solutions on the gravity and antigravity patches [75]. Moreover,
quantum mechanically, the behaviour is automatically regularized for the wavefunction of
the universe as a solution of the Wheeler de Witt equation in the geodesically complete
universe (see for example, §8.3.3).

One natural question pertains to the negative kinetic energy states allowed during
the antigravity periods. Naively, it seems as if this could lead to severe instabilities from
the usual physics intuitions for flat space perturbative processes. However, this is not at
all true in this theory. To explain this in a soluble toy model that captures the essential
mechanisms that make the theory work, we shall present in the next chapter various
Hamiltonians having a kinetic term with an extra sign function factor sgn(x? — A/2).
By constructing the classical solutions as well as the quantum propagator for some cases,
we find that the physics is regular and has an interesting interpretation at this order in
perturbation theory. We also consider interaction terms by including a harmonic oscillator
potential in §8.4.4. Terms of this nature occur naturally in the Wheeler deWitt equation
(8.17) discussed in §8.3.3 due to spacial curvature. We find using some elegant SL(2,R)
representation theory techniques that the amplitudes (8.46) are bounded and nonsingular

, and satisfy the expected orthonormality conditions.

! Another intriguing possibility is for the factor to change signs in a discontinuous manner from +oo
to —oo whereby the coupling Gy — 0.
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We show that the apparent problems can be resolved with the interpretation of the
theory from the perspective of observers strictly in the gravity region. Such observers
cannot experience the negative kinetic energy in antigravity directly, but can only detect
in and out signals that interact with the antigravity region. This is no different than a
spacetime black box for which the information about its interior is encoded in scattering

amplitudes for in/out states at its exterior.

Black hole backgrounds

In chapter 9 we consider modified black hole backgrounds in this theory, when the beyond
singularity region included for geodesical completeness; the extra region automatically
is a region of to have antigravity. We shall study the nature of this geometry in the
classical limit by restricting to geodesic probes. The physics question of the effect of the
antigravity patch is addressed by connecting the geodesics across the spacelike singularity.
We proceed to present the geodesic completion of the Schwarzschild black hole in four
dimensions which covers the entire space in the global (u, v) Kruskal-Szekeres coordinates.
We remark that since the analysis is effectively two dimensional, similar results would

follow for black hole backgrounds in other dimensions [77-80] as well.



104

Chapter 8

Physical interpretation of antigravity

In this chapter, we consider some simple models for probing spacetime regions with neg-
ative gravitational coupling. Their simplicity makes them interesting scenarios to ask

physical questions about such geometries.

8.1 Why antigravity?

The Lagrangian for the geodesically complete version of the Standard Model coupled to
General Relativity is [62]

LSM (A,’LYL’W’Z’gv wq,lv VR, X)
+g" (20,00, — D,H'D,H)
2 ’
(HTH _w2¢2) + AZ¢4>

A
4
+4 (¢* —2HTH) R (g)

In the first line, Lgys contains all the familiar degrees of freedom in the properly extended

conventional Standard Model, including gauge bosons (A?jW’Z’g )

, quarks & leptons (14,) ,
right-handed neutrinos vg, dark matter y, and their SU(3) xSU(2) xU(1) gauge invariant
interactions among themselves and with the spin-0 fields (H, ¢), where H=electroweak
Higgs doublet, ¢ = a singlet. In Lgps all fields are minimally coupled to gravity. The
second and third lines describe the kinetic energy terms and interactions of the scalars
among themselves. The last term is the unique non-minimal coupling of conformal scalars
to the scalar curvature R (g), that is required by invariance of the full £ (x) under local

rescaling (Weyl) with an arbitrary local parameter Q (x)

gul/ — 9729,”, (ZS — Q¢, H — QH

8.2)
’gqu — Qg/quJ, AZ’W’Z’Q unchanged. (

If dark matter x is a spin-0 field, then lines 2-4 in (8.1) should be modified to treat x as

another conformally coupled scalar.
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This theory has several pleasing features. There are no dimensionful parameters, so
all of those arise from a unique source, namely the gauge fixing of the Weyl symmetry
such as, ¢ (x) — ¢o, where ¢ is a dimensionful constant of the order of the Planck
scale. Then the gravitational constant is (167G x) "' = ¢3/12, the electroweak scale is
(|H|) = wep, while dark energy, and masses for quarks, leptons, gauge bosons, neutrinos
and dark matter arise from interactions with the scalars (¢, H). The hierarchy of mass
scales is put in by hand through a hierarchy of dimensionless parameters. A deeper
theory is needed to explain this hierarchy, but in the present effective theory it is at least
possible to maintain it under renormalization since dimensionless constants receive only
logarithmic quantum corrections (no need for low energy supersymmetry for the purpose
of “naturalness”). To preserve the local scale symmetry in the quantum theory one must
adopt a Weyl invariant renormalization scheme in which ¢ is the only renormalization
scale, and consequently dimensionless constants receive only Weyl invariant logarithmic
renormalizations of the form In (H/¢), etc. With such a renormalization scheme the scale
anomaly of all matter cancels against the scale anomaly of ¢ [81], thus not spoiling the
local symmetry. Then the unbroken Weyl symmetry in the renormalized theory may play
a central role in explaining the smallness of dark energy. This also suggests a definite
relation between the electroweak vacuum and dark energy — both of which fill the entire
universe.

The presence of the scalar ¢ is compensated by the Weyl symmetry, so ¢ is not a true
additional physical degree of freedom but, as a conformally coupled scalar, participates
in an important structure of the Weyl symmetry that has further physical consequences
involving antigravity spacetime regions in cosmology and black holes as will be discussed
in the following sections. The structure of interest, that leads to the central discussion
in the rest of this chapter, is the relative minus sign in (¢2 — 2HTH) R and in the scalar
kinetic terms in (8.1). These signs are compulsory and play an important role in the
geodesic completeness of the theory. With the given sign patterns, H has the correct sign
for its kinetic term but ¢ has the wrong sign. If ¢ had the same sign of kinetic energy
as H, then the conformal coupling to R would become purely negative which would lead
to a negative gravitational constant. So, to generate a positive gravitational constant, ¢
must come with the opposite sign to H. This makes ¢ a ghost field, but this is harmless
since the Weyl symmetry can remove this ghost by means of gauge fixing.

This scheme has a straightforward generalization to supersymmetry /supergravity and
grand unification, but all scalars § must be conformally coupled, (¢2 — 5’2) R, although
some generalization is permitted as long as the geodesically complete feature (related to
signs) is maintained [62|. Furthermore, we point out that in all supergravity theories,
the curvature term has the form (1 — K (¢;, ®;) /3) R, where K is the Kéahler potential
and 1 represents the Einstein-Hilbert term [82]. This is again of the form (|¢|* — |3]*)R

with complex (¢, §), where a complex version of ¢ has been gauge fixed to 1 in a Weyl
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invariant formulation of supergravity [74] (see also [83]). Finally we emphasize that the
same relative minus sign occurs also in a Weyl invariant reformulation of the low energy
limit of string theory, but now with a different interpretation of s related to the dilaton
[84]. Hence the structure (d)2 — EQ) R is ubiquitous, but was overlooked because it was
generally assumed that the gravitational constant, or an effective structure that replaces
it, could not or should not become negative to avoid pathological behaviours.

At the outset of this approach in 2008 [69] the immediate question was whether the
dynamics would allow (gb2 — 52) to remain always positive. It was eventually determined
by Bars, Chen, Steinhardt and Turok, in a series of papers during 2010-2012 (summary
in [72]), that the solutions of the field equations that do not switch sign for this quantity
are non-generic and of measure zero in the phase space of initial conditions for the fields
(¢, s). So, according to the dynamics, it is untenable to insist on a limited patch |¢| > |3]
of field space. By contrast, it was found that the theory becomes geodesically complete
when all field configurations are included, thus solving generally the basic problem of
geodesic incompleteness.

The other side of the coin is that solving geodesic incompleteness comes with the
prediction that there would be antigravity sectors in the theory since the effective grav-
itational constant that is proportional to ((;52 (z) — 52 (93))_1 would dynamically become
negative in some spacetime regions. In view of the pleasing features of the theory outlined
in the second paragraph above, these antigravity sectors must then be taken seriously and
the corresponding new physics must be understood. In our investigations so far, we dis-
covered that the antigravity sectors are geodesically connected to our own gravity sector
through gravitational singularities, like the big bang/crunch or black holes, which occur
precisely at the same spacetime points where (¢2 () — 52 (a:)) vanishes or diverges. The

related dynamical string tension [84]

1++v/d—1 21— d—1

T (¢,5) ~(p+38)° 42 (p—s)° a2 | (8.3)

goes to zero or infinity simultaneously. So we need to figure out the physical effects
that can be observed in our universe due to the presence of antigravity sectors behind
cosmological |75] and black hole singularities [4]. After overcoming several conceptual as
well as technical challenges we have been able to discuss some new physics problems and
developed new cosmological scenarios that involve an antigravity period in the history of
the universe [63, 85]. A remaining conceptual puzzle is an apparent possible instability
in the antigravity sector that is addressed and resolved in the remainder of this chapter.
Our conclusion is that there are no fundamental problems but only interesting physics

which merits further study.
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8.2 Geodesic completeness in the Einstein or string frames

The classical or quantum analysis of this theory is best conducted in a Weyl gauge we

shall call the “y-gauge”[62, 75, 84| which amounts to fixing det (—g) = 1. This allows the

sgn (d)2 — 32) to be determined by the dynamics. Note that the sign is gauge tnvariant,

so if the sign switches dynamically in one gauge it has to also switch in all gauges. If one

wishes to use the traditional “Einstein gauge” (E) or the “string gauge” (s) one may err

by choosing an illegitimate gauge that corresponds to a geodesically incomplete patch,
such as

*_gauge: % )

d 2

Ss+

167I'G'N’ (84)
-gauge: (Tzl( o

) = +1 _M), ® = dilaton.

Here, the F or s subscripts on the fields indicate the gauge fixed form of the correspond-
ing field. If this were all, then there would be nothing new, and the Weyl symmetry
could indeed be regarded as “fake” |71]. However, the fact is that conventional general
relativity and string theory are geodesically incomplete because the gauge choices just
shown are valid only in the field patch in which |¢| > |s|. The dynamics contradict the
assumption of gauge fixing to only the positive patch. In the negative regions one may

choose again the Einstein or string gauge, but now with a negative gravitational constant,

% ((;%_ — ng_) = 167_ré1v’ or 8(651:21) ( 2 - sg_) =3 2e_2<1>. In those spacetime regions
gravity is repulsive (antigravity).

The same situation arises in string theory. In the worldsheet formulation of string
theory the string tension is now promoted to a background field T (¢, s) by connecting
it directly to the features of the Weyl invariant low energy string theory [84]. Then
the string tension T (¢, s) switches sign together with the corresponding gravitational
constant [84]. Thus the Weyl symmetric (SM+GR) and string theory predict that, in the
Einstein or string gauges, one should expect a sudden sign switch of the effective Planck
mass % (<Z>2 — 32) at certain spacetime points that typically correspond to singularities
(e.g. big bang, black holes) encountered in the Einstein or string frames.

One may choose better behaved Weyl gauges (e.g. “y-gauge”, choose det (—g) — 1, or
“c-gauge”, choose ¢ — constant) that cover globally all the positive and negative patches
in field space. Then the sign switch of the effective Planck mass % ((]52 — 82) is smooth
rather than abrupt.

However, if one wishes to work in the more familiar Einstein or string frames, to
recover the geodesically complete theory one must allow for the gravitational constant
to switch sign at singularities, and connect solutions for fields across gravity /antigravity
patches. In the + Einstein gauges shown above, the last term in (8.1) becomes

(0 — %) R(95+)  R(g9ps)  R(Egp+)

= = . 8.5
12 +167G N 167GN (8:5)
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where the + for the gravity /antigravity regions can be absorbed into a redefinition of the
signature of the metric,

Gy = G- (8.6)

Here we have denoted the continuous gfy as the geometry in the union of the grav-
ity /antigravity patches.

The same + gauge choice is applied to every term in the SM+GR action in (8.1).
Under the replacement gf; — —gf,j in the antigravity sector certain terms in the action
flip sign while some don’t [86], e.g. F,, F** does not, but R (g) does, as in (9.20). One
may (quite rightfully) be concerned that the drastic sign switches of the gravitational
constant or the string tension may lead to problems like unitarity or negative kinetic
energy ghosts. We mention that [84] has already argued that there are no unitarity
problems due to sign flips in field /string theories. There remains the question of possible
instability due to negative kinetic energy in the antigravity region. We show in this
chapter that its presence is not a problem of principle for observers localised in the
gravity region and that those observers can detect interesting physical effects related to

the geodesically connected regions of antigravity.

8.3 Unitarity and antigravity in cosmology

There is a general impression that negative kinetic energy in field or string theory im-
plies ghosts associated with negative norm states. It is not generally appreciated that
negative norms (hence negative probabilities) are automatically avoided by insisting on a
strictly unitary quantization of the theory. This has been illustrated in the quantization
of the relativistic harmonic oscillator [87] with a timelike direction that appears with the
opposite sign to the spacelike directions, just like the ¢ field as compared to the H field
in the SM+GR action in (8.1). Similar situations occur in the antigravity region where
some fields may appear with the wrong sign as described after (9.20). The first duty in
quantization should be maintaining sanity in the meaning of probability, as in [87], by
avoiding a quantization procedure that introduces negative norm states. Of course, there
exist successful cases, such as string theory in the “covariant quantization” procedure, that
at first admits negative norms to later kill them by applying constraints that select the
positive norm states. In principle, the relativistic oscillators in string theory could also
be treated as in [87] and very likely still recover the same gauge invariant physical states
without ever introducing negative norm states in string theory. It would be preferable to
quantize without negative norm states at all from the very beginning.

When there is not enough gauge symmetry to remove a degree of freedom that has
the wrong sign of kinetic energy, a unitary quantization procedure like [87] maintains
unitarity. However, the effect of the negative kinetic energy is to cause an instability (not

unlike a tachyonic mass term, or a bottomless potential, would), so that there may not
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be a ground state for that degree of freedom while it propagates in the antigravity region.
This is the negative kinetic energy issue in the antigravity sector. Perhaps some complete
theory as a whole conspires to have a ground state even in antigravity. Although this
would be reassuring, it appears that this is not necessary in order to make sense of the
physics as detected by observers in the gravity sector. Such observers can verify that the
same degree of freedom does have a ground state in the gravity region while they can never
experience directly the negative kinetic energy in the antigravity sector. The only physics
questions that make sense for those observers is what can be learned about the existence
of antigravity through scattering experiments that involve in/out states as defined in the
gravity region. For those questions the issue of whether there is a ground state in the
antigravity region does not matter, but unitarity continues to matter. Therefore we point

out how this works in the case of cosmology that admits an antigravity region.

8.3.1 WdAW equation and unitarity in mini superspace

The Wheeler de Witt (WdW) equation is the quantum version of the y =0 and v = 0
component of the Einstein equation, (Gog — Too) ¢ = 0. This is a constraint applied on
physical states in covariant quantization of general relativity [88]. The “mini superspace”
consists of only time dependent (homogeneous) scalar fields (gi) (xo) ,S (xo)) and the FRW
metric, ds®> = a® (mo) (f (dx0)2 + Vij (:UO, f) dztdz? ) , with 7i;j describing spacial curva-
ture and anisotropies, while Ty includes the radiation density, p, (xO) Ja* (xO) . From the
action in (8.1) we can derive a Wheeler de Witt equation that is invariant under Weyl
rescalings (¢, s,a) — (Qqﬁ, Qs,Q‘la) with a time dependent (2 (xo); this allows us to
choose a gauge. To allow (¢2 — 52) to have any sign dynamically, we prefer the y-gauge
given by

(p,8,a) = (¢y,84,1), Or ay (ZL'O) =1. (8.7)

We concentrate here on the simplest FRW geometry in the y-gauge,

dr?

d82 = — (dmo)z + m

2 2
2 +r2d0?, (8.8)

with no anisotropy or inhomogeneities, but with a positive constant spatial curvature K >
0. This is not realistic, but it is the easiest case to illustrate the unitarity properties of the
quantum theory that includes antigravity regions (more degrees of freedom, and negative
or zero K would be treated in a similar manner). The mini superspace is just (¢,,s,),
while the constraint (Tho — Goo) = 0 derived from (8.1) is, —%gf)z—k %s%—k K (—gi)?y + s?y) +
pr = 0. This is recognized as the Hamiltonian for the relativistic harmonic oscillator,
H =1 (#* + Kz?), with 2# (1) = (¢ (1), 5, (7)) , subject to the constraint, H + p, = 0,
where p, is a constant. Note that this Hamiltonian contains negative energy for the (time-

like) ¢ degree of freedom. Recall that we have already used up the Weyl symmetry so
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this degree of freedom cannot be removed and its negative energy must be dealt with.
The naive quantization of the relativistic harmonic oscillator would introduce negative
norm states for the ¢, degree of freedom (as in string theory), so it appears there may
be trouble with unitarity. However, this is not the case, because this system (and similar
cases) can be quantized by respecting unitarity without ever introducing negative norms
as shown in [87]. This goes as follows: the quantum system obeys the constraint equation
(H + pr) ¥ = 0. This is the WAW equation that takes the form

(;8& — 782 + E (— ¢7 +s ) + pT> U (¢y,54) = 0. (8.9)

This is recognized as the Klein-Gordon equation for the quantized relativistic harmonic

oscillator. The eigenstates and eigenvalues of the independent ¢, and s, oscillators are

% _aiw + K(ﬁ%) wm) (¢'y) = \/? (nqb + ) ¢n¢ ((bv) (8.10)
% _637 + KS%) Un, (S’Y) = VK (ns + 5) Un, (57) )
where (ng, n,) are positive integers, 0,1,2,3,--- , and the explicit positive norm complete

set of off-shell solutions are

\Ijn¢ns (¢'ya 87) wn¢ ((b’y) wng (S’Y)
Yny (6) = Anye 2VERH,, (¢,), (8.11)
Yn, (37) = Anse_if 7Hns (57) )

where H,, (z) are the Hermite polynomials and A,,, A,, are normalization constants.
Then the WAW equation (8.9) is solved by constraining the eigenvalues, vV K (—ng + ng)+

pr = 0. Hence the complete on-shell basis that satisfies the constraint is

_VE (424 g2
n (0y,8y) = ApgrAne” 2 (%JFSW)HnJrr (99) Hn (s4) , (8.12)
with n =0,1,2,---, where we defined
ns=n, ng=n+r, and Pr = a fixed integer. (8.13)

VK

If \;TE is not an integer there is no solution to the constraint, hence radiation must be

quantized for this system to be non-trivial at the quantum level. The general on-shell

solution of the WdW equation is an arbitrary superposition of this basis

U (s, Sy) Z cnWn (¢, 5y) (8.14)

The complex coefficients ¢,, are chosen to insure that ¥ (¢, s) is properly normalized.
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All quantum states have positive norm and unitarity is satisfied. ¥ (¢, s, ) is the prob-
ability amplitude for where the system is in the (¢, s,) plane. The gravity/antigravity
regions are qﬁg/ s 33. Evidently there is no way of preventing the generic wavefunctions
from being non-zero in the antigravity region, so the system generically evolves through
both the gravity and antigravity regions.

We emphasize that the quantization method in [87] that we used to maintain unitarity
is very different than the quantization of the relativistic oscillator used in string theory. In
string theory one defines relativistic creation/annihilation operators a,, aL and a vacuum
state that satisfies a,|0) = 0. Then the quantum states at level [ are given by applying
l creation operators, aLlaL2 e aLl\O>. The vacuum state is Lorentz invariant, while the
states at level [ form a collection of finite dimensional irreducible representations of the
Lorentz group. All the states at level [ have positive energy, E; = v/K (I+1). The
constraint H + p, = 0 (WdW equation) can be satisfied only for negative quantized p, at
only one level | = —1 + |p,| /V/K. In position space the vacuum state takes the Lorentz
invariant form v (x#) ~ e~VEa® — e—\/E(—¢>2/+s2)’ while the the states at level [ are of
the form of a polynomial of z* of degree [ multiplied by the same exponential e~ VKT,

A subset of the level-I states have negative norm because finite dimensional represen-
tations are not unitary representations of the Lorentz group, so this method of quanti-
zation gets into trouble with unitarity. We contrast this result to ours in (8.12) where
we have displayed an infinite, rather than finite, number of states and a Gaussian fac-
VE(#3+5%)

tor e~ that converges in all directions, rather than the non-convergent Lorentz

invariant form e~VE(=93+5*) There is no Lorentz invariant vacuum state. As shown
in [87], our states in (8.12) form an infinite dimensional unitary representation of the
Lorentz group for which all the states have positive norm. Furthermore, those that sat-
isfy the constraint have positive total energy, H = p,, as long as p, is positive. However,
as seen in (8.11), there are off-shell states of positive as well as negative energy. These
remarks make it clear that the price for maintaining unitarity (which is the first duty in
quantization) is the presence of regions of spacetime with negative kinetic energy, which,
in our case, amounts to regions of antigravity. Our task in this chapter is to explain that
negative kinetic energy in the antigravity sector does not necessarily imply a problem by

interpreting the physical significance of antigravity.
8.3.2 Feynman propagator in mini superspace

The Feynman propagator associated with this WdW equation is

7

A _ A
G(¢787¢’S)_<¢78|H+pr+i€

16, 5). (8.15)

We can use the complete basis |ng, ns) to insert identity in terms of the eigenstates of the

off-shell H = —H, + H, operator without any constraints on the integers (ny,ns). Then
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we compute

G(¢,5'50,5) =13, n.>0 - ’il’fjfiﬁiﬂiﬁii"ﬁﬁ)
= Ym0 Vg (8) U, (5) 65, ()05, (5) (=g + s + pr + i) ™!
=520 Jo7 A G, () . () U, (@), (s) (i e (Cratnatonti)) gy

= [ dreT ot e g) (5P| s)

o0 €iT< r+ie) —1
- fO dr \éﬂfsin(\;ﬁ‘r) exp <2sin(\\/ﬁl%7') [(xQ T $/2) cos \/?T — 2 x/])

In the last step we used the propagator (¢'|e"""H¢|¢) for the 1-dimensional harmonic
oscillator, and then substituted 22 = —¢? + 52 and = - 2/ = —¢¢’ + ss’. This quantum
computation in the Hamiltonian formalism agrees with the path integral computation in
[85].

The Feynman propagator is a measure of the probability that the system that starts in
some initial state will be found in some final state. For observers outside of the antigravity
region the initial and final states |¢, s),|¢’,s’) are both in the gravity region, |¢| > |s]
and |¢'| > |s|, although during the propagation from initial to final state the antigravity
region is probed as seen from the sums over (ng,ns) where both positive and negative
energy states of the off-shell Hamiltonian H = —Hy + H; enter in the calculation. We
see from the last expression in (8.16) that G (¢', ; ¢, s) is a perfectly reasonable function
indicating that there are no issues with fundamental principles in this calculation which
involves an intermediate period of antigravity in the evolution of the universe.

This was the case of a radiation dominated spatially curved spacetime which is far
from being a generic configuration in the early universe close to the singularity. The
generic dominant terms in the Einstein frame are the kinetic energy of the scalar and
anisotropy (in the spatial metric) and the next non-leading term is radiation. The sub-
dominant terms, including curvature, inhomogeneities, potential energy, dark energy, etc.
are negligible near the singularity. The dominant generic behaviour near the singularity
was computed classically in [75] where it was discovered that there must be an inescapable
excursion into the antigravity regime before coming back to the gravity sector, as outlined
in the previous paragraph. Hence, a similar computation to (8.16), by using the dominant
terms in the WdW equation (instead of (8.9)) should replace our computation here.
Unpublished work along these lines dating back to 2011 [72| indicate that the physical
picture already obtained through classical solutions in [75] continues to hold in mini-

superspace at the quantum level.

8.3.3 More general WdW equation

As mentioned in the previous paragraph, we can generalize the WdW equation above (8.9)

by including the physical features that would make it more realistic for a description of
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the early universe in terms of a mini superspace. This includes the kinetic energy for
anisotropy degrees of freedom that cannot be neglected when s?/¢? ~ 1 close to the
singularity, and the potential energy terms for both the scalars and anisotropies that
tend to become important when !1 — s/ ¢2| 2 1. The action for the mini-superspace that
includes these features is given in (8) in [72]. The corresponding WdW equation in the

~-gauge modifies (8.9) as follows

( N2~ 02— bl (2, +02,) +
+V ((;5’7787) ; (¢7 -8 ) (011,0[2)

2—s2

) v (d"\/a Sy, O, az) = 0. (8.17)

The additional anisotropy degrees of freedom (aq, a2) are part of the 3-dimensional met-
rics of types Kasner, Bondi-VIII, and Bondi-IX, as shown in (7) of Ref.[72]. The term
containing the anisotropy potential v (a1, ) above vanishes for the Kasner metric, while
for Bondi-VIII and IX it simplifies to a constant, v (a1, as) — K, in the zero anisotropy
limit (as in (8.9)). The details of the anisotropy potential v (a1, ) are given in (9) of
Ref.[72].

With these additional features the WAW equation is no longer separable in the (¢, s)

degrees of freedom. To make progress we make a change of variables by defining

PR R 1 ¢V+S’Y

282, o (8.18)

Note that z = 0 corresponds to gravity/antigravity. These variables were used in the
classical analysis of the same system in [75] where the classical equations that follow from
the same action were studied. Weyl invariance requires V (¢, s) to be a homogeneous

function of degree four, V (t¢,ts) = t*V (¢, s), so without loss of generality we may write

V(9y,59) = 2%v (o), (8.19)

where v (o) is any function that is specified by some physical model. The WdW equation

above takes the following form in the z, o, a1, as basis

02 + 02— 92 —02+1
4z2 ( ; 2 >+ ) (zl/Q\If (z, o,Qq, 042)) = 0. (8.20)
+5v(0) — zv (a1, 2) + &2

Near the singularity, z = 0, assuming the potentials are neglected compared to the dom-
inant and subdominant 272, 27! terms, the wavefunction becomes separable in the form
of a 3-dimensional plane wave, ¥ = exp (ipja1 + ip2ca + ipso) ¥ (z) with constant “mo-

menta” (p1,p2,p3) , thus reducing (8.20) to an ordinary second order differential equation

(4 g OR 4 n) + 57) (20 ) =0 (821
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This is recognized as a Hydrogen-atom type differential equation; its solutions are given
analytically in terms of special functions related to the representations of SL(2, R) as
discussed in [89]. From these wavefunctions we learn that the behaviour of the proba-
bility distributions near the singularity, z ~ 0 where the gravity /antigravity transition
occurs, matches closely the behaviour of the unique analytic classical “attractor” solution
that corresponds to the “antigravity loop” described in [75]. Namely, with a non-zero
parameter, p = \/m, the cosmological evolution of the universe cannot avoid
to pass temporarily though an antigravity sector, z < 0. Meanwhile, as seen here, the
wavefunctions are normalizable and fully consistent with unitarity in both the gravity and
antigravity sectors z 2 0. This conclusion, in the presence of the dominant anisotropy
terms, is in agreement with the lessons learned above with the simpler form of the WdW
equation in (8.9).

As |z| increases beyond the singularity and reaches |z| ~ 1, in either the gravity or
antigravity sectors, the potentials v (o) and v (g, a2) can no longer be neglected. We
may still reduce the 4-variable partial differential equation to a single-variable ordinary
differential equation as follows. Define the wavefunctions ®,, (o) and & m, (a1, a2) as

follows

(=02 +22%0 (0)) @y (0) = B (2) Py (0)

8.22
(_8% - 622 - 22 (Oél, 012)) §m1m2 (ala 012) Em1m2 (Z) gmlmg (ah 042) ( )

In solving these equations the parameter z is considered a constant parameter, but the
eigenvalues F,, (z) and Ey,,m, (z) clearly depend on z. Then, writing the wavefunction in

separable form,

U (z,0,a1,02) ~ Uy my (2) X @y (0) X Emymy, (a1, 02) (8.23)

(8.20) reduces to

(592 + 13 (Bn (2) + Epyms (2) +1) + gz) (zl/wnmm (z)) =0. (8.24)

while the general solution takes the form

U(z0,01,02) = > ooy Tngmym (2) X B (0) X Gy (a1,02)  (8:25)

n,mi,ma

with arbitrary constant coefficients ¢y, m,-

As we saw above, when v (o), v (a1, a2) are zero, the corresponding energies tend to
constants Ey, (z) — p3 and Epym, (2) — p? + p3, so this can be used as a guide to the
role played by E,, (2) and Ey, m, (2) in (8.24). Using simple models for v (o), v (aq, a2)
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to extract properties of E, (z) and Ey,,m, () and also using semi-classical WKB ap-
proximation methods for more complicated cases, we may estimate the behaviour of
E, (z) + Epmym, (2) for small as well as large z. This can then be used to discuss the
behaviour of the quantum universe beyond the approximations described above. In such
attempts, with non-trivial v (o) ,v (a1, a2) , we find that E, (2), Ep,m, (2) are generically
not analytic near z = 0 in the complex z-plane (in the sense of cuts that extend to z = 0)
so this complicates the use of analyticity methods [85] to extract information from these
equations. We continue to investigate this approach and hope to report more results in
the future.

To conclude this section, an important remark is that unitarity is maintained in the
WAW treatment throughout gravity and antigravity, while the presence of negative energy
during antigravity is not of concern regarding fundamental principles as already illustrated

in the previous sections, especially with the simpler computation based on (8.9).

8.4 Negative energy in antigravity and observers in gravity

To develop a physical understanding of negative kinetic energy we shall discuss several
toy models that will include the analog of a background gravitational field that switches
sign between positive and negative kinetic energy. The physical question is, what do
observers in the gravity region detect about the presence of a negative kinetic energy
sector? Conceptually this is the analog of a black box being probed by in/out signals
detected at the exterior of the box.

In the field theory or particle examples discussed below a simple sign function that is
modeled after the “antigravity loop ” in [75] captures the main effect of antigravity. This
sign function is a simple device to answer questions that arose repeatedly on unitarity and
possible instability and is not necessarily a solution to the gravitational field equations
of some specific model. Rather, it is used here only to capture the main effect of an
antigravity sector in a simple and solvable model. In the case of realistic applications
one would need to use a self consistent solution of matter and gravitational equations (as
in [75]) as long as it captures the main features of antigravity as in the simplified model

background discussed here.

8.4.1 Particle with time dependent kinetic energy flips

A free particle with a relativistic (or non-relativistic) Hamiltonian that switches sign
as a function of time provides an example of a system propagating in a background

gravitational field that switches sign as in (8.6)

2

A A
H:5<|t|—2>><\/p2+m2 or H:5<\t\—2>xp (8.26)

2m’
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where ¢ (u) =Sign(u). Such a background captures some of the properties of the anti-
gravity loop of Bars-Steinhardt-Turok [75]. The particle’s phase space (x,p) can also
represent more generally a typical generalized degree of freedom in field theories or string
field theories (SFTs).

As per Hamilton’s equations, the momentum p is conserved since H is independent
of x, but the velocity & = 0H/0p = ¢ (|t| — 5 ) —=L— alternates signs as shown below.

V2 +m?2

The Hamiltonian is time dependent, so it is not conserved.

t: t<—5 | -5<t<% t>5

Hi: /p2+m2 _ /p2_|_m2 /p2_|_m2

x t=—F2L— |g=-L_ | t=FL—
/p2+m2 /p2+m2 /p2+m2

At the t = £A/2 kinks the velocity vanishes if we define € (0) = 0. It is possible to make
other models of what happens to the velocity by replacing the sign function € (z) by other
time dependent kinky or smooth models; for example, if we replace € (z) by (e (z))_l,
then the velocity at the kinks changes sign at an infinite value rather than at zero, while
the momentum remains a constant in all cases.

If the initial position before entering antigravity is x; (¢;) , we compute the evolution

at any time as follows (see Fig.1)

t<—-5 m(t)::vi(ti)—i—\/ﬁ(t—ti)
gcr<ds sW-e(-3)- 2 (143) 820
t>% x(t):x(%)Jr\/ﬁ(t—%)

where (—%) =x; (t;) + 22— (—% - ti) ,and x (%) =x; (t;) — ——2— (3A/2+ ;).

/p2+m2 /p2+m2
The final position z (tf) , at a time ¢; after waiting long enough to exit from antigravity,
t f> A / 2,1s
p

The effect of antigravity during the interval, —% <t< %, is the backward excursion

between the two kinks shown in Fig.8.1. For observers waiting for the arrival of the particle
at some position x¢ (t¢), we see from (8.28) that antigravity causes a time delay by the
amount of 2A as compared to the absence of antigravity. Hence there is a measurable
signal, namely a time delay, as an observable effect in comparing the presence and absence
of antigravity.

A similar problem is analyzed at the quantum level by computing the transition
amplitude from an initial state |x;,¢;) to a final state |xy,tf), requiring that the final

observation is in the gravity period, after passing through the antigravity period. This is
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15 x(t)

Figure 8.1: Propagation of a point particle probe through a region of antigravity.

given by

Afi = <$f,tf|e_%H+(tf_%)e_%H*(%_%)3_%}({*(%_”)|;I;Z-,tz~>

—LH(tp—t;—2A
= (ay,tyle”iH (028 g, ¢, (8.29)
. 2
- m T m (:cf—:vi—QA)
=\ 2min(ty—t;—2n) P < oh(ty—t;—24) )

The last expression is for the case of a non-relativistic particle with Hy = +H = +p?/2m.

The exponentials involving Hy are simplified because Hy commute with each other,
allowing the combination of the exponentials into a single exponential. Thus, the effect
of the intermediate antigravity period is to cause only a time delay just as in the classical
solution above. Note also that there are no unitarity problems; the evolution operator is

unitary, and norms of states are positive, at all stages.

8.4.2 Particle with space dependent kinetic energy flips

Consider a non-relativistic particle with a total energy Hamiltonian that switches sign in

different regions of space, for example

H=c¢ <|xy - 2) x (2]’; +V (a:)) . (8.30)

This is another example of a system propagating in a background gravitational field that
switches sign as in (8.6). In this case energy is conserved since there is no explicit time
dependence in H. Therefore at generic energies, £ = (% +V (w)), the particle cannot
cross the boundaries at |z| = % since the Hamiltonian would flip sign and this would

contradict the energy conservation. Hence if the particle is in the the gravity region,
2
However, the particle can cross from gravity to antigravity and back again to gravity at

|z| > %, it stays there, and if it is in the antigravity region, |z| < it stays there.

Zero energy % + V (z) = 0. This is similar to the geodesics in a black hole that cross

from gravity to antigravity [4].
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8.4.3 Free massless scalar field with sign flipping kinetic energy

Consider a free massless scalar field in flat space with a time dependent background field

that causes sign flips of the kinetic energy as a function of time

S = —% /d% £ <\x0\ — 2) ¢ () Dutp () . (8.31)

The factor & (‘xo‘ — %) can be viewed as a gravitational background field of the form,
V—99"" 0,90, ¢, with g" (x) =€ (|:c0} — %) n* and \/—g = 1. This sign flipping metric
should be regarded as an example of a geometry that spans the union of the gravity and
antigravity regions, as in (8.6). We proceed to analyze the time evolution of this system.
Let the on-shell initial field configuration at time ¥ < (—A/2) be defined by

d3 . L . B
¢i (fi, :L'?) = / (2)3/52“ (a (]5’) e—l|P|z?+lp'$i +a (ﬁ) €1|P\93?_7«P'Ii) (8.32)
@ p

The general solution for ¢ (;E, a:o) evolved up to a final time x?c > A/2 is then given by
(using the method in (8.27))

B —ilp|(29—20—2A)+ip&y
b ( a(p)e . (8.33)

M ta (p) llel (e —ol—28) —ip s

o5 (Zp, %) = /

This shows that for initial/final observations, that are strictly outside of the antigravity
period, the effect of the antigravity period is only a time delay as compared to the complete
absence of antigravity. The time evolution of the field in the interim period is just like
the time evolution of the particle as shown in Fig.1. For more details on the classical
evolution of the field in the interim period see the case of the massive field in section
(8.4.5), and take the zero mass limit.

An important remark is that the multiparticle Hilbert space {|p1,p2---Pn)} is the
Fock space constructed from the creation operators applied on the vacuum defined by
a (p)]0) = 0, namely |p1,p2--Dn) = a(p1)a(pa)---a(py)|0). This time independent
Fock space is the complete Hilbert space that can be used during gravity or antigravity.
It is clearly unitary since it is the same Hilbert space that is independent of the existence
of an antigravity period (i.e. same as the A = 0 case). This shows that there is no
unitarity problem due to the presence of the antigravity period.

However, there is negative kinetic energy during antigravity, seen as follows. The time

dependent Hamiltonian for this system is

+H, fort<—%
H(z")=q —H, for —9<t<$ (8.34)
+H, fort > %
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where H, which is constructed from the quantum creation-annihilation operators as usual,
is time independent. So there seems to be a possible source of instability due to negative
energy during antigravity. For freely propagating particles there are no transitions that
alter the energy, so no questions arise, it is only when there are interactions that an effect
may be observed due to transitions created by the negative energy sector. The effect of
interactions, as observed by detectors in the gravity sector, is analogous to the case of
a time dependent Hamiltonian as discussed in simple examples below in section (8.4.4).
Hence, the presence of a sector with negative kinetic energy is not a fundamental problem
in the quantum theory.

Nevertheless, the antigravity sector, with or without interactions, is the source of
interesting physical signals for the observers in the gravity sectors. For example, in the
absence of additional interactions, consider the quantum propagator that corresponds to
initial/final states in the two gravity sectors ‘330’ > A/2. The transition amplitude from
an initial state in gravity (:c? < —=A/ 2) to a final state in gravity (x(} > A/ 2), after the

field evolves through antigravity, is given by
Agi = (o5 (ap) Je i (m2) i (5730t g, (2y)
= (¢y (Ff,2}) e~ il (tr=t=28) g, (%, 27))

Here, |¢ (x)) is defined as the 1-particle state in the quantum theory which is created by
applying the quantum field ¢ () on the oscillator vacuum a () |0) = 0,

R eilplz® —ip-&
6(2.2%) =d@)j0) = [ d%Ma ® 10). (8.35)

Then we obtain

; Pl (2 =) —28) i (%)
Ap = /d P (8.36)

(2m)*/ 2p|
This is the propagator for a free massless particle. From this expression it is clear that
the effect of antigravity on the result for the transition amplitude Ay; is only a time
delay by an amount of 2A as compared to the same quantity in the complete absence
of antigravity. The same general statement holds true for the transition amplitudes for
multi-particle states. Clearly there is no particle production due to antigravity in the
case of free massless particles. This will be contrasted with the case of massive particles
in section (8.4.5).
Of course, if there are field interactions, there will be additional effects, but none of

those are a priori problematic from the point of view of fundamental principles.
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8.4.4 Particle with flipping kinetic energy while interacting in a poten-
tial

To learn more about the effects of antigravity we now add an interaction term that
does not flip sign during antigravity. We first investigate the case of a single degree of
freedom whose kinetic energy flips sign during antigravity. This phase space (z, p) should
be thought of as a generalized coordinate associated with any single degree of freedom
within local field theory or string field theory (after integrating out all other degrees of
freedom), but in its simplest form it can be regarded as representing a particle moving in
one dimension.

We discuss a simple model described by the Hamiltonian

A 2 2
H=¢ <|t| - 2> w 2 T2 (8.37)

This is a time dependent Hamiltonian that has two different forms, H., during different

periods of time as follows

t: t< -5 L <t< t> 5
p2 Qmw2z2 : p2 m52z2 p2 : mw?z? (838)
Hy (% 73 ) (_% 73 ) <% 73 >

During gravity, [t| > %, the Hamiltonian H is the familiar harmonic oscillator Hamilto-
nian with a well defined quantum state, so all energies are positive. But during antigravity,
—% <t < %, the Hamiltonian H_ has no bottom, so all positive and negative energies
are permitted. Does this pose an instability problem for the entire system? The answer
is that, as in the simpler cases already illustrated above, there is no such problem from
the perspective of the class of observers in gravity.

A complete basis for a unitary Hilbert space may be defined to be the positive norm
complete Fock space associated with the usual harmonic oscillator Hamiltonian H, whose
energy eigenvalues are strictly positive. The eigenstates of H_ are also positive norm and
define another complete unitary basis. Clearly one complete basis may be expanded in
terms of another complete basis, so the usual Fock space basis is sufficient to analyze
the complete system, including its evolution through antigravity. This shows that the
interacting problem that includes antigravity is an ordinary time dependent problem in
quantum mechanics. There are no unitarity problems, and the presence of antigravity is
analyzed below as a regular problem of a time dependent Hamiltonian, without encoun-
tering any fundamental problems of principles.

A technical remark may be useful: this model can be treated group theoretically by
using the properties of SL(2, R) representations. Note that the three Hermitian quantum
operators (xQ, P2, % (zp + px)) form the algebra of SL(2, R) under quantum commutation

rules [x,p] = ih. The Hamiltonian H, is proportional to the compact generator Jy of
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SL(2, R), while H_ is proportional to one of the non-compact generators J;. The second

non-compact generator Jy appears in the commutator [Hy, H_]. Explicitly,

1 1 1
JO = %H+, Jl = %H_, JQ = E (wp—l—p:z:) . (839)

The (Jo, J1,J2) form the standard Lie algebra of SL(2, R). Since these Jy 1,2 are Her-
mitian operators, the corresponding quantum states which are labelled as |j, u) form
a unitary representation of SL(2, R). The quantum number g is associated with the
eigenvalues of .Jy (which is basically the eigenvalues of Hy) while j(j + 1) is associ-
ated with the eigenvalues of Casimir operator C'5 that commutes with all the generators,
Cs = Jg — J? — J2. For the present construction, keeping track of the orders of operators
(x,p) one finds that Cs is a constant, Cy = —3/16 = j (j + 1), which yields two solutions
j= —% orj = —%. Hence the spectrum of this theory, including the properties of Hi can
be thought of consisting of two infinite dimensional irreducible unitary representations of
SL(2,R). For j = —% or j = —% these are positive discrete series representations. The
allowed values of p are given by p = j + 1+ k where £k = 0,1,2,--- is an integer. We
see that the two representations taken together correspond to the spectrum of H, which
is the spectrum of the harmonic oscillator given by E, = w (n + %) & 2wp, with even
n = 2k corresponding to j = —3/4 and odd n = 2k +1 corresponding to j = —1/4. Hence
the basis |j, u) form a complete set of eigenstates for the observers in the gravity sector
of the theory.

How about the antigravity sector? Since the corresponding Hamiltonian is H_, a
complete set of eigenstates corresponds to diagonalizing the non-compact generator Ji
instead of the compact generator Jy. Either way the Casimir operator is the same; hence
diagonalizing J; — ¢ provides another unitary basis |j,q) for the same unitary repre-
sentations of SL(2, R). The spectrum of Jy, Ji|7,q9) = q |j,q), is continuous ¢ on the
real line since this is a non-compact generator of SL(2, R) . This antigravity basis is also a
complete unitary basis for this Hamiltonian that includes both sectors H4. One basis can
be expanded in terms of the other, |j,q) = Zzo:jﬂ |7, 1) (J, |7, @), where the expansion
coefficients (7, ulj,q) = Up(gg is a unitary transformation for each j = —% or —%.

Therefore it doesn’t matter which basis we use to analyze the quantum properties of
this Hamiltonian. Using the discrete basis |j, ) which is more convenient to analyze the
physics in the gravity sector, in no way excludes the antigravity sector from making its
effects felt for observers in the gravity sector.

With this understanding of this simple quantum system, we now analyze the transition
amplitudes Ay; for an initial state |i) to propagate to a final state both in the gravity
sector. We define [i), |f) at the two edges of the antigravity sector, at times t; = —A/2
and t; = A/2. Moving t;,t¢ to other arbitrary times in the gravity sector is trivial since
we can write |i) = e~ "+ (=A/2=4)|; ) and |f) = eiiH+(tf7A/2)|f, t) and we know how
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H acts on any linear combination of harmonic oscillator states |i), |f). Hence we have
Agi = {(fle” i) (8.40)

where |i),|f) are arbitrary states in the gravity sector. If we take any two states in the
SL(2, R) basis |j, i), this becomes

. ;A .
Afz = <]aMf|e IQWJ1|]7/'Li>’ (841)

This is just the matrix representation of a group element of SL(2, R) in a unitary repre-

sentation labelled by j = —% or —%. It must be the same j for both the initial and final
states, i.e. there is a selection rule because there can be no transitions at all from j = —%

to j = —i and vice-versa.
This quantity can be computed by using purely group theoretical means, but it is
perhaps more instructive to use the standard harmonic oscillator creation/annihilation

operators to evaluate it. Then we can write

1 hw
H, =hw <aTa+ 2) , H_ = -5 <aT2 + a2> . (8.42)
We have used this form to compute the transition amplitude
Agi = (fle”#8Mi) = (fle=" 5 (4], (8.43)

by taking initial /final states to be the number states or the coherent states of the harmonic

oscillator. To perform the computation we use the following identity
e—i%(aw-&-(ﬂ) — efétanh(o.)A)aJr (COSh (O.)A)) (a a+s ) fitanh(wA)aQ. (844)

For initial /final coherent states, |2;) & |zy) for observers in gravity, we define the transition

amplitude for normalized states as, A (zf,2) = (zf|e_%AH*|zi>/\/(2f|2f><zi|zi>, which
yields

2Re(zi2f>
oA ¢

cosh (wA)

e—’2f’2—\zi|2+ tanh(wA) Im(i}%e‘iwA—l-z?ei“’A)

A (zp, ) = (8.45)

This should be compared to the absence of antigravity when A = 0, namely | A (zy, z)|? A0

2
o~ |zl

Similarly, for initial/final number eigenstates |n) & |m) of the Hamiltonian H, =
2,2

(% + %) = hw (aTa + %) for observers in gravity, we obtain

m

4

n__

a = \/ minleiwA(n+m+1) min(m,n) (2 sinh (wA)) 2 (8.46)

(cosh (wA))™ Tl (mzk )-("J)"
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where (m,n, k) are all even or all odd. This gives

m 2
<2F1(_ [%] [%] <1 -k ;) ) ; smhg(lwA)))
(% an )2([ 145D
} ) (cosh(wA))2~ (=nm

|Amn|2 =

m')

D
N

where 9 F} (a, b; ¢; z) is the hypergeometric function, [%] means the integer part of m/2,

and (m,n) are both even or both odd. Special cases are

2 1 2M tanh(wA))?M
|A00| ~ cosh(wA)? |A2M0| 22§VI(1\31) ( cosgl(wi)) ) 847
A2 = 1 A (2M+1)! (tanh(wA))*M (8.47)
1l = cosh?(wA)’ 2M+1,1 = 22M (M2 cosh3(wA)

As compared to the absence of antigravity, A = 0, when there are no transitions, we see
that antigravity causes an observable effect. Clearly, these transition amplitudes are well
behaved, and do not blow up for large A. Unitarity is obeyed: one may verify explicitly
that the sum over all states is 100% probability, >, |Amn|2 = 1, for all fixed n, and
diff |A (27, 2)|* = 1 for all fixed 2.

similarly [

8.4.5 Massive scalar field with sign flipping kinetic energy

This system has some similarities to the interacting particle above but it is not quite the

same. The action is
1 A
=2/ﬁ%rPeO#W—2)a%¢wm¢w»—m%%m (8.48)

As in the case of the massless field in section (8.4.3), the factor e (‘ZL‘O‘ — %) can be
viewed as a gravitational background field of the form, \/—gg""0,¢0,¢, with g"” (z) =
€ (|:1:0‘ — %) n* and \/—g = 1, that spans the union of the gravity and antigravity regions,
as explained in (8.6). The mass term does not flip sign. Note that, due to the non-zero
mass, this is not a Weyl invariant action, but we shall investigate it anyway to learn
about the properties of such a system.

In momentum space, using the notation 2° = ¢, we have

d—1 L
mawz/@?dwﬁw>pm (5.49)

We rewrite the action in momentum space as

— [t [a | Py (1) 6y (1) (8.50)
ﬂ#%@ww@>
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The equation of motion is

o (= (-5 ) a0 0) + |< (1= 5 ) #+m2| 0, 0=0  5)

The solutions in separate regions of time are (similar to (8.27))

A+€71 +m2 t+
t<—%: ¢t (t)= S
+A +m t+
)
)

B em VP (1t
A A . B _
—2<t<2.¢p(t)—< —

> o>

BV
o o [ G V)
70 ()= +C_61\/mt%)

o~

) (8.52)

We need to match the field ¢, (t) and its canonical momentum, ¢ (|¢| — %) Oy (1), at
each boundary t = £A/2

), and gﬁﬁ (—
), and gi)g (+

E e

vo|> vo| >

Note the sign flip of gZ) at t = £A/2 although the canonical momentum does not flip. This

gives four equations to relate C'pi and szf to A;)t as follows

+ A~ — Bt 4B
Ap + AP - Bp + Bp

- — p2—m?
A;_Ap__(B; _Bp)
CZ—:_ +Op_ — B;—e—i p2—m2A —I-Bp_ei p2—m2A (8.54)

+ ,—i/p2—m2A
cr_c-—_ [ Bre VPE—m?
p p _Bfei\/ﬁzmeA
p

The solution determines Bff and C’;E in terms of A;,t,

(e )=(5 ) =
C, 8 o A

1_ vpTrme
) E)) e
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where (a, 3) are the parameters of a Bogoliubov transformation (an SU(1,1) group trans-

formation)
p2 sin( Av/p2—m?
a = cos (A\/ﬁg—m2>+ip ((_2)227 y ),
p?) —m
B _ imQ sin(A ﬁz—mQ) (857)
) \2/(p2)2*m4 ’
laf” —[B]" = 1.

Assume the incoming state gb;f (t) has only positive frequency, meaning A, = 0. Then we
see that (unlike the massless case in section (8.4.3)) negative frequency fluctuations are
produced in the final state gi)z(,) (t) since according to (8.55), C,; = ﬁA;. The corresponding

probability amplitude for particle production is

isin (mA W)

(G /4y) =B =
(P?/m?)* —1

(8.58)

The produced particle number density (particles per unit volume) is the integral of |3 |2

over all momenta

sin? (mA+/(p2/m?2)—1
n(m,A) = [dp|8]* = [d?p <|(ﬁ2/m2)2_1| )

zd—2 sin2((mA)\/a:2 1) (859)
_ d_ [o.¢] -

=m 1Qd_1 fO \:v471| dl’,

where 22 = p?/m?, while Q41 is the volume of the solid angle in d — 1 dimensions,

Qo = 2m, Q3 = 47, etc.. This is a convergent integral for d < (5 — €) dimensions, hence
n (m, A) is finite for d = 1,2, 3,4 dimensions. We note that the number density n (m, A)
increases monotonically at fixed m as A increases. The energy density per unit volume

for the produced particles for all momenta is

d—1
p(m, &) = [ Lt /T |
_ mfQy_, oo zd—2 x2+1sin2((mA)\/m>d (860)
T (2m)d? fO 27— 1] T

p (m,A) is convergent for d < (4 —¢) dimensions, and is logarithmically divergent at
d = 4 despite the rapid oscillations at the ultraviolet limit.

Recall that the massive field is not a scale invariant model. In the Weyl symmetric
limit, m — 0, there is no particle production at all in any dimension. In the scale invariant
theory masses for fields must come from interactions, such as interactions with the Higgs
field. In a cosmological context the Higgs field is not just a constant, and therefore in
the type of investigation above, the parameter m should be replaced by the cosmological
behaviour of the Higgs field (see [73] for an example). This very different behaviour in

a Weyl invariant theory should be the more serious approach for investigating effectively
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massive fields to answer the type of questions discussed in this section.

8.5 Conformally exact sign-flipping backgrounds in string

theory

We consider the worldsheet formulation of the relativistic string, but we make string
theory consistent with target space Weyl symmetry as suggested in [84]. This requires
promoting the string tension to a dynamical field, (2ra/)"' — T (X* (7, 0)). The back-
ground field T (X)), along with any other additional background fields, must be restricted
to satisfy exact worldsheet conformal symmetry at the quantum level. In the worldsheet
formalism, typically the tension appears together with the metric g, (X (7,0)) or anti-
symmetric tensor by, (X (7,0)) in the Weyl invariant combination, T'g,, or Tb,,. The
requirement of exact worldsheet conformal symmetry constrains these target-space Weyl
invariant combinations. Perturbative worldsheet conformal symmetry (vanishing beta
functions) is captured by the properties of the low energy effective string action. From
the study of the Weyl invariant and geodesically complete formalism of the low energy
string action |84] we have learned that the tension (closely connected to the gravitational
constant) switches sign generically near the singularities in the classical solutions of this
theory.

If we fix the target space Weyl symmetry by choosing the string gauge as in (8.4),
then in those generic solutions, the tension becomes T (X* (7,0)) = =+ (2ra/) " on the
two sides of the singularity as it appears in the string gauge. Those two sides are iden-
tified as the gravity/antigravity sectors of the low energy theory as discussed in section
(8.2). From the perspective of the worldsheet string theory these observations lead to a
simple prescription to capture all these effects in the string gauge, namely replace the
Weyl invariant structures (7°g,,,, T'b,.,) by (j: (2ma/) G/fy, + (2ra/) ! Bi,) , where the
capital (ny (X) ,Bffy (X )) are the background fields on the gravity/antigravity patches
that are joined at the singularities as they appear in the string gauge. We may absorb the
overall £ due to the signs of the tension into a redefinition of the background fields, and

as we did for the Einstein gauge in (8.6), define
(G (X), By (X)) = (G5, (X)), £B;, (X)), (8.61)

as the full set of background fields in the union of the gravity/antigravity sectors of

the worldsheet string theory. Of course, (GW (X),Bu (X )> are required to satisfy
worldsheet conformal invariance at the quantum level as usual. What is new is the

geodesic completeness of the background fields <GW (X),Buw (X )) which is achieved by

the sign flipping tension and the union of the corresponding gravity /antigravity sectors.
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8.5.1 String in flat background with tension that flips sign

A simple example of a conformally exact worldsheet CFT, that includes a dynamical
string tension that flips signs, is the flat string background 7, modified only by a time
dependent string tension 7' (X) = 52— Sign(| X% (1,0)| — %) . This can also be presented

in the string gauge by absorbing the sign of the tension into a redefined metric

A~

G (X) = 1,,Sign <|X0 (r,0)| - 2) , B (X)=0, (8.62)
where A is a constant. Note the similarity to (8.26) or sections (8.4.3,8.4.5). Thus the
tension is positive when |X°(7,0)| > % and negative when —% < XY(r,0) < %. This
is also similar to the cosmological example with an antigravity loop given in [84], but we
have greatly simplified it here by keeping only the signs but not the magnitude of the
tension, thus defining a conformally exact rather than a conformally approximate CFT

on the worldsheet. The corresponding worldsheet string model is

S = —

a v 3 A
yr— / d*o/—hh™ 9, X" 9 X 1), Sign (\Xo (1,0)] - 2) : (8.63)

We should mention that it is also possible to consider a model, at least at the classical
level, by inserting in the action (8.63) the inverse of the Sign function (Sign (‘XO (7, 0’)‘ — %))71
In this case the tension flips sign when it is infinite rather than zero. Both of these possi-
bilities occur smoothly rather than suddenly in cosmological backgrounds in string theory
(see (30) in [84] or its generalizations). Both behaviours are significant from the perspec-
tive of string theory because perturbative versus non-perturbative methods would be
needed to understand fully the physics in the vicinity of the gravity /antigravity transi-
tions. Namely, when the tension at the transition is large the string would be close to
being pointlike, so the stringy corrections would be small and perturbative in the vicinity
of the gravity /antigravity transitions; by contrast when the tension at the transition is
small the string would be floppy so stringy corrections could be significant. In the latter
case, high spin fields [90] may be an interesting tool to investigate the gravity /antigravity
transition in our setting.

From the form of the action in (8.63) it is evident that the string action is invari-
ant under reparametrizations of the worldsheet at the classical level. We will use this
symmetry to choose a gauge to perform the classical analysis below. But eventually we
also need to know if this symmetry is valid also at the quantum level. The generator
of this gauge symmetry is the stress tensor, so the stress tensor vanishes as a constraint
to impose the gauge invariance. At the classical level the stress tensor does vanish as
part of the solution of the classical equations and constraints (see below). At the quan-
tum level, in “‘covariant quantization”, the stress tensor does not vanish on all states but

only on the gauge invariant physical states. For consistency of covariant quantization
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one must verify that the constraints form a set of first class constraints that close un-
der quantum operator products. In our case the stress tensor derived from (8.63) has
the form Tyy = (Sign)xT9, , where T9, is the usual worldsheet stress tensor in the
flat background 7,,,, while the sign factor switches signs at the kinks ‘X 0 (T,O’)‘ = %.
In the positive (gravity, Sign—=+) region, we have symbolically the operator products,
T, xTY, ~ T, where the standard CFT result on the right hand side is computed
exactly for the flat string. Similarly, in the negative (antigravity, Sign=—) region we have,
(=T24) x (=T2+) ~ — (=T2) . So the algebra is closed like the standard CFT locally
in the positive and negative regions away from the kinks. There remains analyzing the
operator products at the kinks | X (,0)| = S (worldsheet analogs of the kinks in Fig.
8.1).

The operator products involving the Sign factor non-trivially introduce delta functions
and derivatives of delta functions multiplied by the sign factor or its derivatives that have
support only at the kinks. At one contraction (order & effects) the coefficient of the delta
function includes the flat 79, or its derivatives evaluated at the kinks. Since 79, or
its derivatives are in the list of first class constraints (Virasoro operators), this is still
a closed algebra of first class constraints all of which vanish on physical states. At two
contractions (order A2 in quantum effects) there are again some terms that contain 799
or its derivatives, which again are of no concern since these still vanish on physical states.
However, there are also additional operators of the form of (8X 0) multiplying products
of the sign function, delta function, or its derivatives, all evaluated at the kinks. We have
analyzed these complicated distributions and found that they vanish when integrated
with ((9X 0), so they do not seem to contribute. Similarly we can drop several similar
terms due to the properties of the distributions. The analysis at the kinks becomes harder
at higher contractions (A* and beyond in quantum effects), and we leave this for future
analysis to be reported at a later stage.

The main point is that if there are additional constraints that must be imposed at the
kinks they will show up in this type of operator product analysis. So far, we have not found
new constraints up to two contractions in the operator products. Thus, the algebra of
the operator products is basically the standard algebra of a conformal field theory (CFT)
locally in the positive and negative regions away from the kinks. The modification of the
CF'T algebra at the kinks with terms that are proportional to Virasoro operators does not
change the validity of the gauge symmetry at the quantum level, since those terms vanish
on physical states anyway. Although we have not yet found other operator modifications
of the algebra at the kinks, conceptually it is possible that such terms may arise at higher
contractions or in other models that include gravity/antigravity transitions. When and
if such terms appear, they must be included in an enlarged list of constraints that should
form a closed algebra under operator products, then this will define the proper quantum

theory.
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In this chapter our aim is to first understand the classical theory of a string described
by the action in (8.63), so we do not need to be concerned here about the subtleties
described in the previous paragraph. In fact, the classical analysis that we give below is
helpful in further developing the right approach for the quantum theory. Thus, setting
aside temporarily the possible stringy corrections, we are at first interested in the classical
behaviour of strings as they propagate in the union of the gravity/antigravity regions,
and later try to figure out the possible additional effects due to interactions at those
transitions by using more sophisticated methods, such as string field theory, or others, as

outlined in section 8.6.

8.5.2 General string propagating classically through antigravity

In this section we shall discuss the properties of the model in (8.63). The main objective
is to show that there are no problems due to the negative tension during antigravity from
the point of view of fundamental principles, such as unitarity or possible instability due
to negative kinetic energy. The unitarity of this string model was already established in
[84] more generally for any time dependent tension 7' (X 0) , and more general metric, so
we shall not repeat it here. We will concentrate on the effect of the antigravity period on
the propagation of the string and the corresponding signals that observers in gravity may
detect. As we shall demonstrate, as compared to the complete absence of antigravity, the
presence of an antigravity period for a certain amount of time causes only a time delay
in the propagation of an open or closed free string of any configuration. This may seem
surprising since, at first thought, one may think that string bits would fly apart under an
instability caused by a negative string tension. In fact, this does not happen because a
negative tension is simply an overall sign in the action of a free string, and this does not
change the equations of motion and constraints of a free string during antigravity.
We work in the conformal gauge at the classical level. There is a remaining reparametriza-

tion symmetry that permits the further choice of the following time-like gauge
X% (r,0) = |H|, (8.64)

where H is the total time dependent Hamiltonian of the string while |H| is time inde-
pendent. This is similar to the massless free field in section (8.4.3). In this gauge the

remaining degrees of freedom satisfy the following equations of motion and constraints

(02 - 82) X (r,0) =0,

H? — (aTX’ + aC,X')Q , (8.65)

to be solved in each time region A, B, C' defined by

A: T|H| < -A/2, B: -A)2<T|H|<A/2, C:7|H|>A/2. (8.66)
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Furthermore, the solutions for X A,B,c (1,0) and the canonical momenta ]5:47 Bc (1,0) =
8TXA7B7C (1,0) xSign(|Ht| — %) should be continuous at the boundaries 7 |H| = £A/2.
The method of solution follows the simple model in (8.27) or the massive field in (8.4.5).

We will discuss the case of an open string; the closed string is treated similarly. The
general solution in each region is given in terms of the center of mass (¢, p) and oscillator
(Gp,n =+£1,42,---) degrees of freedom. The general configuration of the string in the

positive tension region A, at a time 7 < —A/2, is a general solution X4 (1,0) given by

o .
X4 (1,0) =qo+pr+ Z lo_in cosno e T (8.67)
n=—00,#0 n

The time independent parameters (qy, p) and (&,,n = £1,+2,---) determine the initial
configuration of the string at the time 7 = 7g. From the constraint equations we compute

the time independent |H| and the remaining constraint

[H| = /1" + 3552, 0 - Gn

0=l t AT o G (8.68)
Thus the time dependent Hamiltonian that switches sign is
A 0o
H (1) = Sign (|H| 7| — 2) P+ don G (8.69)

Assuming the constraints (8.68) are sﬁisﬁed at the classical level by some set of param-

eters (dy,p), the momentum, ﬁA = X 4, in region A is

o
?A (r,o)=p+ Z @y cosno e, (8.70)
n=—00,7#0

2
above, but with a new set of parameters (¢, 5, d,p5). Note that in this region there

In region B, —% < T|H| < S the solution ()Z'B,ﬁ3> takes the same form as

is a non-trivial minus sign in the relation between momentum and velocity, Pg (7,0) =
—BTXB (1,0). At the transition time, 7, = —ﬁ, we must match the position and mo-
mentum, therefore X 4 (74,0) = Xp (74, 0) and 0; X 4 (74,0) = —0; Xp (74, 0) , noting the
negative sign in the case of velocities. Because the matching is for every value of o we
find that all the parameters (¢, P, @,p) are uniquely determined in terms of the initial

parameters (o, p, @) in region A. So the solution in region B is

I A
¢ o+ (7 1)
Xp(r,0)= | VN 8.71)
D ot o0 pQncosno e H]
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_ = > Cinf—r— A
Pg(r,0)=—-Xpg(r,0)=p+ g Qi COSNO € ( ‘H|) (8.72)
n=—00,7#0

There are no new constraints beyond those that are already assumed to have been satisfied
in region A by the parameters (&,,p). Note the structure (—7 — %) that indicates a
backward propagation similar to Fig.1 as 7 increases beyond 7.

A

s We must connect the solution ()? B,ﬁB>

At the next transition time, 74, = +

above to the solution ()ZC, ﬁc> in region C, T > Ty, which is given in terms of a new set
()_‘f)parameters ((j’_g,ﬁc, @nc) . Using the matching conditions X¢ (74, 0) = X (74, 0) and
Xc (1v,0) = =X B (7%, 0) that include the extra minus sign for velocities (as discussed
above), we find that (¢, Po, dnc) are all determined again uniquely in terms of the initial

parameters (o, P, 4yp) introduced in region A.

— — _ A
© (T’ U) N i —in(r—2:2
+ e co£0 nOncoSNO € [H] (8.73)
D> — 0o N —in(7’—2A
Po(r,0) =7+, z00ncosno e [H]

For closed strings we find a similar result but with some additional information for
region B. Namely, given some solution in region A that satisfies the string equations of
motion and constraints, then the solution in regions B, C' are obtained by the following

substitutions of 7 and o

K5 (r.0) = Xa (-r— 3, —0)

ﬁ ﬂ (8.74)
Xo (1,0) =X 772%, O')

Note the extra minus sign in ¢ — —o in region B. Namely, for the closed string the left
and right movers get scrambled during antigravity. For the open string with Neumann
boundary conditions discussed above, the sign flip ¢ — —o in region B has no effect
since cos (—no) = +cos (no), but if the open string had Dirichlet boundary conditions
then sin (—no) = —sin (no) would induce an overall sign flip of the oscillations during
the antigravity period.

Putting it all together, we see that after the antigravity period, the emergent string
experiences only a time delay 2A/|H| as compared to the string that propagates in the
complete absence of antigravity. This is the same conclusion that was reached for the free

particle or the free massless field.

Rotating rod propagating through antigravity

As a concrete example of a string configuration that satisfies all the constraints, we present

the rotating rod solution that is modified by a tension that flips sign during antigravity
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as in (8.63). We begin with a straight string lying along the & axis with its center of mass
located at qp, as given by, X (0) = Go + & Rocoso. Let this string rotate in the (z,7)

plane and translate in the 2 direction as follows

—

Xa(r,0) =Go+ 2pT + Rocoso (ZcosT + gsinT). (8.75)

This satisfies the constraints in (8.68), since 9, X -9, X = 0, and gives |H| = (p* + Rg)l/2 .

Following the steps above we compute the matching string configuration during the anti-

. . A A
gravity period o <7 < 3y

go+ 2p(—1 —0)

% cos(—1 —6) (8.76)
+Rgcoso
+y sin(—7 —6)

—

Xp(1,0) =

where § = A (p2 + R(Q))fl/ 2, noting that this describes a backward propagation similar

to Fig.1. Finally the matching string configuration in the time period 7 > ﬁ is
- 7 + 2 — 20
Xco (1,0) = AQO T )A ) . (8.77)
+Rpcoso (Zcos (T —20)+ gsin (1 — 20))

As promised, as compared to the complete absence of antigravity, the presence of an
antigravity period for a certain amount of time causes only a time delay in the propagation
of a string of any configuration. The string bits of a freely propagating string do not fly

apart during antigravity when the string tension is negative!

8.5.3 2D black hole including antigravity

Another simple example is the 2-dimensional black hole [78] based on the SL(2, R) /R
gauged WZW model [79]. The well known string background metric in this case is,
ds? = =2 (1 — uwv) " dudv, with uv < 1, where (u,v) are the string coordinates X* (7, o)
in the Kruskal-Szekeres basis. This space is geodesically incomplete similar to the case of
the four dimensional Schwarzschild blackhole [4].

The geodesically complete modification consists of allowing the string tension to flip
sign precisely at the singularity, namely 7' (X) = (2ra’) 'Sign(1 — uv) . Then the new

geodesically complete 2D-blackhole action is

1 0gu0

S = / d2o/—Rpab 2eUNY (8.78)
2ma! |1 — uv|

This differs from the old 2D black hole action by the absolute value sign, and includes

the antigravity region uv > 1 just as in the 4-dimensional case [4]. Despite the extra sign,

this model is an exact CF'T on the worldsheet as can be argued in the same way following
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(8.63). Properties of the new 2D black hole, including the related dilaton and all orders
quantum corrections in powers of o/, was investigated in detail in a separate paper [91]

by Bars and Araya.

8.6 String field theory with antigravity

In the neighborhood of the gravity/antigravity transition, which occurs typically at a
gravitational singularity, a proper understanding of the physics would be incomplete
without the input of quantum gravity that may possibly contribute large quantum effects.
How should we estimate the effects of quantum gravity?

We first point out that attempting to use an effective low energy field theory that
includes higher powers of curvature, such as those computed from string theory, may not
be the most fruitful approach. Higher powers of curvature capture approximations to
quantum gravity that are valid at momenta much smaller than the Planck scale; those
cannot be used to investigate the phenomena of interest that are at the Planck scale
close to the singularity. For investigating the gravity/antigravity transition more closely,
we do not see an alternative to using directly an appropriate theory of quantum gravity
that can incorporate the geodesically complete spacetime that includes both gravity and
antigravity regions. Hence we first need to define the proper theory of quantum gravity
that is consistent with geodesic completeness. As far as we know, this notion of quantum
gravity was first considered in [84].

Assuming that quantum string theory is a suitable approach to quantum gravity,
we outline here how string field theory may be modified to take into account geodesic
completeness and the presence of an antigravity sector, so that it can be used as a proper
tool to answer the relevant questions.

Open and closed string field theory (SFT) is a formalism for computing string-string
interactions, including those that involve stringy gravitons. As in standard field theory,
in principle the SFT formalism is suitable for both perturbative and non-perturbative
computations. Technically SFT is hard to compute with, but it has the advantage of
being a self consistent and conceptually complete definition of quantum gravity and the
interactions with matter. It is therefore crucial to see how antigravity fits in SFT and
therefore how the pertinent questions involving antigravity can be addressed in a self
consistent manner.

In the context of SF'T, gravitational and other backgrounds in which strings propagate
are incorporated through the BRST operator Qp that appears in the quadratic part of
the action [78|

1 o
Sopen = T §A*QBA+‘%A*A*A . (8.79)
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The complete SFT action must also include closed strings, S¢joseq and the supersymmetric
versions of these. Here A (X) is the string field, the product % describes string joining or

splitting, and the BRST operator Qg is given by
Qp = / 40> {ex T (X) + bcades) (8.80)
+

where (by, c1 ) are the Faddeev-Popov ghosts, which is a device of “covariant quantization”,
while T4+ (X (0)) is the stress tensor for left/right moving strings, associated to any
conformal field theory (CFT) on the worldsheet that is conformally exact at the quantum
level.

The gravitational and other backgrounds, including a dynamical tension that flips
signs (i.e. incorporating antigravity) of the type we discussed in the previous sections,
are included in the stress tensor Ti4 (X). If these backgrounds are not geodesically
complete we expect that the SF'T theory is incomplete since even at the classical level on
the worldsheet there would be string solutions that would be incomplete just like particle
geodesics that would be incomplete. Thus for a geodesically complete SF'T we need
to make sure that T'y1 (X) belongs to a geodesically complete worldsheet string model
as described in the previous section. Examples of such string models were provided
in sections (8.5.1,8.5.3). Similarly one can construct many more geodesically complete
backgrounds by allowing the string tension to change sign at singularities (and perhaps
more generally) as long as the CFT conditions, that amount to Q2 = 0, are satisfied.

If the interactions in the SF'T action (8.79) are neglected we do not expect dramatic
effects due to the presence of antigravity since we have seen in the previous section
the effect is only a time delay as compared to the complete absence of antigravity (as
in sections 8.28,8.4.3,8.5.1). By including the interactions either perturbatively or non-
perturbatively we can explore the effects of antigravity in the context of the quantum
theory. In the previous sections, we have obtained a glimpse of the phenomena that
could happen, including particle (or string) production (as in section 8.4.5), excitations
of various string states (as in section 8.4.4), and more dramatic phenomena that remain
to be explored.

From the discussion in the first part of section (8.5.1) one may gather that we are
still in the process of addressing some technicalities in the construction of the BRST
operator (Qp for the simple model in that section. So we are not yet in a position to
perform explicit computations, but we hope we have provided an outline of how one may
formulate an appropriate theory to address and answer the relevant questions.

There may be alternative formalisms that could provide answers more easily than
SFTs—such as the gauge-gravity dualities—and of course those should be explored, but
the advantage of SFTs for being a conceptually complete and self consistent definition of

the system, including the presence of antigravity as outlined above, is likely to remain as
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an important feature of this approach because of the overall perspective that it provides.

8.7 Comments and conclusions

We have argued that a fundamental theory that could address the physical phenomena
close to gravitational singularities, either in the form of field theory or string theory, is
unlikely to be complete without incorporating geodesic completeness. The Weyl symmet-
ric approach to the standard model coupled to gravity in (8.1), and the similar treatment
of string theory [84], generally solves this problem and naturally requires that antigravity
regions of spacetime should appear on the “other side” of gravitational singularities as
integral parts of the spacetime described by a fundamental theory. There are other views
that the notion of spacetime may not even exist at the extremes close to singularities.
While acknowledging that there may be other scenarios that require more understanding
at this time, we believe that our concrete proposal merits further investigation.

While emphasizing that there are nicer Weyl gauges, we have shown how gravitational
theories and string theories can be formulated in their traditional Einstein or string frames
to include effects of a Weyl symmetry that renders them geodesically complete. A pre-
diction of the Weyl symmetry is to naturally include an antigravity region of field space
and spacetime that is geodesically connected to the traditional gravity spacetime at grav-
itational singularities. Precisely at the singularities that appear in the Einstein or string
frames the gravitational constant or string tension flip sign suddenly (but smoothly in
nicer Weyl gauges). As shown in section (8.2), this sign can be absorbed into a redefini-
tion of the metric in the Einstein or string frame, g,, = :I:glfy, where g, describes the
spacetime in the union of the gravity and antigravity regions. This definition of the com-
plete spacetime may then be used to perform computations in the geodesically complete
theory.

The appearance of negative kinetic energy terms for some degrees of freedom during
antigravity was a source of concern. The arguments presented here show that this was
a false alarm. We argued that unitarity is not an issue either in gravity or antigravity
and that negative energy does not imply an instability of the theory as seen by observers
in the gravity region (namely, observers like us, analyzing the universe). We made this
point by studying many simple examples and we showed that observers in the gravity
sector can deduce the existence and at least some properties of antigravity.

We have thus eliminated the initial concerns regarding unitarity or instability of the
complete theory when there is an antigravity sector with negative kinetic energy. We
have also demonstrated in this chapter that there are very interesting physical phenomena
associated with antigravity that remain to be explored concerning fundamental physics
at the extremities of spacetime. These will have applications in cosmology as in [62, 63,

75, 84] and black hole physics as discussed in the next chapter and in |4, 91].
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Chapter 9

Journey beyond the Schwarzschild
black hole singularity

The Schwarzschild black hole is a spherically symmetric solution to the vacuum Einstein

equations Ry, (g) =0

-1
ds? = — (1 - ’LO) dt? + (1 - QO) dr? + r2dQ2. (9.1)

r r
Here, ro = 2G y M, is the radius of the horizon, G is the gravitational constant, and M
is the ADM mass of the black hole. Although the Ricci and scalar curvatures are zero,
the curvature tensor R, ), blows up at the r = 0 singularity. The spacetime is better

described in terms of the Kruskal-Szekeres coordinates,

1
u:ip_izw%wm
0 (9.2)
v = :l: ‘1 _ 2 Slgn <1 _ L) e(T—t)/QT’O
70 70 ’

that satisfy the following properties (4 corresponds to regions I&II and — to regions
[II&IV in Fig. 9.1)

when uv < 1 or r > 0,
_ _q t
uv = (1_ %) e/, % = Sign (1 — r%) et/ro,

r =roRy (uwv), t:roln‘%}, (9.3)
R, (uv) = 1 + ProductLog[0, =*],

7 e

ds? = r} ( e;ﬁ;z;ﬁ (—2dudv) + R2 (uv) sz) :

The spacetime uv < 1 is geodesically incomplete because an observer that starts a
journey in region I on a geodesic that crosses the horizon into region II, reaches the black
hole singularity in a finite amount of proper time. Such geodesics are artificially stopped
at the r = 0 singularity because in conventional general relativity it is assumed there

does not exist a spacetime beyond this point. This indicates that the theory is incomplete
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since it cannot answer the question of what happens as proper time continues to tick. The
geodesic incompleteness is a general problem that occurs at every gravitational singularity,
not only at the Schwarzschild black hole.

Figure 9.1: Kruskal diagram in the lightcone coordinates for the Schwarzschild black hole
indicating the distinct spacetime regions I to V1.

The problem occurs both in the Einstein frame and in the string frame of general
relativity, as well as in string theory when it uses geodesically incomplete background
geometries in the worldsheet formulation (there would be incomplete string solutions
similar to particle geodesics). Usually an appeal is made to “quantum gravity”, such as
string theory, to resolve the problems at singularities. However if the worldsheet formalism
of strings is already geodesically incomplete we may expect that such an incomplete
version of string theory would also be subject to similar problems in its classical and
quantum versions. Therefore we believe that a healthier approach is to first understand
and improve the geodesic completeness of gravitational and string theories at the classical
level and then study the quantum effects using the improved theories. Later in this
chapter we will connect to the general approach [62, 84| to construct geodesically complete

gravitational and string theories.

9.1 The setup

We propose a geodesic completion of the Schwarzschild blackhole geometry as follows. We
note that there is another solution of Ry, (¢) = 0 which looks just like Eq.(9.1) except for
replacing rg by —rg. This solution has no horizon and corresponds to a bare singularity
and is usually discarded as being too unphysical. We propose a new interpretation of this
solution. We attribute the flip of sign of rg to be due to the flip of sign of the gravitational
constant exactly at the singularity, Gy — —Gpy. This flip naturally occurs in general
relativity interacting with matter improved with local scale (Weyl) invariance [62] as well

as in the related improved string theory [84]. We therefore suggest, consistently with



Chapter 9. Journey beyond the Schwarzschild black hole singularity 138

[62, 84|, that this solution must belong to regions V' and VI that are behind the black
or white hole singularities, and claim that those are antigravity regions where gravity is
repulsive rather than attractive. We will show that the gravity regions (I,11,1I1,1V)
and the antigravity regions (V,VI) are geodesically connected by exhibiting the metric
g that spans the union of all regions and by displaying the complete set of geodesics
in this geometry that go through the black/white hole singularity. To begin, we use new

Kruskal-Szekeres coordinates to rewrite the solution
-1
ds? = — [_ (1 n @) dt? + (1 v @) dr? + 7"2d(22] . (9.4)
r r

The unusual overall minus sign is needed for the continuity of the metrics in Eqgs.(9.1,9.4)
at 7 = 0. The extra sign is typical of antigravity as explained in Eq.(9.20). See the

discussion following Eq.(9.20) to address any concerns about ghosts. So, in regions V&V I,

when uwv > 1, and r > 0,
1
u==+ (1 + L) ? e(rtt)/2ro
70 ’
_ - —1)/2
v (1+5) Telr0/i,
r -1 r/ro t/ro
uv:<1+%) er/ro, 2= ery
r=roR_ (uwv), t:roln‘%},

R_ (uwv) = (=1 — ProductLog[—1,=1]),

’euv

2 e_R—
dT—g =25~ (1+ R_)* (—2dudv) — R%dQ?.

NI

The function ProductLog[k,z| corresponds to branches of the Lambert function in the
complex plane. For k = —1 our R_ (uv) is always real and positive when wv > 1.

The union of the uv < 1 regions is the metric

ds? = 1§ [-2sR' (w) (—2dudv) + sR? (uv) dQ?]
R(uv) =s (1 + ProductLog [%, (71;”)3}) , (9.6)
s = Sign (1 —uv).

In this metric space and time, (X,T) in Fig. 9.1, do not switch roles on the other side
of the singularity. We will show that this is a geodesically complete spacetime of gravity
and antigravity regions, noting that the effective gravitational constant switches sign at
uwv =1

Gy Sign (1 — uw). (9.7)

The expression for R (uv) given in Eq.(9.6) is the unique real and positive R solution for

the following equation
(1 —sR)® el = uv. (9.8)
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A plot of R (uv) and its derivative R’ (uv) is given in Fig. 9.2, showing that R is positive
for all uv, vanishes at the singularity uv = 1, and approaches an infinite slope R’ — 400

at that point. Generally Eq.(9.8) has many solutions in the complex R plane. These are

IOI'III IIorIV VorVI

horizon uv =0 \
2|

1
1
1
i singularity uv =1
:
1

Figure 9.2: R (uv) solid, R’ (uv) dashed.

expressed in terms of the many branches of the well documented function ProductLog[k,z].
The branch in Eq.(9.6) is real and positive for all real values of uv. We now show that
the derivative R’ (uv) for all wv, including uv = 1, is given by

e it 1—s _1—sR

/ — _— — =
sR = - (1 -sR) o R (9.9)

With this form of R’ the generalized metric in Eq.(9.6) agrees with the metrics in
Eqs.(9.3,9.5) for wv < 1 and wv > 1, and also defines the new metric at the singular-
ity uv = 1. Some care is needed to verify Eq.(9.9) since the derivative of s is a delta
function s’ = —20 (1 — uv). The simplest approach is to formally take the derivative of
both sides of Eq.(9.8) for any R (uv) and s (uv),

1-s2—sR pr
1-sR R

+ (1 - sR) - 22

)S, ] (1-sR)* el =1. (9.10)

Near the singularity, for small R and well behaved s, the coefficient of s’ in Eq.(9.10) has
an expansion such that the s’ term becomes, (52)/ (—R) (1 +3sR+0 ((8R)2>) . With
our s (uwv) Eq.(9.6), and (SQ)IR(UU) — 0, the ¢’ term in Eq.(9.10) vanishes for all uv,
including wv = 1. The remaining R’ term in Eq.(9.10) shows that R’ (uv) is given by
Eq.(9.9) for all uv. We record here the behavior of R and R’ near the singularity and far
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away from it

1

uv
SR ~ —(2|1 — uv|)~1/2.

R~1In <|uvl (In |uv|)Sign(“v)) .

o Lo 1
si =~ Juv| + wv In|uv|

_ { R~ (21 —wv|)/2,

(9.11)

luv| ~ 0o :

noting that these are consistent with the plots in Fig. 9.2.

Remarkably, the metric in Eq.(9.6) is a solution of the vacuum Einstein equations,
R, (g (u,v,9)) = 0, for all (u,v). By construction, we knew that we have a solution
when uv # 1. We remark that for a metric of the form (9.6) which is fully specified by
a single function R (uv), the Ricci tensor vanishes automatically for any R (uv). In our
case, for the specific form of R (uv) given in Eqs.(9.6,9.9), we obtain R, = 0 for all (u,v)

including at the black and white hole singularities at uv = 1.

9.2 Geodesic probes of the modified background

To study the geodesics we now consider a test particle of mass m moving in this improved

m?2
2 )

where e (7) is the einbein. The constraint due to 7-reparametrization is the equation of

black hole background. The worldline Lagrangian has the form £ = i Guv (x) THT¥ —e

motion with respect to e (7). After choosing the gauge e (1) = r3, which corresponds to

interpreting 7 as a dimensionless proper time, the constraint takes the form
[—QSR' (uv) (—2u0) + sR? (uv) Q| + m?rg = 0. (9.12)

This is the g"p,p, + m? = 0 constraint for our new extended black hole metric. The
canonical conjugate to the solid angle Q (a unit vector) is related to angular momen-
tum I_;, which is conserved due to rotational symmetry in the Lagrangian or the metric
(9.6). Furthermore, there is also a symmetry under opposite global rescalings of (u,v) —
()\u, )\_111). This amounts to translations of the time coordinate, t/rg — (t/?“() +In )\2) ,
as seen from Eqs.(9.3,9.5). Hence, there is an additional conserved quantity, that amounts
to the canonical conjugate to t/rg, which is (up to a rescaling by 7¢) a dimensionless en-
ergy parameter E. Taking the conserved quantities ( F, L) into account, we rewrite the

constraint in Eq.(9.12) as follows (see derivation below)

_E2 / 22
S( +R@mM)+>+M%:Q (9.13)

uvR! uUv R2

This equation now involves a single time-dependent degree of freedom, namely (uv) (1),
whose solution as a function of proper time 7 would determine all geodesics. The sec-

ond order equations derived from the worldline Lagrangian (geodesics) are automatically
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solved by the solutions of this first order differential equation because they must obey the
constraint (9.13). Hence this determines all geodesics for all possible initial conditions
(E, E) for a test particle of small mass m.

To see how Eq.(9.13) is derived from the constraint Eq.(9.12), we need to clearly
identify the canonical conjugate to ¢ (7). For this purpose it is useful to transform to
yet another set of coordinates (p,t) instead of (u,v) that still cover the entire (u,v)

plane. We leave ¢ unchanged as in Eqs.(9.3,9.5) and introduce, p = 1 — uv, in the range

—00 < p < co. Thus, the coordinate transformation and its inverse is
p=1—uv, L =1

u ~
T0 |’U‘ t’

n
t Lt
u==%+/|1 —ple?o, v==%Sign (1 —p) /|1 — ple ?o.

After this change of coordinates the metric (9.6) becomes
ds* = rg [—SR, (—altN2 (p—1)+dp* (p— 1)71) + sR2dQ2} .

From the corresponding worldline Lagrangian we compute, E, the canonical conjugate to
t(7), and express the conserved angular momentum, E, in terms of the angular velocity
0:G ()

E=(p—1)sRo.i, L[ =sRk*,0. (9.14)

After rewriting (u,o,Q) in terms of (i, 0, E) , the constraint (9.12) takes the form of
Eq.(9.13).

Now, it is easy to get an intuitive understanding of the time development of (uv) (1),
or equivalently p (7) = 1 — (uv) (1), by rewriting the constraint (9.13) in the form of a
non-relativistic “Hamiltonian” A (i.e. kinetic energy + potential energy) for one degree
of freedom, subject to the condition that the corresponding “energy” level is zero, namely

‘H = 0 (the constraint), as follows

H==(0; (w))? +V (uw) = 0. (9.15)

N =

This exercice identifies the potential V' (uv)

w [ L2 E?
V(uv) = R <R2 + sm%‘%) ~ SRR (9.16)
Plots of V' (uv) for small ‘mg‘ r2 are given in Figs. (9.3, 9.4). The features of the plots

follow from the approximate behavior near to and far from the singularity

sL242|1—uv| TTLQT‘%)
2v/2¢/[1—uv|
(uwv)?

2
uv:j:oo:V:T[—E2+sm2r§+(ln@7vl)2}.

qul:VN—[uv( —|—E21—uv|],
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Iorlll

Figure 9.3: V (uv) for L = 0. Middle curve for m = 0.
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Figure 9.4: V (uv) for L # 0. Middle curve for m = 0.

In this potential, the dimensionless parameters (E2,E2) may be considered as initial
conditions for the particle of dimensionless mass m2r8. We omit the discussion of particles
trapped in orbits around the black hole, that would occur when E? < mQT(Q), as this does
not change our main points. Then, the asymptotic form of Eq.(9.13) for large |uv| is,
—E? + 5% + mzrg = 0, indicating that E must satisfy E? > mzrg . We consider small
values of |m2r§‘ since huge masses would violate the spirit that m represents a small
probe for which the back reaction of the black hole can be neglected.

The constraint (9.15) is equivalent to a first order differential equation, 0 (uv) =
:I:\/T(uv) , for the single variable uv whose solution is

(r — 0) :i/uv dz/\/ =2V (@), (9.17)
ugvo
where the + signs are chosen according to whether the initial velocity is toward or away
from the black hole. This expression can in principle be solved for uv as a function of T,
yielding the desired solution (uv) (1) = F (1) where F (7) is fully determined. Although
this appears to be complicated we note that from the plots of V' (uv) alone we can easily
obtain an intuitive feeling of all possible motions that (uv) (1) can perform.

Consider the case of zero angular momentum (E =0, Fig. 9.3). A particle that obeys
the constraint in Eq.(9.15) has the same H-energy level as the summit of the “mountain”.

Such a particle that comes from region I where uv < 0 (approaching from the left in
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Fig. 9.3) will keep climbing the V (uv) mountain, passing into region /I at the horizon
2

at uv = 0, and (in the case of m 0) reaching the peak of the mountain where it

slows down and stops momentarily at the uv = 1 singularity. Note that at the peak the
potential vanishes, V' (uv = 1)|;_, = 0, and therefore 0, (uv) = 0 to satisfy the constraint
(9.15). In fact, at the singularity, & = © = 0 when we examine the rest of the equations
of motion that follow from the worldline Lagrangian £, so the particle stops temporarily
at the summit of the mountain in Fig. 9.3. This journey takes a finite amount of proper
time 7 because the integral in Eq.(9.17) is finite. Clearly the summit is an unstable
point, so at the subsequent moment in proper time, the particle will either slide forward
to uv > 1 down the mountain into region V where there is antigravity, or slide back to
uv < 1 into region I and then III where there is gravity. It will not slide back into
regions 11 and then I because this would cause closed timelike curves, and indeed this
can be deduced from analytic investigations. Forward uv or backward uv at uv = 1 are
allowed solutions of the geodesic equations of motion, so both of them will happen. In
either case the particle moves on to another world that is geodesically connected to the
original starting point in region I. This shows that particles that fall into the black hole
(beyond the horizon) will inevitably end up in a new universe according to this classical
analysis. Note that gravity observers in region I11 will interpret that the particle comes
out of a white hole, while those in the antigravity region V will interpret it as coming out
of a naked singularity.

A quantum analysis that treats a small probe in a static black hole (as in the present
case) will reach the same conclusion and provide non-vanishing probability amplitudes!
for transmission to regions II1 and V (for tachyons as well). The computation may
be performed in a WKB approximation just as in non-relativistic potential theory as
presented elsewhere.

Next we consider non-zero angular momentum (L? # 0, Fig. 9.4). In this case
the particle coming from regions &/ hits an angular momentum barrier at uv = 1, so
classically it can only bounce back to regions I1&I11. However, quantum mechanically
there will be a non-zero transmission probability to also tunnel into region V.

To be fully convinced of our intuitive analysis it is useful to have some analytic
expressions for the geodesics. This looks complicated in 4-dimensions although there
is no problem numerically. However, for the closely related 2-dimensional stringy black
hole, after geodesically completing its space-time as we did above, we have explicitly
constructed the full set of geodesics of the type L = 0 discussed above. This classical
result fully supports the intuitive discussion. This work, together with the corresponding
quantum computation, is presented in [91]. In a very similar manner we can also discuss

the geodesics whose initial conditions begin in the regions V or VI.

We assume that there would be a canonical way to construct the Hilbert space for doing perturbation
theory in this background.
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9.3 Connection to Weyl symmetric gravity

We now give a short description of how our geodesically complete black hole spacetime in
Eq.(9.6) fits perfectly with the Weyl symmetric re-formulation of geodesically complete
gravity (SM+GR) [62] and string theory [84]. We concentrate only on the basic conse-
quence of the Weyl symmetry, which is that dimensionful parameters are not allowed.
All dimensionful constants of phenomenological significance, including the Newton con-
stant (and therefore the string tension) emerge from Weyl-gauge fixing of some gauge
degrees of freedom [62, 84]. As an illustration, consider the case of the SM+GR which
contains the SU(2) xU(1) Higgs doublet H and an additional singlet scalar ¢ required
by the Weyl-symmetric approach. ¢ is compensated by the Weyl symmetry, so ¢ is not
a true additional degree of freedom, but participates in an important structure of the
symmetry that has physical consequences. In order to have the symmetry all scalars are

“conformally coupled”, implying the special non-minimal coupling to the curvature
1 .
o (¢* — s*) R(g), with s* = 2H'H. (9.18)

This structure is the same in low energy string theory [84] but with a different interpre-
tation of s. The relative minus sign in Eq.(9.18) is obligatory. Weyl symmetry requires
that, with the signs above, ¢ has the wrong sign kinetic energy while H has the correct
sign. So, ¢ is a ghost but, since it can be removed by a Weyl gauge choice, this is not
a problem. If ¢ were not a ghost then the curvature term would have a purely negative
coefficient, — =5 (¢2 + s ) which leads to only a purely negative gravitational constant, so
there are no alternatlves to (9.18). Therefore, the effective Planck mass 5 (¢? — s%) (or
the Newton constant) is not positive definite. At the outset of this approach in 2008 the
immediate question was whether the dynamics would allow (¢2 — 52) to remain always
positive. It was eventually determined in 2010-2011 (references in [62, 84]) that the solu-
tions of the field equations that do not switch sign for this quantity are non-generic and
of measure zero in the phase space of initial conditions for the fields (¢, s). So, according
to the dynamics, it is untenable to insist on a limited patch of field space. By contrast, it
was found that the theory becomes geodesically complete when all field configurations are
included, thus doing away generally with the basic problem of geodesic incompleteness.

With a gauge choice, the redundant Weyl gauge degrees of freedom can be eliminated,
but one can err by choosing an illegitimate gauge that corresponds to a geodesically
incomplete patch. Indeed this is what happens in the “Einstein gauge” (E) and in the
“string gauge” (s) |62, 84]:

E-gauge: 12 (¢E+ )
2
S

3 TG (9.19)
s-gauge: gz (034 —

) = +1 ’M’, $ = dilaton.
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Conventional general relativity and string theory are geodesically incomplete because the
gauge choices just shown are valid only in the field patch in which |¢| > |s|. The dynam-
ics contradict the assumption of gauge fixing to only the positive patch. In the negative

regions one may choose again the Einstein or string gauge, but now with a negative

-1 d=2 (42 2\ _ =1 _-2®.
TorGy e OF 8(d71)( L-si) = 26

those spacetime regions gravity is repulsive (antigravity). In the corresponding world-

gravitational constant, % (gb%f — 8%7) =

sheet formulation of string theory the string tension also switches sign [84]. Thus the
Weyl symmetric (SM-+GR) or string theory predict that, in the Einstein or string gauges,
one should expect a sudden sign switch of the effective Planck mass % (d)2 — 32) at certain
spacetime points that typically correspond to singularities (e.g. big bang, black holes)
encountered in the Einstein or string frames. As shown in [62, 84| one may choose better

[

Weyl gauges (e.g. “vy-gauge”, choose det (—g) — 1, or “c-gauge”, choose ¢ —constant)
that cover globally all the positive and negative patches. Then the sign switch of the ef-
fective Planck mass % (d)2 - 32) is smooth rather than abrupt. However, if one wishes to
work in the Einstein or string frames, as we did in this chapter, to recover the geodesically
complete theory one must allow for the gravitational constant to switch sign at singular-
ities, as in Eq.(9.7), and connect solutions for fields across gravity /antigravity patches.
In the + Einstein gauges Eq.(9.18) becomes
(0% — s%e) R(9es)  R(gms)  R(£gp:)

= = . 9.20
12 +167G N 167Gy ( )

where the + for the gravity/antigravity regions can be absorbed into a redefinition of
the signature of the metric, gfy = j:gfl,lL [84]. Our new black hole in Eq.(9.6) is for the
continuous g[fy in the union of the gravity/antigravity patches. This explains the extra
minus sign in Eq.(9.4) and connects it to the underlying Weyl symmetric theory.

One may be worried that the sign switches of the gravitational constant or the string
tension may lead to problems like unitarity or negative kinetic energy ghosts. For example,
in the SM + GR action in the + Einstein gauge, some terms in the antigravity sector
flip sign and some don’t [84] when gfy_ — —gfy_ (e.g. F, F" does not, but R(g) does
as in (9.20)). We should mention that Ref.[84] has already settled that there are no
unitarity problems due to sign flips in field /string theories. As to the negative kinetic
energy concerns in antigravity (as in —RZ? (uv) Q%in (9.5)), this apparent instability is
rendered harmless by insisting that the only reasonable interpretation of the theory is by
observers in the gravity sector . Such observers cannot experience the negative kinetic
energy in antigravity directly, but can only detect “in” and “out” signals that interact
with the antigravity region. This is no different than a closed spacetime box for which
the information about its interior is encoded in terms of scattering amplitudes for in/out
states at its exterior. An analogous situation for a cosmological singularity [62, 84| is

treated in detail in [85]. So, there are no issues of fundamental principles.
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9.4 Outlook

We have demonstrated in this chapter that the Schwarzschild blackhole has a geodesic
completion, and that proper observers can in principle travel through the singularity.
These results generalize to black holes in other dimensions as well. A similar result that
was first obtained for cosmological singularities has been applied to develop a completely
new perspective for the role of antigravity just before the big bang (see |62, 84] and
references there in). Similarly, our findings may have implications for our understanding
of black holes (see the treatment in [91]), the role of the geodesically complete spacetime in
their formation and evaporation, the information loss problem, and for investigating how
new physics beyond singularities in classical and quantum gravity /string theory impacts

observations in our own universe.
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Chapter 10

Conclusions and future directions

In the second part of this thesis, we have explored the implications of spacetime back-
grounds with regions of antigravity using some simple models that allow for negative
kinetic energy states, and a modified blackhole background. By considering kinetic terms
with a discontinuous sign flip sgn(z® — A/2), as a function of the timelike coordinate, we
found that the models capture the essential physics of such systems. The new physics is
primarily encoded in the structure of the propagator and the transition amplitudes which
are demonstrated to be regular and non-singular. We have thus resolved some important
consistency questions pertaining to the system stability for the case of particles, fields
and strings.

Yet another application was in examining the modified Schwarzschild solutions from
conventional general relativity. We have shown that one can connect geodesics across the
spacelike singularity for the Schwarzschild geometry when the beyond singularity region is
one of antigravity. The trajectories were described in terms of the global (u, v) coordinates
in the Kruskal-Szekeres parametrization. This suggests that the field dynamics would also
be altered in the new background; see [91] for a recent treatment of the propagators in
the modified 2d black hole background.

It would be of interest to generalize the results presented here in several directions.
It is conceivable that other conformal frames for gauge fixing could prove insightful and
some of the symmetry assumptions for the backgrounds may be relaxed, like in the case
of cosmology. To make the arguments somewhat less formal and to circumvent order
of limits issues, it could be helpful to restrict to non-generalized functions while seeking
solutions. As we mentioned, the models considered are not necessarily solutions of the
equations of motion and it would be interesting to perform similar calculations with a
broader class of consistent backgrounds.

Perhaps doing a first principles analysis of the world-line for a detector moving in the
modified backgrounds may also be a helpful exercice towards gathering mathematically
well-posed questions. Since Poincaré symmetry is broken by our backgrounds, one expects
modifications to the validity of standard QFT procedures such as LSZ reduction [92] for

Green function computations. Specifying alternate boundary conditions at asymptotic
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infinities [93, 94| could also lead to a classification of concrete observables [68, 95-97]
consistent with relativistic notions [76, §14,§10]. Finally, higher point correlators (N-
point functions) in the background may also be used for probing the signatures of the

antigravity patch and such computations also merit further investigation.
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Appendix A

Weyl ordered polynomials and the
Moyal product

We start with the Heisenberg algebra hy generated by the N pairs of phase space opera-

tors X?, Pj and a central element C' =: i, satisfying the canonical commutation relations:

and is hence a 2N + 1 dimensional Lie algebra. It is also an associative algebra as may
be seen from the Jacobi identity. A very useful construction out of this is its universal
enveloping algebra!, which is the Weyl algebra Ay = U (hy). Its elements are the formal
polynomials in X* and P; modulo the canonical commutation relations.

Let us denote the generators of by by T;. Then, a natural basis for A is the collection

of all distinct Weyl-ordered formal homogeneous polynomials
T;, ... T;, + permutations, (A.2)

which makes it isomorphic to the symmetric algebra ®(hy). This naturally leads one
to consider an association with variable ¢; (that would become the Moyal coordinates

zh . ph, later) and an identification with the polynomial algebra K|[t;] with elements
P(t) =) T, ot (A.3)
k=0

with symmetric coefficients IT%% valued in the field K (which will be taken as C for
OSFT).

The non-commutativity of U (hy) means that the product of two Weyl ordered poly-
nomials would require further reordering. This induces a deformation of the usual com-
mutative product in K[¢;] and results in a x algebra. The Lie bracket in h (or the algebra
g in general) uniquely fixes this product and using the BCH formula, an explicit represen-

tation in terms of a bidifferential operator may be obtained (see [25, §2.3]). This would

'We closely follow [25, §2] in this discussion to motivate the Moyal product.
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then be the Moyal product for the x algebra which for the ghost sector of OSFT is given
by (2.39) or (2.47) for brevity.

The generalization to OSFT requires an infinite number of modes (to realize the
Virasoro algebra that guarantees its consistency) and hence we are essentially considering
U(ho). For physically interesting string configurations, one also needs to enlarge from
the space of polynomials to exponential functions (§2.2.3). Hence, convergence properties
with these differential operators become more challenging in these limits. See [98| for

some relevant treatment.
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Determinant factors

In order to compute the divergent part of the tadpole integrand, we must include the
matter contribution as well. Here we present this computation; we will use this combined
result in the following to look at the convergence properties of the finite N regularization

for the simplest loop amplitude.

B.1 Matter sector Gaussian integrals

Similar to the ghost sector, we evaluate the matter sector integrand by performing the
state sum over matter degrees of freedom by choosing a Fourier basis: e~ neipT Here,
however, the presence of the matter zero mode results in additional terms which were
absent in the ghost sector by virtue of the Feynman-Siegel gauge.

The matter contribution to the integrand is given by:

d T . P
0= [din [ Ghy T [ @Bt ()
7T

Once again, we choose the monoid elements appropriate for excitations on the perturba-

tive vacuum:
_TaAgXe_ T
A(§ ) = Ng¥e € Moeer,

As(&,m,p) = e~ emiPT
As(€,m,p) = et et (B.2)

where we have assumed Lorentz symmetry over all the matter indices in £#. Note the
extra factors of ¢ as compared to the ghost sector and the loop momentum p*. The
monoid A; (&), which serves as a generating functional, is chosen to have zero momentum
since this is the one-point function for the D25 brane case. We recall for convenience
that the matrix M()X and the normalization factor used in defining the matter vacuum

are given by

1

0 4Tk;'TT
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As before, we sequentially apply the monoid algebra rules for doing the string products.
The rules in the matter sector [19, 26| are identical to the ghost sector with the choice
of basis we are using, including the signs in the exponentials from Gaussian integrations.

Then we obtain the parameters for the monoids A1 := A; x Ao:
A12(&,p):
M = Mg, A2 = (1 —mg)(in) + A,
Nis = Nyexp (—inTamon + ;ATGU> , P12 = —p. (B.4)

For the propagator rules|21], there are extra terms from the momentum p as given in

(2.67) which we provide here again for convenience:

M(t) = [sinh t& + (sinh t& + Mg M~ cosh (t&)) 1] cosh (&))"t M;S, (B.5a)

At) = [(cosh (ti) + MM sinh t&) (A + dwp) | — iwp, (B.5b)

N(t) =

NePtexp (2 +ipw) T (M + coth tEMG )~ (X + iwp)]
/2
)

det (5(1 + MM + 11— M e—%)

Applying this to Az in (B.2) and rewriting the hyperbolic functions in terms of the

functions f;(%;¢q), we have the parameters for

AS(gapa(I):
Ms(q) = jﬁigg; Mo, Nalq) = fi‘g;) (—in+ iwp) — iwp,
2dN p2 1 B
Not0) = qor e | 40— ) 0 R g~ a)] =k
(B.6)

As before one may now remove the remaining * product in the trace and simply set

A12A3(q) =: Ai23(q) with parameters:

Mi23(q) = qu)Mm
st (-

Ni23(q) = N1aN3(q), p123 = 0. (B.7)
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The trace operation is simply a functional Gaussian integral' and produces

- Ni23(q) Lot —1
el ) = ot oh s )y P \ M itz
= Cpexp [—UT Qi+ L, 77] ; (B.8)

where we suppress the ¢ dependence for typographical simplicity. Collecting the n de-
pendence from the various factors, the coeflicient matrices which appear in the quadratic

exponential above are the following

Qy = Qypu + Qyja + Lz, With

T
Oy = jom, Qo= iMolﬁégg =g (‘2 - mo) My (ﬁ - m()) |

£77 = ﬁml + £77|2 + £77|37 with
i file) N\ fi(q)
=g (A " ) “’p) Mo f2(4) (fz(fJ)

ET ZEAT ET _ TM_lé
nt = 3N % nl2 = 9% Mo g

Cn - C77|1 . CU‘Q . C’]‘3’ Wlth

27N gp* P f3
Coii = No, Colp=———F7—+ —— TMl],
TR T et (fo(g) [ R
1 o Ao\ fi
Cpjz = det ( ~M" —(A—i My'fo (A =i . B.9
nj3 = de <4 0 f2(Q)) exp [8 < ngwp> o fe ( Zf2wp> (B.9)
We can rewrite the above expressions for the symmetric matrix Q, after some matrix
algebra as:
X 1 -1 T
QX = ¢ [My ' 10) + o fa(a) Moo + o (@) — fi(a) o] (B.10)
2
2
where we remind the reader that fy(q) == f}—;f;;
2

Combining the four terms, we have the block matrix form:

QX (g) = 1| mot fa+ Trg (@i mo) T —2(fi(ke) — Tfi(so)R)
! _ﬁ(fl('%e) B Tfl(HO)R)T % (HefS + RTKvof4R)

2

Performing the Gaussian integration of (B.8) over n gives

1 _ 1o+
ch (det 2Q,,) " * exp {45;{ inﬁn] (B.11)

Now rewriting

T_UL\T T P ToT
Cn—§)\a+§wﬁ,

Lwith the appropriate factors of 2 and 4 s inserted in the measure.

— mo) , and
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for compactness using a little algebra in terms of

oT(q) = 5 (Mg i+ 7 0) (B.12a)
B(q) = % (Mo‘ Y- a) (B.12b)

the argument of the exponential factor involving Q, 1 becomes:

1
A TaT g e+ pu BT O B + 2ipw BT O ar
where the Lorentz contraction with A is understood. Then identifying the quadratic and

linear pieces in the centre of mass momentum p (conjugate to the matter zero mode) as

follows:
L o1a/-1 L T5To-1
Q,=—Ing+ gv My~ faw — T B Q, Bw (B.13a)
L, = —%wTMo_lfl/\ + éwTﬁngloA (B.13b)

we can finally perform the integration over p, to yield the matter contribution to the

generating functional:

(14w w)¥® 1
(Am) N1/ [ det(Q,) Oy 772

WX(t,\) = exp [—)\T Qi()\} where, (B.14)

Tn—-1 TAaT -1
QX:i{aTlea—;Mé(lfz(Q)lea % Puw B 9 “}, (B.15)

16 9,

where d = 26 is required for having ¢ = 0 for the BCFT.

Combined integration over 7, p

Another equivalent form that would be more suitable for numerical calculations of the
determinant factor is obtained by performing the integration over 17 and p after combining
them into a single (2N + 1) x 1 vector #:

b= ( g ) (B.16)
p

-1
n

working with a larger size matrix while evaluating determinants. In terms of v, we can

Now, we can trade using the inverse O~ ", which is numerically extensive, in favour of

write the expression obtained by taking the trace over £ (B.8) as

Tr(Ar3(q)) = Ty exp |~ Quuo + L] | (B.17)
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where the matrix Q, would now be (2N +1) x (2N + 1) dimensional and can be written

as:
A B
Qy = BT , where
A= Qi(, above in (B.11),
1
B = g(M61f4 +ofi)w, a 2N x 1 column vector,
1

C=—-Ing+ ngM61f4w, a scalar (B.18)

and the (2N + 1) x 1 column vector Ly, would simply be of the form:

o [ (Mg "1 = o fs) A ]

41 —wTMy A
i | (MytfAi—ofs) O A 4 | A
=1 [ W M 0 o |~ Ly o | (B.19)
0 1
The remaining factor I'y, is then given by:
1
Cy = (14w w)¥8exp [4/\TM1_2§/\} (B.20)

Now, performing the Gaussian integration over v as

(dip) (1 + w T w)¥/s )

+ ;MJlfQ(Q)} A} :
(B.21)

X exp {iAT [(EAQ/JQJ&D

2N x2N

Here, the first term in the exponential (ﬁw Q;lﬁ¢>2N . denotes the first 2N x 2N
X

square block in the (2N + 1) x (2N + 1) matrix ﬁw Q;lﬁw which turns out to be the
non-zero entry in that matrix. We use only the A independent factors while numerically

computing the matter contribution to the integrand next.

B.2 Some numerical results

In analogy with the analysis done in the oscillator formalism [14, §4] to study the deter-
minant factor (the scalar part) to the one-loop tadpole, we plot log Sy(t) vs 1/t for various
values of the finite cut-off V. This is an interesting exercice as both the oscillator and the
Moyal representations have their advantages and disadvantages. In the oscillator case,

we have the exact Neumann matrices and the analytical expression for the matter-ghost
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determinant involves lesser number of inverses and matrix multiplications (which makes
a numerical analysis more reliable). However, the level truncated Neumann matrices do
not satisfy the Gross-Jevicki non-linear identities and so wouldn’t be fully internally con-
sistent. For the Moyal representation, the finite N deformation is in a sense consistent
since the matrices satisfy identical algebraic relations as the open-string (N — oo) limit
whenever they do not lead to associativity anomalies. But associativity anomalies are
essential to obtain the correct closed string physics in OSFT and hence we examine the
convergence rate in the Moyal formalism as well.

We use the finite N versions of the matrices and vectors given in [26] and (2.52) for
our analysis: Now, in addition to the matter-ghost contribution we have, we need to
insert the extra factors which relate the Witten vertex and the Moyal star. Hence, while
doing the numerical analysis we have multiplied by the additional factor —uglK 3 where

K= % and p3 is given in (2.86). We find that the results are comparable although the

log[Tvac (V)]

4000
3000
2000

1000

1
50 100 150 200 250 300 350 t

Figure B.1: The log of the overlap amplitude with the perturbative vacuum plotted
against 1/t for various values of the matrix size N. The green line is the expected infinite
N behaviour with slope 272, We see that the result steadily approaches this line as N
increases.

convergence rate is not as good. This was to be expected as because of the substructure of
the Neumann matrices, more number of inverses and matrix multiplications are required
which also affects the convergence rate. However, the relation between the size of the
matrices L and 2N in the two regularizations is not direct as in the latter, the matrix
identities are satisfied even when N < oco. Therefore, there is no analogue of the UV
cut-off seen in the level truncation approach as the determinant is still singular for finite
N ast— 0.
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