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Abstract

This is the first of a series of detailed papers on string amplitudes with highly
excited strings (HES). In the present paper we construct a generating function for
string amplitudes with generic HES vertex operators using a fixed-loop momentum
formalism. We generalise the proof of the chiral splitting theorem of D’Hoker
and Phong to string amplitudes with arbitrary HES vertex operators (with generic
KK and winding charges, polarisation tensors and oscillators) in general toroidal
compactifications £ = RP~11 x TPer=D (with generic constant Kihler and complex
structure target space moduli, background Kaluza-Klein (KK) gauge fields and
torsion). We adopt a novel approach that does not rely on a “reverse engineering”
method to make explicit the loop momenta, thus avoiding a certain ambiguity
pointed out in a recent paper by Sen, while also keeping the genus of the worldsheet
generic. This approach will also be useful in discussions of quantum gravity and in
particular in relation to black holes in string theory, non-locality and breakdown of
local effective field theory, as well as in discussions of cosmic superstrings and their
phenomenological relevance. We also discuss the manifestation of wave/particle (or
rather wave/string) duality in string theory.
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1 Introduction

Highly excited strings (HES) are responsible for numerous miraculous properties of
string perturbation theory, they play a central role in ensuring the absence of ultraviolet
(UV) divergences and are a crucial ingredient in regarding string theory as a theory of
quantum gravity. A fundamental driving force underlying much of the recent flourish of
interest |1H18] is that a detailed and careful study of HES (in addition possibly to branes and
other solitons in string theory) will likely reveal previously unforeseen features of quantum
gravity. For example, in reference to quantum black holes (BH), both in terms of microstates
out of which the black hole interior is constructed [19-23] (usually with some additional
ingredients), and in terms of (possibly non-local) structure at the black hole horizon due to
string effects [5,/6,/9H12}/18], building on earlier ideas [19,24-33], with possible implications
for the black hole information paradox. See [34] for a recent review of various traditional
ideas in this direction.

Contrary to field theoretic intuition, it has also recently been shown [35] that in semi-
realistic heterotic string compactifications with spontaneously broken supersymmetry and
exponentially small values for the cosmological constant, the global structure (or “shape”)
of the effective potential (around certain self-dual points in moduli space, corresponding
to extrema of the effective potential) is strongly influenced by contributions from massive
string modes (as well as non-level matched string states), thus further highlighting the

importance of the HES contributions even in low energy effective field theories.

On a parallel note, highly excited strings may have also been produced in the early
universe [36-42], possibly during one or more symmetry-breaking phase transitions [37}|43}-

45] (but see also [46]), providing an observational signature for superstrings [40,/42}47,48|.
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In this context HES are referred to as cosmic superstrings, and if produced they can have
a wide variety of signatures, most notably gravitational wave signatures [49,50], including
gravitational wave bursts produced from cusps and kinks [51-56|, covering a wide frequency
range that can be probed by pulsar timing arrays, ground-based interferometers (such as
LIGO) and the much anticipated eLISA [49,50], to mention a handful. In addition, even
though the Planck satellite has placed strong constraints from the temperature data of
the cosmic microwave background (CMB), the CMB still offers observational prospects
via polarisation and non-Gaussianity [4§], see also [40,42] and references therein for a more
complete list of observational signals. One major uncertainty [42] is the eventual destination
of the energy of a string network, gravitational and possibly massive radiation (and the
associated backreaction) which is believed to play a major role in determining the average
size of the produced string loops. Furthermore, incorporating backreaction in theoretical
predictions for gravitational wave bursts from individual loops is still an unresolved issue

that is suspected may play a major role in their observational prospects.

Partly motivated by the above developments, let us now zoom in further on HES in
the context of string perturbation theory in particular. From this viewpoint, the first step
will be to set-up an efficient construction that will directly yield string amplitudes in the
presence of HES vertex operators, a complete set of which (in a coherent state basis) was
first constructed in [57,58]. In [56] we used these vertex operators to compute decay rates
and power associated to massless radiation, while also making contact with low energy
effective theory (in a certain IR limit). The tools we have constructed are powerful enough
to capture a wide range of phenomena, including, e.g., radiative backreaction corrections
to the classical gravitational wave results [51H56], cross sections and decay rates associated
to HES, including loop corrections, etc. The current document is the first of a series of

technical papers on string amplitudes with HES [59-63].

A fundamental tool that we make use of is the chiral splitting theorem of D’Hoker and
Phong [64], whereby string amplitudes at fixed-loop momenta chirally factorise.ﬂ We will
make use of and generalise this framework in a number of ways, but to motivate further

our approach in this document let us begin with some introductory technical comments.

In a series of recent papers [65-72] Sen and collaborators have revisited various aspects
of superstring theory (unitarity of string amplitudes, mass and wavefunction renormalisa-
tion [67)/71,/72], perturbation theory around dynamically shifted string vacua |70], offshell

string amplitudes [73], Wick rotations and analytic continuations [65-67], one-particle ir-

!This chiral factorisation is closely related to that of the classical theory [51.56], and hence making use
of the chiral splitting theorem immediately draws the string perturbation theory approach closer to the
classical effective theory while retaining the full set of stringy corrections.



reducible (1PI) quantum effective actions, etc.). In a very careful and complete study [65]
Pius and Sen derived Cutkosky rules for superstring field theory amplitudes to all orders
in perturbation theory by providing a prescription for taking integration contours of loop
energies in the complex plane (which would naively otherwise yield divergent results for the
corresponding S-matrix elements). In [66] Sen then showed that this prescription of intro-
ducing loop momenta and appropriately deforming the integration contours is equivalent
to that of Berera [74] and Witten [75], (see also [76180] and in particular [81] for related
discussions on analyticity of string amplitudes), in the worldsheet approach to superstring
theory to all orders in perturbation theory. In the approach of Witten [75] one is to deform
the integration cycles over moduli space of punctured Riemann surfaces into a complexified
moduli space, and this establishes consistency of the former fixed-loop momenta approach
with S-matrix unitarity. Sen then recently also discussed [67] an application of the fixed-
loop momenta approach, building on earlier work [71,/72] and in particular [65], namely
mass renormalisation of unstable massive string states (where a naive computation yields
divergent results for the two-point one-loop amplitude), explaining how to obtain finite
results that are consistent with unitarity. The basic reason for the aforementioned diver-
gences are ultimately due to the fact that the analogue of the ‘2’ prescription of quantum
field theory is somewhat subtle in string theory [75] because string amplitudes are most
naturally defined in Euclidean space where they are real [81]. Therefore, e.g., potential
imaginary parts (that are required by unitarity) in Lorentzian signature string amplitudes
show up as divergences in the corresponding Euclidean space amplitudes. Motivated by
string field theory, Sen [66] and Pius and Sen [65] have provided a well-defined prescription
for dealing with such analytic continuations by reformulating string amplitudes in terms of
fixed-loop momenta and deforming their integration cycles into the complex plane following
a specific prescription (whereby loop energy contours are pinned down at +ico following a

non-trivial but well-defined path in between, leading to Lorentzian signature amplitudes).

Drawing from analogies with string field theory [65], the introduction of fixed-loop
momenta is central to Sen’s analytic continuation approach to string amplitudes (which
are traditionally given as integrals over moduli space, in the “Schwinger parametrisation”
with implicitly integrated loop momenta). Fixed-loop momenta amplitudes have a long
history in string theory that dates back to the old dual models, see e.g. [82] and references
therein, but it was not until Dijkgraaf, E. Verlinde and H. Verlinde [83] (building on [84])
that fixed-loop momenta appeared in the path integral formulation of string theory, where
various interesting properties were also noted, one such property being that (taking into
account also the Belavin-Knizhnik theorem [85]) bosonic amplitudes with tachyonic external

vertex operators in simple toroidal compactifications chirally factorise. This observation
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was later explored in a much more complete manner and in the full superstring context by
D’Hoker and Phong [64] (although even here the explicit results were derived for massless
external states, and also non-compact flat spacetime). This study led to a chiral splitting
theorem: when string amplitudes are written in terms of integrals over loop momentaﬂ
and fermion zero modes (when present), the corresponding integrands chirally factorise (in
terms of their supermoduli, abelian differentials, worldsheet coordinates of vertex operators,
polarisation tensors and momenta).

One thing we would like to highlight is that in the approach of D’Hoker and Phong [64]
and Sen [67], the fixed-loop momenta amplitudes are constructed by a “reverse engineer-
ing” method, whereby string amplitudes are computed using the conventional approach [86],
and it is only at a later stage of the computation (after integrating out the path integral
fields and hence obtaining the “Schwinger form” of amplitudes) that it is noted that ex-
plicit string amplitudes under consideration can be written as integrals over loop momenta.
Unfortunately, such an approach is almost hopeless when considering amplitudes with ar-
bitrarily massive HES vertex operators, because the fixed-loop momenta amplitudes will
typically have quite a complicated form that one is to somehow guess, hence the name ‘re-
verse engineering’ mentioned above. (A systematic approach to “guessing” the correct loop
momentum integrand given the Schwinger parametrisation was given by Sen at one-string
loop in [67], but this is somewhat tedious and messy and requires a case-by-case study.)
D’Hoker and Phong [64] made fundamental further progress by making the remarkable ob-
servation that the correct fixed-loop momenta result can be obtained directly from the path
integral if the path integral fields of vertex operatorsﬁ M (z, ), are replaced by (anti-)chiral
fields 2}/ (2) (and z(Z)) as appropriate for left- and right-moving degrees of freedom, while

inserting exponential factors{]

6iQ[~§BI 8x+7 eiprBI Ox_ 7
into the integrands, where Q;y7, Qras are loop momenta spanning all (non-compact in their
derivation) spacetime directions, the (anti-)chiral effective fields, z1, being defined by stan-

dard Wick contractions using ‘chiral propagators’

o/ _ _ o =
(el W)y = ~S G EGw), M@ @) = -V B, ).
2In particular, A;-cycle loop momenta, with I = 1,...,g, with g labelling the genus of the Riemann

surface and {Ay, By} a canonical intersection basis for the homology cycles.

3This is the prescription for bosonic fields; the corresponding correlation functions for worldsheet
fermions are (up to zero modes) already chirally split, as are the corresponding (Grassmann-even and
odd) ghost insertions and supermoduli [64].

4Our worldsheet conventions are presented in Appendix
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Given that these effective rules were derived explicitly by making use of the ‘reverse engi-
neering’ method, it is important to show that the prescription for the effective rules does
not depend on it ]

Of course, one expects the chiral splitting theorem to also hold for generic vertex opera-
tors and in generic toroidally compactified string theories, but as the derivation of D’Hoker
and Phong |64] was carried out explicitly in non-compact Minkowski (or Euclidean) space-
time (and in [83,90] in the context on Z, orbifold compactifications) and for massless vertex
operator insertions it would be desirable to discuss amplitudes with generic vertex opera-
tors more explicitlyﬂ Furthermore, it would be desirable to adopt an approach that does
not rely on the reverse engineering method outlined above, and hence show in particular
that the potential ambiguities discussed by Sen [67] are absent for generic vertex operators
when using the effective chiral splitting rules of D’Hoker and Phong. The ambiguity we are
referring to is the following. In [67] Sen has shown that the same Schwinger parameter rep-
resentation of a given string amplitude (which arises directly from the usual path integral
formulation of string theory) can be represented in more than one way from a fixed-loop
momenta representation, see the discussion associated to equation (2.17) in [67] and also
the footnote below (3.20) there, leading one to question whether this reverse engineering
method that has been adopted to-date could potentially be ambiguous for generic vertex
operators. Sen then went on to argue that this ambiguity will actually not be visible in
the result for the full amplitude after having integrated out the loop momenta using the
prescription for avoiding singularities [65] in the loop momenta integrations.

Although this is a very important step forward (given in particular the subtleties of
the loop momentum contour integrations in Lorentzian-signature target spacetimes), there
are situations where it is not desirable to integrate out the loop momenta completely, and
identify the loop momentum integrand with a physical observable. This at first sight may
seem unphysical, not least because the integrand of the loop momentum integrals are not
modular invariant (defining loop momenta requires specifying a homology basis [89], which
transforms non-trivially under the mapping class group), but nevertheless there do exist
physical observables that are sensitive to this integrand. Put simply, strings in loops can go

onshell and can therefore also appear in the detector of a given observer. Their momenta can

®Here E(z,w) is the usual (worldsheet moduli dependent) prime form of Fay [87,88] (that has a compact
representation in terms of Riemann theta functions, their derivatives and abelian differentials [88]). E(z,w),
although multiple-valued [89], generalises the notion of distance, z — w, on C to arbitrary genus Riemann
surfaces, having the unique property that it vanishes only at z = w as E(z,w) ~ z — w + O((z — w)?).

SFor instance, in D’Hoker and Phong’s approach it is not obvious (and in fact it is a highly non-trivial
statement) that shifting the target space embedding of the string (in both the action and vertex operators)
by instanton or soliton contributions (that would be present in compactified spacetimes) would yield a
similar result with appropriately identified loop momenta.



thus be measured, and so it does make sense to consider the integrands of loop momentum
integrands of string amplitudes as being physical. One can also make this argument by
appealing to the optical theorem and unitarity. A good example is the following.

Consider the power emitted from a massive string per unit solid angle. Here we imagine
a generic highly excited string that is unstable and emitting radiation while it decays,
usually anisotropically, with massless radiation often being the dominant decay channel.
We place a detector far from the interaction region and measure the power absorbed by the
detector as a function of energy or frequency of the radiation, and so extract a spectrum
which will contain information about the radiating string state (allowing one in principle to
reconstruct the quantum numbers of the decaying string). The orientation of the emitting
string can also be determined in this manner, due to the anisotropy of the decay; this
is particularly relevant for gravitational wave emission from strings with cusps where the
associated burst of radiation is highly anisotropic, and this ultimately provides one of
the strongest signals in cosmic string phenomenology; this has a long history, see [51-55]
for an effective theory computation and [56] for a corresponding analytical string theory
computation, the two being in precise agreement when backreaction is neglected and one is
confined to low energiesﬂ The observable in this thought experiment can, e.g., be extracted
from the imaginary part of the two-point (say one-loop at weak coupling) amplitude at
fixed-loop momenta, Im M2 (O,z, O.;; P), with two vertex operator insertions (related by
Euclidean conjugation, more about which will be discussed in a sequel [59]). In particular,
for D non-compact dimensions, the power associated to decay products of momentum P,

centred around some arbitrary spatial direction f’, can be extracted from [56]:

dP 1 27wd __
- dPOPO P D_2d P I 2z 2Z5 P 11
dQsp—>  (2m)0 L / [P[7d|P|Im M72(O.z, 0.5 P), (1.1)

where it is seen that the loop momenta, P*, actually get identified with the momentum
of the decay products, some of which end up in the detector, as alluded to above. Here
L is the length [59] and ﬁ the corresponding mass of the emitting string whose vertex

operator, Oz, is normalised by the leading singularity in the OPE:E 0.:0,z ~ g4 /12— 2|

"There are a number of other approaches in the literature to decay rate computations of highly excited
strings, but these typically rely on numerical approximations or saddle-point evaluations of integrated-loop
momentum two-point one-loop amplitudes (but also tree-level amplitudes), in order to obtain order of
magnitude estimates, and they also consider leading Regge trajectory states only, see |78L|79L[91] and more
recently [80L92/93] and [94-97], and also [98| for a review on string decay.

8For this computation choosing the correct contour for the P integral is crucial and has been discussed
very carefully and clearly for generic loop amplitudes in [65/67].

9Newton’s constant, Gp, is related to the gravitational coupling, xp, via m% = 8Gp. In D = 4,
Kyt =24 x 10'8GeV is the reduced Planck mass. Note that gp = kp/(27).
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An ‘overline’ represents taking the Euclidean adjoint, see [86,99] and in particular [59] for
a refined discussion of this notion (in the presence of compact dimensions where there
are some additional phases that are absent in [86,099]), and we have decomposed the loop
momentum integral as follows, dP?P* = dP%|P||P|P~2dQs, ,. Extracting the imaginary
part will give rise (according to the Cutkosky rules [65]) to two delta functions, one of which
places the emitted radiation onshell, and the second delta function quantises the spectrum
of decay products (in the case of massless radiation), leading to integer-valued energies,

P? = w,, of the form:
with n=12...,

and n is summed over (subject to energy conservation), as expected, e.g., for gravitational
waves from strings. This procedure was first carried out by the present authors in [56],
where a brief summary of our results can be found, as well as the effective low energy
theory that reproduces them. Clearly, if we want to extract information about the energy-
dependence of the emitted radiation we do not want to perform the sum over n. If we were
to integrate out the loop momentum completely the w, dependence of the power would be
lost. We compute observables in explicitly in follow-up articles [61,/62], but the purpose of
the discussion in this paragraph is to show that it is sometimes desirable to not integrate
out the loop momenta completely, and that this is of interest even in calculations of physical
observables. Therefore, the resolution of the aforementioned ambiguity of Sen [67] is not
totally satisfactory (because it relies on the assumption that it is of interest to integrate out
loop momenta completely). Summarising, it would be desirable to adopt an approach that
does not rely on the reverse engineering derivation of D’Hoker and Phong [64] and that of
Sen [67] and show explicitly how to resolve this potential ambiguity observed by Sen in his
study of two-point amplitudes of massive strings.

In this article we resolve this particular ambiguity completely’} for completely generic
vertex operator insertions (with arbitrary winding and KK charges), and for generic toroidally
compactified backgrounds (with generic constant Kéhler and complex structure target space
moduli, background KK gauge fields and torsion), and to any finite order in the string loop
expansion. Therefore, our derivation applies to all closed string amplitudes in target space-
times RP~11 x TPer=D 'We focus on the bosonic string for simplicity (or the bosonic sector of
the superstring, the conclusions being independent of the chiral splitting statements given
that up to fermion zero modes the fermionic contribution is already chirally factorised, as

are the ghost contributions).

10There remain field redefinition ambiguities familiar already from the string field theory context, see
Sec. 4 in [67], and the authors are greatful to Ashoke Sen for extensive discussions on this.



Specifically, our approach will be to drop the ‘reverse engineering’ approach of D’Hoker
and Phong [64] and Sen [67] altogether, and to rather construct the fixed-loop momentum
representations directly and explicitly, starting from a generic worldsheet path integral,
leaving no room for ambiguities. This will be achieved by inserting momentum-conserving
delta functions into the worldsheet path integral that explicitly determine the loop mo-
mentum contribution associated to Aj-cycle strings in the loops, as shown in the second
equality in below. These loop momenta constitute an independent set and their pres-
ence are also a fundamental ingredient in obtaining a handle on the energies and momenta
that contribute to loop corrections, thus for example bridging the gap between Wilson’s
approach to quantum field theory [100,/101], see e.g. [102], and an analogous approach in
string theory (although we will not explore this connection further here), and Wilson’s ap-
proach adapted to string field theory has recently been discussed by Sen in [68]. Unless one
wants to work directly with string field theory or in the old operator approach, instead of
adopting the first-quantised covariant path integral formalism that we consider here, string
amplitudes with fixed-loop momenta is the closest one can get to the corresponding field
theory amplitudes without considering explicit pant decompositions and degenerations of
the worldsheet.

Fixed-loop momenta amplitudes are, arguably, one of the most natural approaches to
(at least closed) perturbative string amplitude computations. First and foremost, it is
considerably easier to write down amplitudes at fixed-loop momenta than it is to adopt
the traditional approach [86] and write down the corresponding integrated loop momenta
amplitudes directly — a fact that is certainly not widely appreciated in the literature. This is
largely due to the chiral splitting theorem of D’Hoker and Phong [64]; recall that correlation
functions for the worldsheet fields are carried out using the chiral propagators exhibited
above (analogous relations for the fermionic sector or in terms of superfields can be found
in [64]), where also zero mode subtractions are absent (it is useful to compare with the
non-chiral genus-g propagator (3.54)). Secondly, it is (apparently [56,/61,/62]) considerably
easier (from a technical point of view) to analytically compute explicit amplitudes in the
chiral fixed-loop momenta formalism than it is to extract the corresponding integrated
loop momenta expressions, as we briefly summarised in [56]. The physical reason is that
in the integrated loop momenta approach one is automatically resumming all momentum
contributions inside loops (so that it is difficult to take a low energy limit as loop energies
are already integrated out), and as a result one ends up having to resort to saddle-point
approximations or numerical methods in order to extract some physics or even order of
magnitude estimates [78-80,91-97], whereas in the fixed-loop momenta approach (after

adopting a coherent vertex operator basis for external states |56-58], see in particular [59] for

9



a recent analysis), things tend to resum into, e.g., Bessel functions, exponentials and related
special functions [56]. As the latter have been studied by mathematicians for centuries, with
various of their properties examined in detail (such as asymptotic expansions, series and
integral representations, etc.), this provides a useful and novel working handle on generic

string amplitudes.

Amplitudes with HES should be expected to reproduce various classical or effective field
theory results in certain limits (with non-local stringy sources), and adopting the correct
toolset is absolutely fundamental to exposing this simple structure, while also providing
an explicit approach to computing various stringy and quantum corrections which may
or may not be large compared to the effective description — the effective approach and
its link to string amplitudes with HES vertex operators will be presented in [63], where
again the basic connection to the effective theory was presented in [56], building on an
earlier conjecture by Dabholkar, Gibbons, Harvey and Ruiz [103,/104], see also [105] for a
very insightful complementary decription. The emphasis on the naturalness of adopting a
coherent vertex operator basis in particular when discussing amplitudes with HES will be
explained in sequels in much greater detail [59-62]. The present contribution will not rely
on any particular vertex operator basis, and also (with a bit a care and tweaking [73], see

also [99,106]) will apply to offshell as well as onshell string amplitudes.

Let us also re-emphasise that our initial focus will be on bosonic string theory in this
series of papers, because as string amplitudes with coherent vertex operators is a novel
and unexplored area of research it will be easiest to first focus on the bosonic string and
understand that case well before moving on to the much more interesting but also more
involved superstring framework. The bosonic string already contains most of the non-
trivial features associated to HES and will provide the basic physics, with the additional
complications associated to [64}|7389,107-112] supermoduli space, gauge fixing, picture
changing, etc., of the superstring providing a sharpening of the bosonic string results (by
eliminating a tachyon, introducing supersymmetry to stabilise the vacuum and eliminate

massless tadpoles, etc.), but it will not change much of the essential physics picture.

Finally, for the more philosophically-minded readers, we will also discuss how wave/-
particle duality (or rather wave/string duality) manifests itself in string theory. We will
discuss a simple example (the standard one-loop vacuum amplitude) and then generalise
the argument to all string amplitudes at any string loop order. The resulting picture is
rather simple, but we are not aware of it having been discussed before in the literature.
The result is that fixed-loop momenta amplitudes can be thought of as corresponding to a
wave picture, whereas the corresponding integrated-loop momenta amplitudes provide the

corresponding string picture. There are four natural representations for string amplitudes
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in toroidally compactified spacetimes, corresponding to the fact that loop momenta in the
compact or non-compact dimensions can be either integrated or fixed, so there are four
possibilities. The intuitive statement, as we shall explain, is roughly that summing over
all trajectories of a loop of string in (say) a compact target space, including the number
of times a closed string can traverse the compact space is equivalent to summing over all
frequencies of a standing wave in a “box”, thus making wave/string duality manifest. This
therefore provides a physical interpretation of the standard Poisson resummation in string
partition functions (for the compact dimensions), and there is an analogous statement in
the non-compact dimensions.

In Sec. [2| we provide a brief overview of our results (skipping almost all of the subtle and
technical points). In Sec. |3| we derive the generating function for generic string amplitudes
in generic toroidal compactifications associated to arbitrary vertex operator insertions and
at arbitrary string loop order; this is where the majority of the work lies. The result here
is extremely simple. In Sec. 4| we discuss the string theory manifestation of wave/particle
duality of quantum mechanics, which is closely related to the presence or absence of fixed-
loop momenta (in both compact and non-compact target spacetime dimensions). Sec.
is a corollary of the preceding sections and completes the derivation of the D’Hoker and
Phong chiral splitting theorem for generic HES vertex operator insertions (including KK
and winding charges and general polarisation tensors and oscillators spanning all spacetime
dimensions) and generic constant target space Kéhler and complex structure moduli, KK

gauge fields, as well as spacetime torsion.

2 Overview

In this section we provide a brief overview of the main results of the current document.
The main objective underlying this series of papers is to provide a working handle on
string amplitudes with HES vertex operator insertions. The first step in this direction,
which is presented here, is thus to construct a generating function, A(j), for generic string

amplitudes in generic toroidal compactifications:

£ =RPLL x TP D (2.2)

where D denotes the number of non-compact dimensions (e.g., D = 4) and D,, the critical
number of dimensions (e.g., D, = 26 or 10, in the bosonic string or superstring respec-
tively). We will consider the exact (in the fundamental string length, £, := v/o/) string

backgrounds where the spacetime metric, Gy, antisymmetric tensor, By, dilaton, @,
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and tachyon, U, are general (bare) constantﬂ, subject only to the requirement that string

perturbation theory is applicable, see . The first two of these contain [113] the Kéhler,

complex structure moduli and background Kaluza-Klein (KK) gauge fields associated to

the compactification , as well as torsion, B,,, all of which will be allowed to be turned

on. In order to make contact with the NS sector of low energy supergravity, see e.g. [114],

it will sometimes be convenient to consider the parametrisation|?|

Gun = (guu + A, CjabAb GabAZ> GMN _ ( (guu)__ll __1<gup)_1Az . b)

GaA), Gab —(90p) A (Gan)™ + Aulgpw) Azz ?’))

where the A7 are a subset of the aforementioned Kaluza-Klein gauge fields, the remaining

Y

ones being B,,,. We always raise and lower indices with Gy, the inverse being defined by
GMNG N = oV,

Using the fixed-loop momenta approach of D’'Hoker and Phong [64], the first goal will be
to show that generic correlation functions associated to asymptotic vertex operators with
generic instanton contributions, KK and winding charges, and generic polarisation tensors
can all be extracted from the following genus-g contribution to the generating function in

the aforementioned background:ﬁ

#@moduh #C CKVs

/D z,b,b,c,¢) H |{1j, b) H |c(w,)|? e~ 1@~ Ten
s=1

=i6(jls) nggfzi‘ exp( /d2 /d2/j+H GMN(j +H'), lnE(zz)>

(Q.Q)

(2.4)
where, in a canonical intersection basis [89] for the 2g homology cycles of the compact
genus-g Riemann surface, {4, By, ..., Ay, By}, the sum/integral appearing in the second
equality is over loop momenta, Qf,, Q{V[, associated to Aj-cycle (with I =1,...,g) strings
that span the full target spacetime &, see (3.76)) and ((3.48] - Iy, is the usual b, ¢ ghost action
-, the p; are Beltrami differentials and spec1fy a gauge slice in the space of worldsheet

metrics [89], whereas, I(z|j), encodes the standard matter contribution with a source,

I(a]j) = %2 (0.0M 00" (Gran + Bagw) + 0 Res® + g.:U ) i / @2z juz™, (2.5)

2ma! Xg

" Constants meaning that they are independent of worldsheet and target space embedding coordinates.
12Detailed definitions appear in the main section and Appendices.

3 The first equality here is in Euclidean worldsheet and target space signature whereas the second equality
is in Lorentzian target spacetime signature and Euclidean worldsheet signature (which is always possible
at generic points in the moduli space of the Riemann surface under consideration [66,75]).
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where ja/(z, Z) is a generic source term, such that functional derivatives of A(j) with respect
to it generate all (matter) correlation functions of interest (see below). In going from the
first to the second equality in we have inserted loop-momentum conserving delta
functions, see , expanded the embedding coordinate into a zero mode, instantons,

and quantum fluctuations,

mM:xéV[qué‘fI—l—fM,

as discussed below , before finally integrating out zg,Z, and performing a Poisson
resummation in the instanton sector. We also keep the constant tachyon background im-
plicit throughout (this will play an explicit role in tadpole cancellation [60]). The effective
coupling appearing in at fixed-loop momenta (in Lorentzian signature) is given by:

PN

Joft = gs<— DetG‘“’DetGab)_ ,

whereas the delta function constraint in ([2.4)) enforces overall charge neutrality, see (3.77)).
The quantity Z; is determined entirely from the ghost contributions, see (3.71)) and (3.73).

For example, at g = 1, Z; = n(7)?!, where n(7) is the Dedekind eta function and 7 the
complex structure modulus of the torus [86]. The prime form [89] is denoted by E(z,w),
and is the unique holomorphic function defined on a Riemann surface that has precisely
one (simple) zero, which is at z = w. Finally, Hy;, H), are operators that encode the loop

momentum (including instanton) contributions:

Hy(z,2) = waj{ dwd®(w — 2)0., Hy(z,2) = Qﬁjf dwd®(w — 2)0;, (2.6)

B[ BI

with implicit sums over repeated indices, whereas Q},, Q}, are in turn related to the canon-

ical momentum, 7, and winding, WY, via (3.24). When the indices M span TPe—P
1 ) _
Q£E€_<MaI+BabN})+GabN})>7 Q(‘;E
where M,!, N¢ € Z are summed over.

When considering string amplitudes associated to HES vertex operator insertions it is

1, .
- (Maf + ByNY — GabN}’> , (2.7)

extremely useful to have the result for a generic correlation function. Denoting expectation

values by:
N . 2 . M _
A(y) = <exp (z/d 2IMT (z,z)>>, (2.8)
In our conventions there is no notion of raising or lowering the indices I, J, ..., whereas the location
of spacetime indices, M, N, ..., has a precise meaning, and we always raise and lower these with the full

metric Gy n-
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with A(j) defined in (2.4]), we will show (using point-splitting) that generic correlation

functions chirally factorise{™]

<D1xN1(z1, %) ... DN (27, 72)Dia™ (wy, @) . .. Dz (wr, Wz) exp (z / d?zj - x(z, 2)>> =

= id(jts) 928 i 2Dy (o). Dy ()t Pttt
QQ
X Z_g<2_)1l']_vl (71]1) . ,Z_)fl']jj (wi)eifd2z(3R+H)-x7 (2)> :

+

(2.9)
generalising the classic result of D’Hoker and Phong [64], who showed that amplitudes
with massless vertex operators chirally split in flat non-compact backgrounds (in target
spacetimes RP==b1 with Gy = nyy and Byy = 0). In particular, we show by explicit
calculation that chiral splitting holds for generic correlation functions (of generic vertex
operators with arbitrary KK and winding charges and polarisation tensors) in constant
backgrounds, Gy, Bun, ® and U, in generic target spacetimes RP~1! x TPe—P with
generic Kahler and complex structure moduli and background gauge fields and torsion.
The {D;, 1_)]-} are arbitrary worldsheet derivative operators, which, together with the jr/,
Jrum (anti-)chiral sources are (with an appropriate point-splitting procedure) read off from

the specific vertex operator insertions of interest (in their chiral representation [59]).

We want to emphasise that the left-hand side of contains insertions of the full
path integral field, 2™ = z}' + 2 + ™, and its derivatives, including zero modes, in-
stantons and quantum fluctuations (with Green function ), whereas the chiral fields,
M of the right-hand side are defined by their correlation functions, according to the rule
that Wick contractions are carried out using (anti-)chiral propagators, (z/(z)z (w));+ =
—CGMN I B(z,w), (zM(2)2Y (0))- = —<GMN In E(2,w), and do not contain zero modes
or instantons. The latter have already been taken into account in writing down (2.9).

Clearly, using the chiral representation on the right-hand side vastly simplifies computa-

15Tn writing down we have taken D = 26 (appropriate for the bosonic string), but in the main
text the case D, # 26 is also considered which is relevant for generalising this result to the superstring
where D., = 10. (In all cases we ignore the Liouville factor [64] that cancels in all critical bosonic and
superstring theories.)
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tions. The result for the chiral half on the right-hand side of (2.9) is given by,

<ID1$J4\—[1 (21) - ~DIIfI(zZ)eifsz(jLJFH)'u(Z)> _
+

o . . ma! . . z
= exp (Z //jLMGMNjiNlnE(z,z’)+z 5 Q}WGMNQUQy+z7ra’Q§w/jLM/w1>

[Z/2] k

o
« Z Z H{ . 3GN7T(21_1)N7r(21)(’D’Dln E)W(Ql_l)ﬁ(glﬂ}

k=0 meSz/~ I=1

z
N, Zr(q) o N,
X H {WQ/Q[ ((I)DW(Q)/ wr — El/jL (q)(DlnE)w(q)}

q=2k+1

(2.10)
where the argument in the exponential equals % [Pz [ (ju+H) - (j, + H') In E(z,2),
and similarly for the anti-chiral half,

<,Dl$]_vl (wl) .. .'Dj,rivf (wf)eifd2z(jR+H)-a:,(2)> _

o . - I o - = . .
= exp (Z //]RMGMN]f-{N InE(z,z)—1 5 QY G N ,QY —ZWOé/erW/]RM/wI)

1Z/2] k

O{/ _ _ _ —
% Z Z H{ _ §GNw<2z—1)Nw<2l>(DD In E)W(Ql—l)w(%))}

k=0 weSz/~ I=1

f ]
N Wr(q) ! N - =
< 1 {—m’Qf“q’DM o1 — i / jﬁ"“”(DlnEm)}
q=2k+1
(2.11)

St is the symmetric group of degree Z [115], the group of all permutations of Z elements, and
the equivalence relation ‘~’ is such that m; ~ m; with m;, m; € Sz when they define the same
element in , and similarly for . In the case of coherent vertex operator insertions,
as we will see in [59-61], the sum over permutations can be carried out explicitly, and the
various quantities appearing can be rewritten in terms of exponentials and special functions,
thus vastly simplifying amplitude computations compared to the traditional approach in
the literature that adopts a momentum eigenstate basis for vertex operators.

One can think of the fixed-loop momenta representation of the generating function ([2.4))
as defining a Hamiltonian formulation of string theory, because the zero mode momenta
in all spacetime dimensions are manifest. Integrating out the loop momenta leads to a
Lagrangian formulation, which is the usual starting point for string amplitude computa-
tions in the path integral formalism. In addition to these two there are also two natural
hybrid formulations (also called Routhian formulations by analogy to classical mechanics)
whereby the loop momenta are manifest in the compact dimensions but integrated out

in the non-compact dimensions and vice versa. All these cases are discussed explicitly
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in Sec. 4l where it is also argued that (by direct analogy to point-particle quantum me-
chanics) the Hamiltonian formulation may be regarded as a ‘wave formulation of string
theory’, whereas the Lagrangian formulation may correspondingly be thought of as a string
formulation. The equivalence of all four formulations can thus be regarded as a stringy
manifestation of ‘wave/particle duality’ of quantum mechanics, and so by analogy we refer
to it as ‘wave/string duality’. For instance, we will argue that may be regarded as a
string theory statement of wave/string duality, where the left-hand side is in a string picture
whereas the right-hand side is the corresponding wave picture. As one should expect (from
our experience with point-particle quantum mechanics, such as the double-slit experiment),
certain questions are more easily addressed in a wave rather than a string picture and vice
versa. We provide flesh to this claim by explicit decay rate computations (in both pictures)

whose details will be presented elsewhere [61].

3 Generating Function

The starting point is to obtain a simple expression for the generating function of interest,
A(j), that is crucial in the discussion of string amplitudes, cross sections and decay rates,
associated to generic HES vertex operator insertions. It is defined by (in Euclidean target

space and worldsheet signature):

#cmoduli #cCKVs

AP(5) :/73(:6,6, be,d) [ i) ] le(ws)? e e —er, (3.12)
j=1 s=1

and we reserve the notation A(j) for the corresponding Lorentzian signature quantity, see

below. The (complex) number of moduli and conformal Killing vectors (CKV) are:

(0,3) for g=o
(#cmoduli, #cCKVs) = ¢ (1,1)  for g=1 (3.13)
(3g —3,0) for g>1

The b, ¢ are the Grassmann-odd ghosts, (¢, &) = (¢*(dz)~, ¢*(dz) ") and (b, b) = (b.-(dz)?, bs=(dZ)?),
whereas the Beltrami differentials, (u;, ii;) = (u;*(dz)~'dz, p,?dz(dz)~");, provide a parametri-
sation of the space of metrics on the Riemann surface, ¥;, and define a gauge slicem There

E

are as many insertions of, |(u;, b)|*, as there are moduli (equivalently b zero modes), and the

pairing, (/;,0), is defined with respect to the natural inner product of the space and is in-

dependent of a metric, (i, b) =[5, d*z 15°b.., see (A.121)). Similarly, in our approach it will

16Qur complex tensor notation is explained in Appendix
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be convenient to have as many insertions of ¢¢ as there are conformal Killing vectors (CKV)
(equivalently ¢ zero modes) on the Riemann surface, i.e. the minimal number of allowed cé-
ghost zero insertions. More general ghost insertions are also of interest [73,[106}107,[116,117],
and it is straightforward to extend the results of this paper to include also these cases (al-

though strict chiral splitting may be lost in these more general situations). In turn, every

x(z, Z) represents an embedding of the worldsheet into spacetime, x : ¥ — RP=b1 x TDer=D,
In general, the (worldsheet) matter and ghost contributions factorise,
AEucl(j) — AgﬁICIAEuCl(j)7
so let us focus initially on the matter contribution,
Agud(j) — /DZL’ 6—[(x|j)
(3.14)
= / alepy / alow / Dy e P (P — P FP (W) — Wh),
with,
1
I(z]j) = / d?z (8ZxMang(GMN + Bun) + &'R.:® + gzzU) —i / 2z jaa.
2mad Js, o
(3.15)

The constant tachyon background term, ﬁ [ d*2g.:U, will be kept implicit throughout,
but it will play a role in tadpole cancellations as we will see in the context of coherent
vertex operator 2-point amplitudes in [60]. Notation-wise, it will be convenient to define
L, := I(z|0), so that the full (source-free) action reads I = I, + I;n. We now define the

various quantities appearing in and (3.15).

The quantity jys is a (possibly physical, either real or complex, possibly local) source,
and as we also discuss below functional derivatives with respect to it (upon adopting an
appropriate point-splitting procedure) generate the correlation functions and amplitudes of
interest. The one condition it must satisfy will be: f d?zjyr = 0, which is usually associated
to charge and momentum conservation.

We consider the exact (in ') string background where the spacetime metric, Gy,
antisymmetric tensor, By, dilaton, &, and tachyon, U, are generidﬂ constants,

Gun = (g"” g“:) , Byn = (g"” g’f) : and &, U = const. (3.16)

The first two of these parametrise [113] the Kéhler and complex structure moduli of the

target space torus, TP =P (contained in G4 and Bg,), as well as KK gauge fields (contained

17Generic’ meaning that, e.g., that the determinants of the block diagonal pieces, G, and Gy, are
non-vanishing.
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in G, and B,,) and torsion (contained in B,,). We work in Euclidean signature (to make
sense of the path integral over 2°) and eventually analytically continue back to Lorentzian
signatureﬂ Modulo this comment, index contractions will henceforth be carried out using
the spacetime metric, AM By; = AMBNG /n, etc., so that we raise and lower indices with

the full metric Gj;ny. We will state explicitly when we rotate to Lorentzian signature.

The coefficient of the constant dilaton, ®, in the action is a topological invariant, equal
to the Euler character x(3,) = 2 — 2g of the Riemann surface; see ({A.125) and note that
the Ricci tensor R.: is related to the Ricci scalar R9) in (A.114). It is convenient to also

define the string coupling in the standard manner:

(Z9)

and so there is an overall factor gs ¥~ in the generating function, i.e. AF*(j) oc g5 *

In the second equality in (3.14]) we have inserted the unit operator:
1= / arep / aPIwy §0s (P — PY) &P (WY — W), (3.18)

where If”; is the standard momentum operator and W? the winding operator. For a generic

homology cycle C of the compact genus-g Riemann surface these are defined by:

f(@xM + 0zM). (3.19)
c

~ 1 _ «
pM.— oz™M — 9z™M), WM . —
¢ 2mad ]g( ) ¢ 2ma
The operator VA\/% [86] measures the winding of a string whose spacelike (worldsheet) dimen-
sion traverses a generic cycle C of the worldsheet. The eigenvalues W3 will be non-vanishing
when the spacetime embedding of this string (associated to the homology cycle C of inter-
est) wraps topologically non-trivial cycles of the spacetime torus, TP~ Let us also define

the chiral and anti-chiral halves, Q¥ QM respectively, such that:

2 1 A 2 ~ 1 ~ 2~
o' =5(Qc" +Q¢),  We' =5 (Qc" - Q') (3.20)
and so,
. 1 2 1 =
M — ¢ 02M M. _ M. 3.21
Qe o Jo T Qe o/ C&L‘ ( )

Choosing a canonical intersection basis for the 2g homology cycles of the compact genus-g

Riemann surface [89], see Appendix the operators appearing in the 2Dg delta functions

18 Wick-rotating to Lorentzian signature can be achieved by replacing GS&“NCI) by GSJ}%), such that
(DetGH*)guel = —(DetG* )1or. Note that (jarz™)gua — (Gar2™ )Lor, where Gg\?uNCI) and GE\IZ%) are used

to raise and lower indices before and after this replacement respectively. Note however that one has to
be extremely careful when trying to interpret the energy integrals of the loop momenta and this has been
analysed in detail by Pius and Sen [65]; see also Witten [75] for an alternative approach.
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in or correspond to the specific choice of contours C = A;, with I =1,...,g.
For simplicity we write P,=P 4,, and W; =W,y ,- In the corresponding eigenvalues we omit
the 7.

We want an expression for the amplitude at fixed-loop momenta, but in the presence
of a Byy field, PM is not the physical momentum (|5M is not the charge associated to
spacetime translations). In particular, the Noether current [86] associated to rigid spacetime
translations, ™ — ™ 4+ a™ of the theory (3.15), reads (with a stringy normalisation [86]),

JoM = aasz(GMN — Bun), Jam = J@EZL‘N(GMN + Bun),

and so the associated conserved charge flowing through an arbitrary closed contour, C, of

the Riemann surface instead reads,

. 1
= — d .z - d_ 'z
eani= gz § (Ao — dZjeu) (3.22)

When Bjn = 0 the quantity |5é4 indeed measures spacetime momentum, but in the pres-
ence of a By,y field the notion of momentum is modified, IS({V being replaced by Ac, M, the
two being related as in . This is much like the momentum of a particle of mass m,
namely mr, is replaced by mi 4 eA in the presence of a U(1) charge, e, (corresponding
to W) and associated vector potential A (corresponding to Bjsy). These statements hold
for a generic closed contour C, and holomorphicity allows one to continuously deform this
across the various homology cycles of the Riemann surface, or it may be taken to encircle
one or more punctures at which vertex operators are inserted. Momentum and winding
conservation is of course closely related to this notion of holomorphicity [86]. As mentioned
above, we identify the contour, C, with the A;-cycles in the above delta functions.

We are aiming for an expression for the generating function, A(j), at physical fixed-loop
momenta, and on account of the above discussion we should think of , as the physical
momentum (i.e. the momentum dumped into a detector) and so insert one more delta

function constraint into the amplitude ((3.14)):
1= / d”® 1,67 1, — GunPY + BuyWY), (3.23)

before finally integrating out P} and WY, after having evaluated the path integral over
embeddings in at fixed loop momenta. One thing to note is that when B,,, = G, = 0,
then , = G,,P” (there will also be an independent delta function constraint §”¢(W%) as
we discuss momentarily), so when this is the case it is natural to define P, := . In the

current document however all components of background fields will be kept generic.
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Of course, strings cannot wrap around a non-compact dimension, and so W4 should

vanish identically. An important consistency check therefore will be to show that in fact:
(FP9(WE — W) L), = (P9 (W) L),

On the other hand, winding in the compact dimensions will generically be non-trivial (see
below), and so ;, will also receive contributions from W¢ when B, # 0, as can be seen
from .

Before embarking on the evaluation of the path integral it will be important to make
two final remarks. Even though the quantity j; is the physical momentum, the quantities
that appear most naturally in loop amplitudes will actually be Q™, QM and these are also
the quantities that enter the mass formulas and vertex operators. It will be useful for later

reference to have at hand an expression for the latter in terms of " and WM

Qéw =GN AC,N + GMNBNKWé( + Wéw

AM _ ~AMN" MN MK WM (3.24)

and these follow from the above expressions by trivial rearrangement. That chiral and
anti-chiral vertex operator momenta are actually constructed out of eigenvalues of Qé” , éé/[
is clear from the definitions in ; for example, Qé/leik'“(z)“‘_(“*(z) = kMgikz+(2)tika_(2)
etc., where the (anti-)chiral fields =, (2), (z_(2)) are related to the full path integral field
x(z,Z) by a very subtle and indirect (yet remarkable) relation that we derive below, see
(5-100), and as is well-known it is not correct to identify z(z,z) with z,(z) + z_(2) in
general, although this may sometimes be justiﬁed.@ We then choose the contour C to
encircle the vertex operator (with any other features or insertions outside the contour),
use holomorphicity to shrink the contour, in which case only the leading singular piece
<xﬂ‘f(z)xf(w))+’z%w = —2GMN1n(z — w) contributes, and similarly for the anti-chiral
sector of vertex operators.

Because it is  j that generates spacetime translations, the usual argument concerning
single-valuedness of the wavefunction [86] implies that eigenvalues of "y must be discrete.

To make this statement sharp, note that we absorb all Kahler and complex structure moduli

19Guffice it to say here that (as mentioned in the Overview section) z(z, Z) contains zero modes, instanton
contributions and quantum fluctuations, x(z, 2) = o + za(2) + za(2) + Z(2, Z), whereas the chiral fields
z4(z), v_(Z) are defined (for any genus g = 0,1,...) by their correlation functions, (z!(z)z¥ (w)); =
— 2 GMN I B(z,w) and (zM(2)zN (@) = —LGMNIn E(z,@) (and (z}(2)zY (@)) = 0) with E(z,w)
Fay’s prime form, and do not contain zero modes or instanton contributions. This observation is closely
related to the observation of D’Hoker and Phong [64] that fixing the loop momenta in all spacetime directions
leads to chirally factorised amplitudes. The map between the two (anti-)chiral and full path integral fields
is given in for generic constant backgrounds, Gasn, By y and @.
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into the background fields, Gysn, Byny. This allows us to compactify the % on a (D¢, — D)-

D

dimensional hypercube, such that for any a spanning TP?=~P we make the identification:

%~ x% + 2nl,,

with ¢; = v/o/ the string length. (In this approach the actual compactification radius is
determined by the moduli in G, Bgp, and it is not ¢, as one might naively conclude.)
Then, under a lattice translation z® — z% + 27w/, the equation ei@mls) o = 1 (for every a
spanning TP=~P) should hold as an operator statement in the string Hilbert space, so that

its eigenvalues must be quantised in units of 1//,:
o= M,/ with M, eZ, (a spans TPe=P). (3.25)

The position of the indices is important; recall that we generically raise and lower spacetime

indices with Gy, and we do not assume G, = 0 (or B,, = 0) in this document.

We are now ready to evaluate the matter generating function (3.14)) in target spacetimes

of the form RP=11 x TPa=P for generic constant backgrounds (3.16). We expand around

M

4, defined to solve the classical equation of motion of I(x|j),

classical instanton solutions, x

see (3.27),

oM =) 4 N M (3.26)

where we denote quantum fluctuations by 2 and have also extracted out a constant zero
mode z)!. Before inserting this into the action (3.15), and then into the path integral
(3-14), let us determine the classical instanton solution. There are various subtleties (as
well as new features) that are not discussed in the standard literature, so we will be fairly
explicit.

Note primarily that z. encodes the information that closed cycles on the worldsheet
may wrap around non-trivial cycles of the torus TP==P_ As discussed above, all Kihler and
complex structure moduli will be absorbed into Gy, By, and so we are free to normalise
the z% such that 2% ~ x% + 27/, for all a spanning TP~ The quantity % by definition
satisfies the classical equations of motion@ of ,

0,0:a = —mid/ GMN jy, (3.27)

c =

and is transverse to the constant zero mode, z{!. First consider the case jy; = 0, the case of

interest always being [ d?zjy = 0, that ensures overall charge neutrality (this is enforced

20Note that the constant B;n does not contribute to the classical equations of motion, and neither does
it enter the worldsheet energy-momentum tensor, and so the Virasoro constraints are as in the non-compact
theory with the replacement nyn — Gun.
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upon us by the zero mode integralﬂ. The solution that describes the soliton contribution

of interest can be expanded in a complete basis, wy, w;, as follows:

M ’Y;w/ w[+7}\4/ oy if M spans TPe=D

0 if M spans R?,

where p, 0 € ¥, denote an arbitrary reference point on which amplitudes do not depend
(see below), the w; = w(2)dz, (with I = 1,...,g and an implicit sum over repeated
indices) denote a basis for the g abelian holomorphic differentials associated to a compact
genus-g Riemann surface, normalised by their A;-cycles, ¢ 0, WI = 07y, and similarly for
wr = wr(2)dz, namely fAz wy = 075. The existence of the wy, w; is guaranteed by the Atiyah-
Singer-Riemann-Roch index theorem, see and the discussion following .
Working with a canonical intersection basis we denote the corresponding period
matrix by 27, defined by fBI wy = Qyy, fB[ wy = Q5. The quantities v, M in (3.28)

read: u . Do - u

31! = im(ImQ) ;) (M7 — QL NP,
where {NM, MM} € Z (see Appendix for a more explicit overview of conventions).
In order to arrive at (3.28) and (3.29)), note that in toroidal compactifications as we go

around an Aj- or Br-cycle of the worldsheet, the spacetime embedding should return to

(3.29)

itself up to an integer multiple of 27/,
}{ dxl = 2r N}y, j{ dxdy = 2w Mjls, (3.30)
A B;

where we write d = dz0, + dz0; for total differentials in the (z, z) coordinate system, with

*

z* = z. We solve these constraints by expanding in a complete basis, dz& = > ; vjwr,

ory =Y ;7¢wr, and then the 7¢,7¢ are determined immediately from (3.30)), (A.127) and
(A.128)), leading to (3.29)). As a consistency check, notice that under Aj-cycle translationﬂ
z — z+ Ar, (3.28)) implies that «% — x% 4 2w N, (with 2!} invariant), where we have used

21Tt is sometimes of interest to relax momentum conservation either at an intermediate stage in a cal-
culation (see [118] and recently emphasised in [119], as a means of regularisation while preserving onshell
conditions), or relax momentum conservation all together (which is of interest for perturbation theory on
non-trivial backgrounds), so we try to state explicitly throughout where momentum conservation is assumed
so as to allow for appropriate generalisations.

22We are being a little bit sloppy here. The coordinate z should really be thought of as the image z(p)
of a point p € ¥, under the Jacobi (or Abel) map, | : p — z(p) = ( ;owl""’fg; wg), with po some
(universal) reference point on which physical observables do not depend. In particular, by transport z
around a cycle Ay we mean z(p) — z(p + As), and similarly for the B-cycles. The vector z is an element
of the complex torus J(X4) = Ch/(Z" + QZ").
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, and similarly for translations around B-cycles, under z — 2z + B on account of
(A.128) we have x84, — x4 +2mMjl,. Given the identification 2 ~ x*+2m/,, the embedding
of the worldsheet into spacetime is single-valued under z — z + A; and z — z + Bjy.

Now let us turn on a general source term, jy(z, 2), subject to [ d*zjy(z,2) = 0, and
consider the set of solutions to . Making use of the defining equation for the Green
function transverse to zero modes, see Appendices and (we have factored out the

zero mode x)) as displayed in ),
TGz
J N z\/g’
the soliton solution of interest that solves the full equation of motion can now be

seen to take the form:

0,0:G(z,w) = —md/6*(z — w) +

7}\/[/ w[—l—’_ﬁw/ @[+i/d2wGMNjN(w,w)G(w,z) if M spans TPer—D
® 2]

i [ PwGMN jy(w,w)G(w, 2) if M spans R”,
(3.31)

with vM AM as displayed above@ This satisfies all the monodromy requirements, given

xi‘fl(z, z) =

that (in addition to the above observations concerning the j = 0 piece) the Green function
is by construction periodic under translations z — z + A; and z — z + By (see Appendix
A9).

For a given source term, jy(z, Z), the set of topologically distinct classical solutions is
still classified by the set of integers in vM, ¥ (i.e. the topological winding numbers asso-
ciated to A; and By cycles wrapping TP=~P) as in . Secondly, the theory is Gaussian
and so on account of the decomposition we are free to absorb the j-dependent terms
in into a redefinition of the fluctuations, (2, z), without affecting the background
around which we are expanding. (We will give this last comment more flesh at the end of
this section, where we will derive the effect of this shift in the final answer for the generating

function.)ﬁ This amounts to the simultaneous shifts x, — yq and 2 — y, with:
yN (2, 2) = 2l (2, 2) - i/deGMNjN(w,w)G(z, w) (3.32a)

M (2, 7) = M (2,5) 4 / PwGMN jy (w, 1) Gz, w), (3.32b)

231n principle we could add to z¥ (2, z) arbitrary well-behaved functions f(as fz wr)+flar fz wr) subject
to (3.30), but the aforementioned choice (which will be referred to as the ‘basic’ one below) will be sufficient
for our purposes.

24This would not generically be the case in the context of non-linear sigma model background field
perturbation theory (in '), where such shifts can take us to a new vacuum that is physically distinct from
the previous one (within perturbation theory).
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where note that yq +y = x4 + 2. In particular, yé‘f[ (z,2) is identified with and
y™(z, 2) is the new quantum field. Given that such a shift , being field-independent,
will certainly leave the path integral measure invariant, the quantity , equivalently
yM, can be taken to be the complete set of the basic classical solutions.

We next substitute:

M =ay oy + oy (3.33)

into the full action (3.15)), without dropping any boundary terms, so that on account of
(3.32) and (3.31]) we can recast the result into the form:

/ d*z 0.y 0:y"™ (G + Bun) — 2/
Xg

g

. 1 . . .
I(xo + ya +ylj) = orod &’z juy™ — Z/ &z jaray’
ge =

1
+ 7 (alm Qry (Gab + Bab)> 2(I>a7] z@lvl + x @,

(3.34)
where we have defined (note that dz A dz = 0):

/ dZZja/LU[— // wr A dy™N(Gna — Bna)
Eﬂ

:/ dQZja/WI—{— // (D[/\dyN(GNa—i—BNa).
o 2mo I

Let us now return to the full path integral over matter fields (3.14]). It is neces-

sary to integrate out the zero modes, xé” first, because this leads to constraints that

(3.35)

will be enforced when integrating out y™ and yk ﬁ We expand z) + yM(2,2) in a
complete orthonormal basis {¢.} as follows, >, AY ¢, (z, %), with canonical normal-
isation [ d?z,/g¢a(z,2)05(2,2) = dap, With ¢a(z,2) an eigenfunction of the Laplacian,
A)pa = Wiga, and wi = 0 defining the constant zero mode, zy = Ag¢. The natural
measure is then, Dz = “d”=xgDy > " = [ ez (dP= Aav/DetG ) >y and we factor
out the zero modes, dP=xy = dP= Ag\/DetGyrn, with Dy = Ha?éo (chrAa\/WGMN) a
remaining fluctuation contribution and a sum over topologically distinct classical instanton
contributions, Zyd. The zero mode integral then factorises into a piece associated to R”

and one associated to TPe—P

q]Eucl - /cher\/meifj'AO bo gS—X
Der /2
B VG ( [ #ava) o

(3.36)
= (2m)P6°(f ) (2rt,) P00

Z5Not integrating out the zero modes, z}!, at this stage of the calculation is certainly interesting, as it
is relevant for string scattering in curved backgrounds (in a background field expansion sense) for strings
whose spatial extent is smaller than any background curvature scale, and we hope to return to this point
in the future.
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and for convenience we have also included the dilaton contribution in the definition of
UY - The d-dimensional Kronecker delta is denoted by 560, and 0%(-) is a d-dimensional
Dirac delta function (whose argument has indices “downstairs”@ that arise from TPe=P
and RP respectively. The identifications 2% ~ 2% + 27l lead to the factor (2ml)Pe=P

Rotating back to Lorentzian signature target spacetime amounts to replacing (G y;n )= by
(Gprn )M (and hence (Det Gy )F by (Det Gy )Mk = —(—Det Gy )MK), so that the

right-hand side of (3.36]) in Lorentzian target space signature reads:

Der/2
Wi = 120787 ([ 5,) (2, P55 \/~DetGan ( / @xg) g (337)

the branch of the square root being convention-dependent (our choice is in agreement with
Polchinski [86]). Note that the source (Dirac and Kronecker) delta functions enforce charge
neutrality for the asymptotic states, [ d?zjuy(z, 2) = 0 for all M spanning RP~H1 x TPe=D

Having determined the zero mode contribution, let us turn our attention to the y-
dependent pieces, starting from the y-dependent integrals in . It is sometimes conve-

nient to write the holomorphic one forms, w;, wy, in terms of the Abel map gy, g5:

wr = dygr, wr = dgr, with gr1(2) = / wr, gr1(z) = / wr.
©

©

On the cut Riemann surface [88], see Fig. [1] the gy, gr are single-valued and g;(p) = gr($) =
0 for an arbitrary point p, ¢ on the surface. The above definition makes manifest the fact
that the j-independent integrals in (3.35]) are integrals of exact forms,

Fr 52/ wl/\dy:/ d(gr A dy), Fy 32/ @1/\dy:/ d(gr A dy). (3.38)
= s 5 o

g g g

We might therefore be tempted to drop these integrals, given that the integration domain
is a compact Riemann surface, but the integrand has non-trivial monodromies around A;
and By cycles, and there is also the possibility of dy contributing poles that may lead to a
non-vanishing result, see e.g. [88] (p. 150) and also Appendix A of |120]. Given that y is a
quantum field, what we need to check is whether Fy, F; contribute to correlation functions.
That is, if we can show that (when [ d*zju(z,2) = 0):

<F;” FjV> - <F}” F}V> —0, </jMyM F}V> — 0, (3.39)

26VVhen GLa = 0, we can raise indices in the Dirac delta function using the following rule: §7(C,,)
detG §P(CH), with C, = G,,C”, assuming detG,, is positive definite. Note also that d”C,
%%

det G, ,dPC*, by which we mean dPC* = dC° A dC' A .... We do not assume Gua = 0 in this sec-
tion however.
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Figure 1: Pictorial representation of a genus-2 Riemann surface, 3o, (on the left) and
the corresponding cut surface, 3o, (on the right), obtained from the former by smoothly
(isotopically in 532) dragging all cycles associated to the canonical intersection basis of the
homology group so that they meet at a point (an 8-point vertex, see the first image), and
subsequently “deleting” these homology lines from the surface. This leads to the cut Riemann
surface, Yo, which has a boundary, 8%, on which functions are single-valued. The point p
indicates a point at which the integrand (3.41 (-) 15 singular and the disc D of infinitesimal
radius € is defined to be centred at p (denoted by local coordinates w,w in the text) with
boundary 0D. A similar picture is to be understood for any genus g > 1 surface where the
resulting cut surface is a 4g polygon.

and similar expressions with Fy replacing Fy, then (given the theory is free) the following

equality holds (correlators being with respect to the y path integral),
<eiijyMeC’NFINeCYINFIN> = <eiijyM>, when /dQZjM(Z,Z) =0, (3.40)

for any set of constant@ Cin, Cin, and we can effectively set F; = F; = 0 from the outset.
That (3 - holds is indeed the case, but because the reasoning is somewhat subtle we will be
explicit. Considering first (FyF;) and (FyF;), we make use of the explicit expression for the
propagator, (yM(z,2)y" (w,w)) = GMNG(z,w), see (3.54), the Riemann bilinear identity,
fzg wr Awy = —2i(ImQ);;, and the monodromy properties of the prime form |64} 87, 88|,
see also Appendix [A.T}

j{ dz0,0, In E(z,w) = 2miw;(w), 7{ dz0,0, In E(z,w) = 0.
B[ AI

It is straightforward to then show that the following contractions of F;, F; vanish identically:

(FiFy) = (FiFy) = (FiFy) =0,

The remaining correlators we need to compute in order to establish (3.40) are ([ jyy™ FY)
and ([ juy™ FY). Given that [jy = 0, all we need to check is that the correlator

2"The case of interest above being: Cry = (G Na — Bng)v$ and Cin = 525 (Gna + Bna)7¢

27ra 27ra
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(y(w,w)Fr) is w,w-independent (and similarly for the anti-chiral sector) — that is, the
w or w derivative of this correlator must vanish. Therefore, carrying out the contraction

using the full propagator, it suffices to check that the integrals:

3g 034

(3.41)

= / dzgr(2)0:05G(z, w)

0%q

vanish, and similar expressions with g; replacing g;, and also 9, replacing Jz; four integrals
in total, but two are related by complex conjugation. Here dG = dG(z,w), d = dz0,+dz0s,
and G(z,w) is the full propagator on the genus-g surface. For these boundary integrals one
may consider the polygon representation of the cut surface, ig, see Fig. , cut out small
discs (D) of infinitesimal radius |e| centred around the pole that comes from dG(z,w) for
z — w, and write the integral over the full cut surface as an integral over f]g — D plus an
integral over D. Both of these can be written as boundary integrals using Stoke’s theorem
with Oig =>"% (Ar+ Br+ A;' + By, and a careful consideration of each of the terms
that arise (along the lines of Mumford [88] or Lugo and Russo [120], although in the present
context the integrand contains both meromorphic and anti-meromorphic quantities), after

various cancellations, leads to the vanishing of the correlator in question,
</jMyM FIN> =0, when /d2sz(z,Z) = 0.

Therefore, repeating the argument for F¥ as well the naive assumption that we can set
F; = F; = 0 is, effectively, correct. Note that on ig — D, 0.05In|E(z,w)|? = 0, whereas
on D, 8,05 n|E(z,w)|> = —276%(2 — w). We also use the fact that g; is on A" the same
as gy on Ay plus fBJ wr = 77, and that gy is on le the same as g; on B plus fA;l wy =

—¢ A, W = —0d77, see Fig. , and similarly for the remaining terms in the integrand.

Having established ([3.40]), from (3.34)), (3.35]) and (3.36)) we learn that the decomposition

x = x9 + ya + y factorises the action into three distinct pieces, and substituting these into

(3.14)), leads to:

AJU (]) = ‘IIOEucl‘Ij%}ucl\Iluncl

= \I]%ud ( Z el(ycllj)> </py el(yj))
Yel

= \IJOEuCI(Ze_I(yclU)) (/dDgP’;/dDQW’;/Dy e—f(y\j)a‘—Dg<pl; _ If";)ﬁDg(W‘; _VAV;;))’
Yel

(3.42)
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where U§ | and W are to be identified with the second and third parentheses respectively

in the second or third lines, and we have defined:
. of 1 ~ e ilew
I(yalj) =1 (alm Q1 (Gap + B@))’%} —i®Iy — idlA

. 1 . .
I(ylj) = / d*z 0,yM0:y™ (Gun + Bun) — Z/ &*z jary™,

!/
2T T o

(3.43)

with the understanding that, according to the above discussion, the ®1, ®Z in (3.35) reduce

to (generalising the definition to generic spacetime components for later convenience):

!, ::/ szjM/ wr and ol ::/ dQZjM/ wy. (3.44)
g g

We next evaluate each of the two remaining factors, U9, and U} . below in the generic
case where all components of the source j); are potentially non-vanishing (or possibly
physical). This latter point will ensure that we can extract amplitudes from A,(j) by
functional differentiation with respect to the source j associated to S-matrix elements whose
asymptotic states have generic Neveu-Schwarz (NS) charges: we allow for vertex operators
whose polarisation tensors and momenta potentially span the full space RP=11 x TPa=D or

any subspace of interest, with generic KK and winding charges.

Let us now consider the classical instanton contributions,

1 _ . T
Ui = Z exp { - (@Im Qs (Gap + Bab)>73 +i0f + Zq)b?} (3.45)
{Ng . MpYez
with ¢, ¢ given explicitly in (3.29)). To make the loop momenta in the compact dimensions
manifest it is desirable to perform a Poisson resummation on the integers { M} appearing
in ¢, 4%, the particular identity of interest being (when the matrix A% is not necessarily
diagonal in ‘ab’ or ‘I.J’),
Z 6—#M}’Aé§M§+27rB£M? _ Z det—1/2 (DetAig) 6—7r(M/£_z‘Bl{)(Afl)?S(M/g_z’Bl;’)7

{Mptez {M'Lyez
with ‘Det’ with respect to the ‘ab’ indices and ‘det’ with respect to ‘I.J’. (This can be
thought of as a first step towards a Hamiltonian formulation of string theory as opposed
to a Lagrangian formulation, because this Poissson resummation makes the compact loop
momenta manifest, see below.) The invertible (g x g, real and symmetric) matrices of

interest are AL/ = Gab(ImQ)[_Jl, and the complex vectors Bl = (QImQ)I_} [QJKN}’{(Gba —
Bi) + QN (Gra + Bya) + £s(®] — ®7)]. Note that

(Gu) ™ = G™ — G (G™) ' G™, (3.46)
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which follows from the defining relations GMN¥Gyp = M and (Gup) 'Gpe = 62 After a
certain amount of algebra we learn that:

g Der—D
Ui = Z (Det Gap) ™2 (det ImQIJ) 2
{N7.M ez

X exp (Zﬁ; QL(Gap) ' QQf + iW@lQé(Gab)_lq)i)

/ (3.47)
e (= QLGur) Q] — ina' QLG 8

X exp (z %(@i — 1) (Gap) Qs — QIJY1 (@) — ‘Bbﬂ)

The (non-chirally split) exponent in the last factor in (3.47)) is closely related to the zero
mode of the multi-loop propagator, see below@ We have defined the quantities:

1, 1,
Q= (Maf + BNt + GabN}’>, Q= (Maf + ByN? — GabN}’>, (3.48)

where the indices a, b span TP=—P_ Given our discussion leading to , these are inter-
preted as (anti-)chiral momenta, related to momentum and winding operators as in (3.20)).
The correspondence with is clear, implying that the first terms in (3.48), namely
M(;I /ls, should be identified with eigenvalues of Aa7 4,, Whereas from , and
(13.19) we see that N/l is precisely the expected Aj-cycle eigenvalue of the winding op-
erator, Wf, as always paying careful attention to the location of spacetime indices. (The

. . . . I
Poisson resummation maps integers M}’ to a new dual set of integers M .)

We next consider the fluctuations in 2) (still working in Euclidean target space and

worldsheet signature),
= / apPy / awy / Dy e WD FDs (Pl — PH)EPs (W — W), (3.49)
To evaluate for arbitrary sources we break the calculation down into 4 steps:
(i) introduce integral representations for each of the 2Dg delta functions, §(a) = [ dX e
(ii) integrate out y™ in resulting expression;
(iii) evaluate resulting A;-cycle contour integrals, see ;

(iv) integrate out the A, in resulting expression.

28We often use the convention that under complex conjugation one is to take (in addition to z — 2,
wr = @y, Qry — Qry) Q = Q and j, — j, (independently of whether jjs or Q is real or complex), as this
allows us to rewrite the two exponents in the second line of l) as ’ exp(... )|2
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Step (i), introducing an integral representation for the delta functions, leads to:

/ Dy e 10§D (P — PHYGDI(WH — W) = / PO NPT / dP,, e / Dy e~ 1W1B+)

(3.50)
where we made use of (3.19)) in order to define the quantity By, = (B, B,) with:
_ 1 5 1 - -
B, (%, 2) := 5 (A + Ar) ],{4] dud*(u — 2)0, + ﬁ()‘fﬂ — i) ji[ dué*(u — )0z,
(3.51)

and B,(z,%) := 0 when p spans RP and a spans TP~ respectively, and there is an implicit
sum over repeated indices I, with I = 1,...,g. (Note that B, vanishes because the delta
functions are associated to the non-compact dimensions; the corresponding momentum and
winding in the compact dimensions has already been fixed by the Poisson resummation.)
There are two slightly subtle points that go into deriving the equality . The first
concerns an apparent interchange of the orders of integration: for some generic homology

cycle, C, we have been somewhat cavalier in going from the first to the second equality in:

idu@ux = fédu(/d%ﬁ(z - u)@ux)
- / 2= fi Aud?(z — u)d, ).

without discussing the issue of absolute convergence. However, the key word in the above

(3.52)

statement is the word ‘apparent’, because in evaluating these integrals (after integrating out
x) it will always be understood that we first carry out the area integrals and subsequently the
contour integrals. The second subtlety is potentially more serious, namely a real interchange
in the order of integration: [Dy [dPIN(...) = [dP9\ [Dy(...). This interchange is
potentially subtle (given that, e.g., we have not addressed the issue of absolute convergence
of the y integral), but will nevertheless proceed in this manner and rest assured on the fact
that our result for A,(j) will be consistent (in certain limiting cases) with the result of
D’Hoker and Phong [64] who proceed without introducing such delta function insertions,
and so this procedure is not expected to introduce any spurious terms.

Step (ii), integrating out y™ in , is carried out by writing Qu; := By + ju
and making use of the mode expansion depicted above (3.36]). Zeta function regular-
isation (to show that [[,.,c = \/ia) is used to rewrite the measure as follows, Dy =
Det_1/2GMN(Ha7§O dP=A,), and a standard calculation [86] then leads to:

/Dy e~ 1WlQ) — (4772aldet/A(0))_Dcr/2€f%fdzzfd2Z'QM(Z,Z)GMNQN(Z/»E/)G(szl)_ (3.53)

Note that the determinant, Det™"/2Gjn, crucially, has cancelled out of 1' Here
Ay = —%aa\/ggaﬁ 03 is the standard Laplacian (which in the z, Z coordinates reduces to
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—2¢*?0.03), the prime on the determinant indicates that A acts in the space orthogonal to
zero modes. The (multi-loop) propagator, G(z,w) = >_, QS—glqba(z, Z)¢o(w,w), and sat-
: _ 2ma 2 2ma’ : N : 1 ¢2 _
isfies AyG (2, w) = W(S (z —w)— T Boy’ with the completeness relation %6 (z—w) =
Y aez Palz, Z)da(w, W); see also Appendix . For example, for compact genus-g Riemann

surfaces (the case of interest in the current document) we can take [84],

, z z
G(z,7) = —% In|E(z,2")|* + mo Im/w[ (ImQ);; Im/wJ. (3.54)

The zero mode piece appearing here is the main obstruction to chiral splitting in amplitudes.
Fixing the loop momenta [64] removes these zero mode contributions from correlation func-
tions, thus significantly facilitating amplitude computations as we shall see, especially in

the context of highly excited strings.

Step (iii), the evaluation of the A;-cycle contour integrals is carried out by noting
that in the exponent in there arise the terms: e~ 2//@uG"™ QNG which when ex-
panded (on account of B, = 0) read e~z /J BuG*BiG o[ [(iuG" +5aG)BG o5 [ [inGMNiy G
and from the definition of B, therefore, we must interpret the quantities § A, dz0,G(z,7'),
and § A, dz0;G(z,7'), and various related combinations — these are the contour integrals
referred to in item (iii) above. According to (A.143), the prime form is periodic around
the Aj-cycles,

7{ dz0,In E(z,w) =0,
Ar

and therefore the sole contribution will come from zero modes, see (A.146). (If we had
instead fixed the B-cycle momenta, or a linear combination of A- and B-cycle momenta,
the non-zero mode components would also contribute, and we would have to add additional
pieces to the propagator.@ Analytically continuing z, Z to independent variables, a short

calculationlﬂ using the defining relations for the holomorphic differentials, § 0, WI = 07y and

fAI Wy = (5[], yields,

1 1 ?

— ¢ dz0.G(z,72) = ——(ImQ);} + i(ImQ)UlIm/ wy

T 4

: Ar X - (3.55)

— ¢ dz20:G(z,7) = —Z(ImQ);} - i(ImQ)I}Im/ Wy,
o

yiyes Ag

with p € Y, a reference point on which amplitudes do not depend. This step is somewhat

naive (due to the continuation of z,z to independent variables), but it gives the correct

29DPS thanks Eric D’Hoker for a discussion on this point.

39Here we write Im [“w; = & ([ wy — ff @y) and then express ff+AI wyas [Fwy+ fAI wy for some
reference point p € X4, and similarly for the antiholomorphic sector.
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answer. One of the relevant integrals for the second (for M = u) and third (for M = a)

terms in the above exponential is then,

_ / 22 / P2 (ju(z )™ + jal2. )G ) B 2)C (=, )

: (3.56)
:i/\m(ImQ)I_Jl/dQZ(Gle,(Z,Z)+G“aja(z,z))lm/ wy+ ...,
p

where the dots denote the contribution coming from the terms —i(ImQ) 77 in (3.55)), which
do not contribute because [d*zjy(z,2) = 0, see . Notice we are not assuming
the cross terms, G, vanish. Furthermore, the difference in sign in the chiral and anti-
chiral halves in the second terms of the right-hand sides on (3.55|) is crucial: it implies
that the A\-dependent terms in precisely cancel out (on account of the constraint
[ d*zjm(z,2) = 0).

Finally, there is an integral that is quadratic in B,(z, Z). This is equivalent to (3.56]
(up to a factor of two) but with By(z, z) replacing ju(z, 2),

L (e (2B 96 B. (< NG ) = — i (C (1ma) ) A 3.57
—5 [ & | @B DG B 26 (=) = =55 (ImQ) ) ) A (357)

Also here the \ terms cancel out and do not appear on the right-hand side, here because
of the equality § W = $ A, 9 Gathering the above results, making explicit use of the
propagator and writing the result in terms of ®!, ®! as defined in (3.44)), we learn
that the exponent in , namely e~2 @2/ @2 QuEAGMNQN(2)G(=2) ig precisely equal

to:

! / — —
o 2 [ A2 g (2 2)GMN iy (2,2 In B2, 2)|? i T (2, 8L )GV (97— ) (8B,

(3.58)

o o 3 (82 ) ) A idry (010 TG (9,37,

2T

Substituting this into (3.53)), which is in turn substituted back into (3.50]), we obtain the

following expression for the delta function expectation values in the presence of a source:
/ Dy e~ "0 508 (Pl — 1) 5P8 (W) — W) =
_ (47r2a’det’A(o))7D“/2 e%’ [f jarGMN g1, 1n|E(z,z')|2e—i’%’(<1>g4—<i>IM)GMN(QU—QU)*1(@{V—é{v)
T W e )
(3.59)

Step (iv) of the computation is to carry out the remaining integrations over the A,
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A Ip in After some trivial rearrangement,
/ Dy e 1WFDs (P _ PiY §D8 (Wi — V) —

_ ~Dex /2, —
— (2m0,)P0Per (det' Agy) ~ PP Det 92 det”/? (TmQ, ) 578 (W)
/ /
o [T i GMN iy In B(2,2") i 55 Py (GHY) 10 Py imal P (G ) LGN o (3.61)
!/ - ! — —
w o1 JIimGMY iy I E(2,2') =75 P (GHY) 71 Qs Py —ima/ P (GH) T 1 GV N @

! — —
o oI (@ =8l [GMN —GME(Gr) TGN | (15— 01) M (@ - 8],)

where we note that the X integrals lead to the delta function constraint §7%(W}), which
on account of allows us to identify P; with Q% or @/, given that in the absence of
winding all these are equivalent.

The second and third lines of the RHS in (3.61]) are chirally split, whereas the last line is
not. (The non-chirally split terms in the first line will cancel when ghost contributions are
included.) The term in the last line will ultimately cancel a similar quantity that arose from
the instanton contribution, ¥§ = see the last line in , but to make this cancellation

manifest let us consider the quantity:
GMN o GM,LL(G/J,Z/)—IGI/N

in (3.61). When M and/or N span R this quantity vanishes, given that by definition
(G*)~'G"? = of. Therefore, only if both M and N span TPe=P will the non-chirally split
term in the last line of (3.61]) contribute. That is,

/ - — —
i (@, 8L ) [GMN -GG LGN | (-0 ) N (@~ 8F)

(3.62)

-mal H v)— v O — b
_ i @l-al) [Ger -G (@) G | (=0 (8] -)

But according to (3.46) the quantity in the brackets, G — G (GH*)~1G"?, is precisely
(Gap) ™1, and so the non-chirally split factor (3.62) is also equal to:

! — — —
i (B8] (Gar) " (25 —01y) (@] 8]

This exponent is (up to a crucial minus sign) identical to that in the last line of (3.47]), im-

plying that in the product ¥§ ¥} . the non-chirally split exponential will cancel out

31 Defining ALY = %(Img);}l and GY := P + (Q; — Q7)) 1GHM (&), — &7,), the following integral
is required:

(H/ Ay ) exp { - %AMA%A,V + G A b = det™/2(Det 550 ) exp{ = ;G?(Al)ijﬁ}.
IpuY —°

(3.60)
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of the full generating function, AE*(j) = ¥4 wd Wl . This generalises a similar
observation by D’Hoker and Phong [64] (in the context of a RPe target spacetime with

Gun = duyny and Byy = 0 string backgrounds) to completely generic constant string

backgrounds Gy, Byny and ® in RP x TPe=D

The full result for the quantum fluctuations reads, on account of (3.61)) and ([3.49) and

the above discussion,

T = (270,)P0 P (det' Ag)) 7 *Det 926G det”/? (ImQy ) / dPOWrEPe (Wh) / dPepm

X exp (%// i GMN i In B(z, 2)
X exp (%// uGMN i InE(z, 7)) —

X exp ( — i (B = ®))(Gar) ™ (s — Q) (@] - B))
(3.63)

Let us now gather all the results for the various terms appearing in , starting from
the chirally split exponentials in ¥, in and U . in . It is straightforward
to show (using GMNGyp = 07, (Gap) ' Goe = 02 and (G*)7'G¥7 = 67, always raising and
lowering indices with Gy, and taking into account the delta function constraint, 62¢(W%),
in W | which enforces P* = Q" = Q") that:

/
HG™)TIPY + @'m'P*;(GW)—lavN@{V)

/
HGH) Iy PY — iwa’P‘;(G“”)‘lG”NCT){V)

QLGMNQ QY = QLG ) 1 ,Q) + PH(GH) 1y, PY

3.64
Q{V[GMN(I)I :Q(II(Gab)—1¢lI)_’_P?(G/LV)—IGVN(I){\“ ( )

with similar relations for the anti-chiral sector with the replacements (Q, 2, ®) — (Q, Q, ®).
Taking (3.64]) into account, the full result for the matter contribution to the generating

function, APu(j) = @Y W Wi from (3.36), (3.47) and (3.63)) reads:

Der

1\ %2 det’'A T2
Af“d(j) _ 5D(€sf] )5lzcrf] 10 (gs (DetGuuDetGab) 4) ( (0) )

det(Tm ) [y, d?2\/g
i exp( // JaGMY e In Bz, 2)
(3.65)

Q.Q
where we used (3.44)) and took into account that 6° (¢, [ j,) g = 67 (Cs [ j*) (given that
although we raise indices with the full metric, GM¥, we also have [ j, = 0 implying that
effectively G* [ j,r = G* [ j,). The (dimensionless) sum/integral over (Q,Q) should be

understood as an integral over non-compact momenta, P4 (with Qf = Qf), and a sum over

2
QI GMNQIJQJ +ima Q[ /]M/WI>‘
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compact momenta, Qrq, Qzq, defined in (3.48)),

I = (P9 / Py Y =4Pe / PP APOW PO (WY) ) (3.66)

QQ) {va II}GZ {N}lch/LI}EZ

Clearly, from (3.65]) we see that the natural expansion parameter at fixed-loop momenta

1s:

AN

ot = s (DetG“”DetGab)_ . (3.67)

The G4 and g, dependence of g.g is as expected, since this combination has precisely the
form required in order for g.g to be invariant under T-duality, more about which later. The
G" dependence is novel and deserves further elaboration; we elaborate on this below. Note
that geg is also precisely the dimensionless version of the coupling gp that appears in vertex
operators, with gp = geﬁfsg _1, the metric dependence being dictated by the fact that vertex
operators are composed of (possibly linear superpositions of) momentum eigenstates with

fixed KK and winding charges and momenta.

It is natural and convenient when considering functional derivatives of AZ"!(5) to com-
plete the square in the exponent in (3.65)), and so we reach the main expression for the

matter contribution to the (dimensionless) generating function of generic fixed-loop mo-

menta amplitudes in target spacetimes RP x TPe=P:
det' Ao Der/2
AEuCl E 5Dcr 2g—2 (0)
(7) = 87(6 ] ) (€] ja)0 Jeft det(Im€; ;) fzg ?z\/g

2 (3.68)

)

¥

QQ)

2
exp (%/d2z/d22'(jM+HM)GMN(j§V—|—H]’V) In E(z, z’))

and we have defined:

Hy(z,2) = Qﬂ/I]{ dwd®(w — 2)0,, Hy(z,2) = Qﬂ/[]{ dwd®(w — 2)0;, (3.69)
B; By

with an implicit sum over I = 1,..., g, and the spacetime indices M, N span the full target
space RP x TP«=P  This is the analogue of the classic textbook formula of Polchinski
(equation (6.2.6) in [86]), generalised here to target spacetimes RP x TPe~D with generic
Kéhler and complex structure moduli (generic constant background fields Gy, By and
®), fixed-loop momenta, and genus-g > 0 worldsheets. By convention, complex conjugation
in takes (QL;, Qry, jur, 2) to (QL;, Q1. jur, 2) (independently of whether the Qf, and 7y,
are real or complex), and in the compact and non-compact dimensions we have, respectively,
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(3.48) and P¥ = Qf = Q’f@
To see that (3.68) indeed follows from (3.65)), the quasi-periodicity property of the prime

form around Bj cycles is useful:

7{ dwdy, In E(w, z) = 27rz'/ wr+ ... (3.70)
By 2
where the ‘...7 denote terms that drop out of the amplitude due to the constraint [ j = 0.

Similarly, amplitudes do not depend on the lower limit, @, of the integral on the right-hand
side. Note also that the amplitude (3.68]) is symmetric under H — — H, and that the various
factors of 27 in (3.37) and (3.61]) have cancelled out of the final result. It is apparently

natural to write the result (for the fized-loop momenta generating function) in terms of the
string length:

ly = Va!
in (B.63).

To complete the story we now include the ghost contribution, Ay, to extract the full
generating function, Agua(j) = AgnAL"(j). At this point the ghost insertions can be
completely general, but we restrict here to the minimal number of ghost insertions that

lead to a non-vanishing result,

#cmoduli #cCKVs

A= [ D5 TP [T Jetw? e, .7

with,
1 -
L= o | @2/g(bV{_jc + bVEé). (3.72)
EE

h:27r

Agp has been well-studied for arbitrary genus [84,[89] and we have nothing new to add here,
so we will be brief. Suffice it to say that the operator-product expansions (OPE’s) ([5.107))
imply Ay, has various obvious zeros and poles due to the explicit b, ¢ insertions. In addition,
viewed as a function of, say, wy, it has g additional zeros that are determined uniquely by
the Jacobi inversion theorem [84], while the related Riemann vanishing theorem [89] further

ensures that Ay, can be expressed entirely in terms of Riemann theta functions and related

32The result (3.68)) is consistent with the chiral splitting theorem of D’Hoker and Phong [64] and re-
produces the tachyon n-point amplitude of [83] in Do, = 26 when: j(z,2) = >, (kr; f; dud®(u —

2)0, + kg f; dud?(u — 2)0z), for vertex operators with total momentum k; = (ki + kgr); and wind-

ing w; = %(kL — kr)i, and (p, ) a universal generic point on the worldsheet on which amplitudes do
not depend due to momentum conservation, » . k; = 0 that in turn arises from the delta-function con-
straint. When the external states have zero winding, w; = 0, with w = %(kzL — kr), the source reduces to

j(z72) = Zi 62(2’2 - Z)k‘z
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quantities, allowing it to be evaluated explicitly [84,85,[89]; see also |121] for a pedagogical

account. What we will make use of here is the following generic result (when g > 0):@

det/A(Q) 13
— Z,|2. :

As above, a prime on determinants always signifies that it is to be computed in the space
transverse to zero modes of the associated operator. That Ay, chirally factorises up to the
term in the parenthesis (and a Liouville factor that we are suppressing) is well understood
and holds for arbitrary genus g. The quantity Z; is in turn a certain combination of modular
functions. For example, at genus g = 1, it may be written in terms of the Dedekind eta

function,
2 =n(r)™ (9=1),

with 7 = 71 + i7 the complex structure modulus of the torus [86]. The quantity in the
parenthesis can also be expressed in terms of modular functions [84,89], but in fact the
above form will be more useful in what follows, because it precisely cancels a similar factor
from the matter sector in the critical dimension at fixed internal loop momenta, as we will
elaborate on explicitly next.

Let us now collect all the pieces and write down an expression for the full (g > 0)
generating function for closed string scattering in target spacetimes RP x TP=—P with
generic Kahler and complex structure moduli, background KK gauge fields and torsion, see
, on account of the ghost and matter contribution (|3.68)),

2g—2 det’ A (26— Der) /2
det(Im€; ) fzg d?z\/g

9 2
s [y Y ng ow (5§ [ 2 [ @G+ 1) Gy + ) mEC.2)

(N, M yez

Al

Awaa(7) = 675 [ 7") 05770 6 (gs (DetG* DetGap)

(3.74)

Notice that the loop momenta contribution, Hys, Hys, is nothing but an operator shift in
I

In the critical dimension of bosonic string theory, D, = 26, the non-chirally split terms

cancel out completely, and (unless we include a fermionic sector to extend this result to

the superstring) this is precisely where this computation is valid. In non-critical bosonic

string theory, where D, # 26, there is an additional Liouville factor that contributes to

restore Weyl invariance. In what follows we focus on D, = 26, but we emphasise that the

33We are neglecting the contribution of the Liouville factor that will always cancel in the final answer for
the full amplitude in the critical dimension.
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above expression for Aguq(j) holds true also for the superstring when D., = 10 and the
sources jjs are shifted by worldsheet fermions [64]. The superstring will be discussed in
detail elsewhere.

Wick-rotating Aguq(j) to Lorentzian target space signaturﬂ and denoting the resulting
object by A(j), we can then very concisely write the full result for the generating function

as follows:

A(j) = i6(j¢,) 928> i

QQ

2
Z,exp (%/d%/d%’(j +H)(j+H)nE( z’))

(3.75)

The (dimensionless) sum/integral over (Q,Q) should be understood as an integral over
the non-compact momenta, P} (with Qf = Q’;), and a sum over the compact momenta,
Qra, Qra, which lie on the genus-g torus lattice, F%Cr_ p.p.,p> and are labelled by integers
{M’i, N¢} € Z, where a spans TP« and [ =1,...,g,

Z: = (P99 / d”Q Y =1l / dPIPYAPIWISPI (W) YT (3.76)

(Q,Q) {N?,M(;I}EZ {N?,M(;I}EZ

and (for transparency of exposition) have also defined the following dimensionless combi-

nation of Dirac and Kronecker delta functions:

8(jls) =6 ([ 300155 0 (3.77)

with the property d(jfs) = £7P6(5). It is customary for S-matrix calculations, see (5.113)),

to work in terms of the dimensionful delta function 6(j) = (27)P5(4), i.e.,

8(j) == (2m)P6" ([ 3*)6(5 5 o (3.78)

It should also be understood that all implicit spacetime index contractions in (3.75|) are

carried out with the full metric Gy, which now has Lorentzian signature, and that the

34 As discussed above, Wick rotating back to Lorentzian target spacetime signature can be achieved
by replacing Gip?' — G)I"* and /DetGhY | — iy/—DetGhy,,,. (the branch of the square root being
convention-dependent). This is equivalent to starting from a Euclidean signature generating function and
then interpreting all spacetime contractions as being with respect to a Lorentzian signature metric, G,I\ﬁ,i“k,
while rotating the coupling (92;)F"! — —i(g2;)™M"¥, leaving other quantities unchanged, with (geg )™k
positive definite as defined in (3.79). This approach leads to an overall factor of i'~9, with the i displayed
explicitly in and the ¢~9 absorbed into . Upon rotating to Lorentzian signature, the contours
of energy loop integrals are to be interpreted as in [65H67].
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T-duality invariant geg is defined in terms of this:

N

et *= Go (- DetG“”DetGab> ) (3.79)

The above holds for arbitrary constant backgrounds, G;n, By, but a standard example

is the following (torsion-free) background:

(R/Ls)? 0
Gun = (7)6“, Goab) ; Gap = , and Byn =0,
O (RDcr—D/gs)Q
(3.80)
where now geg = g, (DetGab)_i = g5 [, (s /Ra)%, and T-dualising along one compact
dimension of radius R' [86]:

Jj—:—> %, ®—d+1In (%), (3.81)
leaves gog invariant; recall from that g, = e®. A full discussion of T-duality for
generic correlation functions is outside the scope of the current document. There are nu-
merous discussions of T-duality from a worldsheet perspective; a recent exposition that is

particularly transparent and relevant for constant backgrounds Gy, By, and @ is [122].

The full generating function is explicitly dimensionless, as it should be. Vertex operators
should of course also then be dimensionless in order to lead to a dimensionless S matrix
whose modulus-square yields a probability. This is indeed the case when kinematic factors
for each of the vertex operators are included, 1/4/2k0Vp_;, (with Vp_; = (2m)P~16P1(0)
the formal volume of non-compact space that always cancels out of observables (precisely
as in standard field theory [123]) and k° the expectation value of the energy of the vertex
operator) whose mass dimension precisely cancels that of the string coupling gp = geﬁﬂ&% -
(A nice way of tracing back the origin of these factors was presented in [58].) As in field the-
ory, these kinematic factors will not appear in the (Lorentz-invariant) invariant amplitudes,
M;g(1,2,...).

We would like to end this subsection by briefly returning to the discussion associated
to the shift of quantum fluctuations that subtracts the source dependent piece from
the classical solitons (3.31). We stated there that (being a field redefinition) such a shift
will not affect amplitudes or the generating function. The manner in which this invariance
manifests itself is quite interesting, so we will discuss it briefly. Suppose that instead of
computing quantum fluctuations around the soliton solution ¥y, we computed quantum

fluctuations around the original soliton solution,

cl

oX(2,2) =y (2,2) + i/dszMNjN(w, w)G(z,w).
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By explicit computation one can show that the effect of the new source-dependent shift in
the classical soliton sector, i [ d*wGMY jy(w,w)G(z,w), is to undo the chiral splitting in

the sense that the exponential,

!
<%//jMG’MNj§V1nE(z,z’)+7)

in or (3.75)) would get replaced by:

1 / Y Y
- 5//jMGMNj§V<— %ln|E(z,z')|2+7ra'Im/wl (ImQ);} Im/wJ>

! o - _
+ ZTQ?/[GMNQIJQy — ZTQyGMNQIJan

o/ . . z
B QyGMNQ]]Q]}+Z7TOé/Q?/I/]M/WI) +C.C.,

where the term in the parenthesis in the latter expression is precisely the propagator for the
full non-chirally split quantum fluctuations . A further integral over the non-compact
loop momenta produces the standard [86] non-chirally split generating function. Given that
integrating out the loop momenta does of course leave the generating function invariant, it
follows that the field redefinition also leaves the amplitudes invariant. That is, doing
perturbation theory around either of the soliton solutions or leads to identical

results, thus justifying our original claim.

4 Wave/String Duality

In this subsection we discuss the sense in which wave/particle duality of point-particle
quantum mechanics arises in string theory. The analogous relation in string theory will
be referred to as wave/string duality, because in string perturbation theory the notion of
particle is replaced by the notion of string. In passing we will also elaborate on some aspects
of target space effective actions.

The generating function (3.75)) is given in the fixed-loop momenta representation, in
both compact and non-compact sectors, associated to TP=~¢ and RP~! respectively, for
generic constant Kahler moduli, complex structure moduli, background KK gauge fields and
torsion. It is also useful to display the analogous expressions for integrated loop momenta.

There are four natural possibilities:
(loop momenta in R”~! loop momenta in T?=~?) = (F,F), (F,I), (I,F) and (I, 1),

wherd®| I=‘integrated’ and F=‘fixed’. The associated generating functions are all equal as

35Integrated’ here means that the associated loop momenta have been integrated out, whereas ‘fixed’
means that the loop momenta appear explicitly in the integrand/summand.
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they are related by Fourier transforms (for the non-compact sector) and Poisson resumma-

tions (for the compact sector),

A er = AG)En = A ar = AJ)ap- (4.82)

We will now argue that the displayed equalities (4.82)) may be regarded as a stringy manifes-
tation of wave/string duality, generalising the well-known wave/particle duality of quantum
mechanics; a principle that applies to all scattering amplitudes in string theory, to all orders

in perturbation theory. In this language the correspondences are:
‘F’ = wave picture, and ‘I’ = string picture.

In the above discussion A(j) corresponds to a (wave, wave) formulation of the generating
function, A(j) = A(j)wr), but considering also the other three pictures provides some
additional insight.

The (string, string) generating function, A(j)wr), is the formulation that naturally
arises out of the Lagrangian formulation of string theory, which is the usual starting point
for string calculations in the path integral language [86]. Here one (generically) sums over
all string trajectories for some fixed set of boundary conditions and asymptotic states, so
it is natural to associate this with a string picture (analogous to a particle picture in the
Feynman formulation of quantum mechanics where one sums over all trajectories of one or
more particles given a set of boundary conditions). A good example that provides some
further insight arises from considering the one-loop partition function in the Lagrangian
formulation. Let us in particular focus on the compact dimensions, there being analogous
statements in the non-compact dimensions. This contains the instanton action associated
to classical trajectories . Setting Nj* = 0, one can compute the associated momentum
of an Aj-cycle string using , and hence notice that the winding number M7 that one is
summing over, see and , may be interpreted as the number of times an A;-cycle
closed string traverses a compact dimension of size 27 R in worldsheet time interval Im 2,
(more precisely in the analytically continued worldsheet real time interval —ilm Q;;, recall

the worldsheet theory is in Euclidean signature).

Let us now think about the corresponding interpretation in the (wave, wave) picture
where the relevant quantity is A(j)r). This is closely related to a Hamiltonian formulation
of string theory, given that all (independent) loop momenta in this formulation are explicit.
Considering again the one-loop partition function referred to above, A(j) r) is obtained
from A(j)ar by performing a Poisson resummation in the compact dimensions with a
momentum-conserving delta function insertion in the non-compact dimensions. The Poisson

resummation maps the aforementioned integer M¢ to a new integer M’ CIL (for every I,a)
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whose interpretation is now the mode number associated to a wave in a periodic box of
dimension 27 R. So summing over the number of times, M7, a loop of string travels around
a compact dimension of size 2w R can be equivalently written as a sum over mode numbers,
M é, of a standing wave in a box of size 27 R, hence making wave/string duality completely
manifest. T-duality and modular invariance provide alternative geometrical pictures (all of

which are physically equivalent).
The remaining two (hybrid) cases, A(j)w,1) and A(j)q,r) may be thought of as Routhi-

ans (analogous to the Routhians of classical mechanics) given that they correspond to a
Hamiltonian formulation in the non-compact and compact dimensions respectively, with a
Lagrangian formulation in the remaining dimensions.

In examining further these four pictures let us primarily zoom in on the G*” depen-
dence in the effective coupling . The quantity Det G* is present in g.g because the
associated generating function , being in the (F,F) picture, has fixed non-compact
loop momenta. To see that this enters in precisely the expected manner it proves useful to
consider the usual dimensional reduction on RP x TP==P of the NS-NS sector of low energy
supergravity, see e.g. [114,124]. The relevant metric decomposition that leads to a natural

expression for the dimensionally reduced target space effective action is:

—(9up) Ay (Gap) '+ AL(g) A )
(4.83)
where the A are Kaluza-Klein gauge fields. It is useful to compare with (3.16). The

usefulness of this parametrisation is that:

Y

I + AZGabAlb, GabAZ
Gy = ( G Al oy

(Det G*)™! = Det G Det G v = Det g, Det G

We are free to define what we mean by ¢"”, and it is consistent [114] to simply define
" = (gu)~". (Note however that generically G # (Gg)~', because G* is the ab
component of GM¥ that is completely fixed by the defining relation GMNGyp = 6M.) We
can then rewrite the following term in in terms of g,

D . ” _1\2g—2 Dapy
0 (fsfj“)(gs(DetG“ DetG o) 4) /d PpE (L) =

g (4.84)
= 6P(¢, [ j.)\/Det g,“,H (/dDP‘I‘\/Det g,w> o(20-2)®p (...),
I=1
where following standard practice we have defined a dimensionally-reduced dilaton:
®p =P — 2InDet Gy (4.85)
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Fourier transforming the depicted delta function in (4.84)) and the integrand of the g Aj-

cycle loop momentum integrals leads to factors:

g
H ( d”z;+/Det gu,,> e29-2%p (4.86)
1=0

which is clearly a collection of natural position space measures with a dilaton dependence

that is precisely that expected from low energy supergravity [114], whose tree-level in g

contribution contains the universal factor:

dPxr\/Det g, e 2P (...).

For the reader that is trying to make contact with the quantum effective action of
quantum field theory [125] note that the momenta of strings propagating through the
various isotopically (in ;) distinct cycles of the underlying genus-g Riemann surface with
n external vertex operators (equalling [73] 3g — 3 + 2n in number) are completely fixed
by momentum conservation once the Aj-cycle loop momenta and the n vertex operator
momenta are fixed (as we have done above). When the remaining internal momenta become
manifest there will be additional Fourier transforms leading to additional x; integrals. For
example, consider the case of 3-point interaction vertices, associated to degeneration limits
of the underlying Riemann surface so that a decomposition into pant diagrams 73| becomes
natural. Then, the number of topologically distinct Feynman diagrams for fixed loop order,
g, and fixed number of external vertex operators, n, in the presence 3-point interaction
vertices (the number of internal vertices) equals the number of distinct pant decompositions
of the Riemann surface. The total number of pants, 2g —2+n, in either one of the complete
set of pant decompositions in turn equals the number of vertices in the corresponding low
energy field theory, and hence also equals the number of position space integrals (as one
expects from a perturbative expansion of the field theory path integral [125]). Hence there

will be a universal factor in this particular degeneration:

2g—2+4n

H ( dPzq+/Det gW) e29=2%p (4.87)
a=1

g + 1 integrals of which are manifest from the derived explicit factor (4.86|) above, while
the remaining g + n — 3 integrals are not manifest in the above decomposition because we
have only fixed the independent (in particular A;-cycle) loop momenta (and implicitly the
vertex operator momenta). This is a well-known peculiarity of string theory [81], in that
it is not so natural to exhibit all intermediate propagators in a string theory amplitude

until we reach a field theory limit. The remaining internal momenta are nevertheless all
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fixed by momentum conservation and so can be made explicit by introducing momentum
conserving delta functions for a given pant decomposition. From standard field theory and
Feynman diagram topology considerations Fourier transforming the resulting momentum
integrands must lead precisely to an overall factor , thus making the quantum effec-
tive action and corresponding field theory limit manifest. Clearly, the g = 0 terms all have
one overall factor [ de[\/WgWe*Q@D, as one expects for the classical contribution to
the effective action, with higher loop orders introducing additional integrals. The overall
measure (4.86]) is the closest one can get to obtaining an expression resembling the stan-
dard renormalised quantum effective action, I'(¢), of quantum field theory (the Legendre
transform, —I'(¢) + [ J¢ = W (J), of the renormalised generating function of correlation
functions, W(J), with ¢ the renormalised fields under consideration) without considering
explicit pant decompositions or degenerations. A much more complete discussion on some

of these aspects can be found in [73].

From these considerations it is clear that the Det G* dependence in is completely
natural and necessary in order to make contact with quantum field theory considerations.
Given that the Det G* dependence is (according to the above discussion) associated to the
explicit presence of internal non-compact loop momenta, P}, we can remove it by integrating
them out. Returning to the original parametrisation of the metric , on account of
, , 6P ([ ") = 6°([ ju) pmgw (vecall that [ j, = 0 and that in Euclidean space
GM is positive definite), and a slight variation of the Gaussian integral we obtain
the (string, wave) (or (I, F)) representation "

uc y ] y 1
A7 G am = 2m) P67 (] 4u)807 0 o VDet G

Der

det’ Ao 2 , _ MN
4 Im®) - =
(det (ImQ; ) fz d22\/_) (4ma det Im ”) eXP( // G %)

% E el%QzIz(Gab)ilgllng'HWO/Qé(Gab)71q>1

{Ng,MT}ez

(gs (DetGp) _%> o

2 i (- B) L (Co) (- D)7 (- 8)]

(4.89)
where G(z, ') denotes the full Green function . We have presented the result for the
matter contribution for clarity, the full generating function, Ag,q(j )(I F), being obtained by
multiplying the right-hand side of (4.89 - by the ghost contribution (3 . (In reconstructing

the worldsheet Green function we have made use of the constraint f d?zjpr = 0.) Tt is seen

36The following relations (and analogous expressions obtained by interchanges (u,v) < (a,b)) are useful:

(DetGMV)71 = Det Gpn (DetGab)il, Det Gy = Det(G GHQG va) Det G,

4.88
(Gab)—l _ Gab _ Ga,uG;yleh (Gab)_l _ Gab _ Gau(G;uz) 1Gyb. ( )
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1
that the effective coupling in this representation is g, (DetGab) 4 as one expects from

Kaluza-Klein reduction of low energy supergravity [114,]124] on RP x TPe=P

The corresponding generating function in the (wave, string) (or (F, I)) picture is sim-

ilarly obtained from (3.36)), (3.63)) and (3.45]),
1

. . _ N1 2g—2
As () ey = 6785 [ ") 81550 Ve (gs (DetG™) )
( det/A(O)
det IIIlQ]JprZ\/g

—Der /2
) (4m2a/det TmSY; ;)= (Per=D)/2

of 1
X Z exp { — 1 (alm Q1 (Gap + Bab))’YJ +i®yf + Zq’a’h}
(Np.MpYez

x (P / dPopr

! . . ] _ . _ 2
6% IS JMGMNJ}V In E(z,z’)—l—z%P‘;(G“”) 1Q]JP5+Z7TO(’P‘IL(GMV) 1G”N<I>{V

X exp <— z’%a/(@ﬁ — D) (Gap) (g — Q) NP — i’i))
(4.90)

where we have defined the compactification volume:

Ve = (2ml,)P="P/Det Gy,

whereas for the (string, string) picture generating function (i.e. (I,I)) we may consider
(4.89), and perform a (or more precisely undo the) Poisson resummation in the com-

pact dimensions. This will also remove the G, determinant from the effective coupling,

1
Js (DetGab) *. Making further use of the relations for determinants (4.88]) in the footnote
and taking (3.47) into account we obtain the (string, string) (or (I,I)) picture represen-

tation,
Agud(j)(LI) _ (ZW)D(SD(fjH) (5D£crfj 1.0 \/WGMN(QWKS)DU Dgzg 2

1
X Z exp{ —7‘}<wlmQU(Gab+Bab)>7J+z(I>a'yI +Z<I>a’}/l}

{Ne,M2}ez
4m2a/det’ A kR
(Wﬁd—f”) (=3 [ € [ @it 96 266 ) ),
(4.91)
This expression (4.91)) is in precise agreement with more standard expressions [64,86] when

the target space metric associated to RP x TP«~P is parametrised as in (4.83). Note

that when this is the case, /Det Gyn(27ls)P=P = | /Det g,, Vo Using zeta function
regularisation to place the explicit factor 47%a/ in (4.91)) inside the determinant, analytically

continuing to Lorentzian signature, where /Det g, — 71/—Det g,,,, and when D = D, we

clearly reproduce Polchinski’s expression for the generating function [86] (equation (6.2.6)
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there), thus providing a non-trivial check of the normalisation and of the various factors
present.

It is important to mention that when g = 1 the above expressions for the generating
function assume there is at least one vertex operator insertion. Let us briefly discuss the
vacuum amplitude which (although standard) is the one example where this is not the case.

In the absence of vertex operators and for g > 1 integrating over moduli gives the

vacuum amplitude, usually denoted by Zg,
2 :/ IMLAD), (5> 1)
Fy

= —i [ d”z¢\/—Det g, AY,

because in this case there are no CKV’s; see ([5.109) for the definition of dM,. The genus

g cosmological constant, AY,, is defined by:

(4.92)

AY = —e XG0Py, / dM, (472a/det Tm€Y, ) | Z, 209 ;g
Fa
) i > (4.93)
= —e_X(Eg)q’D/ dM, (470’ det ImQ; ;) b2 Z ‘deZT a(Gap) 1 QY |

!

{Ng.M, ez

The first equality is in the (I, I) picture when the instanton contribution, ¥9|;_, is identi-
fied with (3.45)) evaluated at ®! = &I = 0, whereas the second is in the (I, F) picture. For
g = 1 however, where €);; — 7 = 7 + i3, we should include a further factor of 27 in the

denominator in the absence of vertex operators to obtain the vacuum amplitude [86],

M, B
7 — /j AD),  (g=1)

1 27'2

(4.94)
= 4 / dP xo+/—Det G A5,
with the genus-1 dimensionally reduced cosmological constant,
g=1 P IReT —48 ,cl
Ap™i==Vo| ——{@ra'm)” (1)~ =
n (4.95)
d2T 2 7D/2 48 ~7ro/Q —1 2 ’
— - - 15 a(Gap)™'7Q
[ st o) P 3 |presceref.

{Na M!}ez

For all amplitudes with at least one vertex operator insertion there is no additional factor
of 275 in the denominator. The moduli space measure dM; = %dzT (the additional factor
of 1/2 here being due to the remaining Z, isometry, see Appendix . We have taken into

account that fTQ d*2 = 27, and made use of the presence of one CKV in order to write
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all vertex operators in the integrated picture, and then set the number of vertex operators
to zero, i.e. H7 [ &2, V. — 1. Furthermore, we have defined [ d”z, := (2m)P67(0),

Wlthm 6P (0) = 6P (5,)

vacuum amphtude is in precise agreement with standard conventions [86,|126] and serves

ju=0, which has dimensions of L”. The above expression for the

as a non-trivial check of the normalisation of A(j) at g = 1.

We next discuss correlation functions for generic vertex operator insertions.

5 Correlation Functions

Given the result for the generating function (3.75]), whose defining equation is (3.12)),
let us now start to think about generic correlation functions, setting the stage in particular

for correlation functions of highly excited strings. We define:

A(j) = <exp< /d2Z]MZEM)>7 (5.96)

where note that this implicitly includes the minimum number of ghost insertions required to
make amplitudes not vanish trivially, see . To compute correlation functions of generic
operators we take functional derivatives of A(j) with respect to jas(z, z), and subsequently
set the source equal to the value of interest, see the footnote on p.[36] For instance, given
a set of operators {D;} (that commute with the path integral) we can extract correlation

functions from A(j) as follows:

z —i6
HDifA(j) = <D1xM1(z1,21) DM (2,%27) exp( /d 2jMT )> (5.97)

il 0jm; (2i, ;)

The operators { D;} may denote a set of worldsheet derivatives, e.g., {9., 0%, 0w, 0, 0, - - - },
or (e.g. in the case of coherent vertex operators [59]) they may be more complicated but
linear operators [60]. In order for this procedure to be useful in the case of composite
operators (where multiple D;z’s may be inserted at the same location on the worldsheet),
we use the notion of point splitting, see e.g. [91]; that is, we write a normal-ordered operator
: 010(z) : as O1(21)O0s(22), calculate the correlators as specified in (5.97), subtract the
terms singular in (2o — 21), and take the limit z; — 2z, 2o — z. We refer to the latter step

as point merging.

Carrying out the functional derivatives as specified in ((5.97)) on account of (3.75), (3.69))

37That it is natural to identify the integral over the zero modes, xf, with (27)P 5P

downstairs) follows from the integral representation of the delta function.

Ju)lj.=o (with indices
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and (3.70) leads tof*
<D1xM1(z1, 2)...DsaM7 (27, 27) exp <i/d2sz:UM)> =

2
= i0(jl,) 9237 I Z4exp (%/d2z/d22/(j +H)-(j+H) 1nE(z,z’)>

O/
S H{—gGMM1>M”<2l>(DDln!E|2)w<2z1>w<2l>)}

My 7@ =M, Fr() o [
X H {ﬂ'O/DTr(Q) <QI (Q)/ wr —Q; ( )/ WI) - gl/JMW)(Dln ’E|2)7T(‘1)}’

(5.98)

2

which on account of (3.70)) may be viewed as a functional generalisation of,

17/2] .
o7 1, 2 kj' 1 9

_N\J 59Yy° _ —aV(—iya) ~2kea9v"

(—i) 957 ° kE_O k!(j_%)!( 9)" (—iyg)” e

It is also possible to show that for fixed k£ the number of terms that appear in the sum over

permutations in ([5.98)) before point merging is indeed:

2k 71
KT — 2k)

as one would expect from the finite dimensional formula. The notation |7 /2] in the sum
over k indicates that the maximum value of k is the integer that saturates the inequality
k< J/2. Sz is the symmetric group of degree J [115], the group of all permutations of J
elements, and the equivalence relation ‘~’ is such that m; ~ 7; with m;, 7; € Sz when they

define the same element in ([5.98)).

The point merging procedure will give rise to contact terms, i.e. terms that only con-
tribute when two or more vertex operators are coincident, e.g. from contractions of the
form 0,0, In|E(z,w)|* = —276%(2 — w). Following a standard argument, in view of the

(assumed@ analyticity of string amplitudes in external momenta [81], and the fact that

¥ Notation-wise, (DDIn |E1?)r2i-1)m(20) = Dr(21-1) D2ty 0 |[E(2r(21-1), Zn(2py)|*  and
ijW(Q) (D In |E|2)7r(q) = f d2sz17\'(q) (Za Z)l)7r(q) In |E(ZTr(q)a Z)‘Q

39Tt is not obvious whether analyticity in external momenta is present for generic amplitudes [81], and
one needs to check this on a case by case basis. In fact, the tachyon and massless tadpoles often cause
trouble [81] in searching for absolute convergence in bosonic string amplitudes, and we one has to adopt
a certain prescription in order to extract physical observables. In addition, certain degeneration limits
of the worldsheet moduli can lead to trouble when one or more internal lines are forced to be onshell
by momentum conservation (such as the separating degeneration of a two-loop two-point amplitude with
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the amplitude always contains a factor of the form

H |E (2, 2;) | *iki

1<j

it follows that such terms will not contribute even after the vertex operator positions have

been integrated over, and will thus be set to zero [64][7]

A very important implication of this latter observation is that of all the permutations
that we are to sum over in ([5.98)), the only ones that will give a non-zero contribution will
be those that respect chiral splitting. That is, we can partition the full set of operators

{D;} and spacetime indices {M;} into chiral and anti-chiral pieces,

{Dl,...,DJ}:{Dl,...,DI,,Z_)l,...,,Z_)f} (599>

{M,...,M;}Y={Ny,... ,Ng,Ny,..., Nz}, with J=TI+1, '
and then (denoting the worldsheet coordinates where the chiral and anti-chiral operators
are inserted by {z;, z;} and {w;, w;} respectively) a careful consideration of the single sum
over k in (5.98)) shows that it factorises into two independent sums. In turn, these two

independent sums can be extracted from two completely independent correlation functions

one vertex operator on either component, or tadpole degeneration limits). These cases require particular
care [73./99,/106,/116], such as an offshell description |73|, vertex operators in a larger Hilbert space than the
conformally invariant one |73}/99,|106}/116], and one must introduce a local coordinate dependence [73199]
(i.e. abandon conformal invariance) that cancels (73] (see also [71,/72]) out of observables. The matter
contribution to the generating function introduced here is still applicable in such cases, but one typically
needs to consider more general ghost insertions than the minimal number. In this document we assume
a region does exist in the complex momentum plane (or complex ‘Mandelstam variables’, or appropriate
generalisations thereof for n-point amplitudes) of absolute convergence, and physical amplitudes are then
obtained by analytic continuation from this region. In sequels [60L/61] tachyon divergences will be carefully
identified and some (in particular tadpoles) will be absorbed by background shifts and others dropped by
brute force.

40We mention the argument for completeness. Notice that the exponent of |E(z;,z;)| can always be
made positive by analytic continuation and that when two vertex insertion points come close together,
E(zi,2j) ~ z; — zj. Therefore, given that (symbolically) [ d?z|w — z|*"%§2(w — z) = 0 when Rek; - k; > 0
it follows from a famous theorem of complex analysis that the entire expression will vanish for all k;.
In amplitudes involving coherent vertex operators one also encounters exponentials of contact terms, and
so one also needs to consider multiple delta functions. Similar reasoning to the above leads also to the
vanishing of multiple delta functions, e.g. [d?z|w — z[Fi'*i§%(w — 2)82(w — z) = 0. To see this write
this expression as lim._,¢ [ d*z|w — z + €[F"*i§%(w — 2)6%(w — z + €). Performing the z integration leads
to lime_,q |€|"*76%(e), which vanishes for the following two reasons: the integral [ d?ele[Fi*i§%(e) = 0
and the corresponding integrand is non-negative — therefore, the integrand must vanish. Extending this
reasoning to three or more delta function insertions implies that (unless the momenta under consideration
are constrained to vanish identically by momentum conservation, such as in the case of tadpoles) contact
terms do not contribute to the amplitudes and will be dropped.
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as follows:

<D1le(z1, %) ... Dz (27, Z71)Dya™ (wy, @) . .. Dza™ (wr, Wz) exp (z / d?zj - x(z, 2)>>

= 15(]55) g§§_2 i Zg<,D156’T(21) N 'sz_if\_fz (Zz)eifd2z(jL+H)~z+(z)>
(Q?Q)
X Zg<151x§1 (@) ... Dra* (wg)e' | d2z<3R+H>-m_(z>> 7

+

(5.100)
where 7 = j;, = jr was assumed in the above derivation — we will discuss the extension
to ji, # jr momentarily. We want to emphasise that on the left-hand side the 2V (z, z) =
ol + yN(2,2) + yV(z, 2) appearing contain the zero modes, instanton contributions and
quantum fluctuations. Recall the analysis following . On the right-hand side however,
a chiral and anti-chiral field appears, 2 (z) and 2 (w) respectively, which does not contain
any zero mode or instanton contributions. These zero mode and instanton contributions
are rather contained in §(j¢,) and H, H respectively. The relevant correlators on the right-
hand side of are defined with respect to the “chiral propagators” [64], which unlike

the full propagator G(z,w) have [87,[88] non-trivial monodromies around B; cycles but not

around Ay cycles, see (A.143)),

/ /
(@ ) =~ SV w), M@ @) = 56V I Bz, )|
(5.101)
Note that the non-chirally split contribution in the full propagator (A.145)) precisely cancels

out when all loop momenta (in both compact and non-compact dimensions) are made

manifest.

The chiral correlator in (5.100]) reads explicitly:

<Dlel (21).. .DIJI_]XI(zI)eifdQZ(jL+H)-m+(z)> _
+

o . . ma! . . z
= exp (Z //jLMGMNj’LNlnE(z,z’)—i—Z 5 QfVIGMNQUQy+z7ra’Q§W/jLM/w1>

1Z/2] k

o
« Z Z H { . EGNﬂ(zlﬂ)Nﬁ(zl) (’D’D In E)W(Ql_l)ﬂ(zl))}

k=0 meSy/~ I=1

z
N, Zr(q) o N,
X H {WQ/Q[ (q>D7r(Q)/ wr — gl/JL (“>(DlnE)7r(q)}

q=2k+1
(5.102)

where the argument in the exponential equals % [Pz [ (ju+H) - (j, + H') In E(z,2),
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and similarly for the anti-chiral half,

<T)15’7]§[1 (w1) .. Dzt (?Df>€ifd2z(jr{+ﬁ)-x_(5)> -
Oz/ . - o ,7TO/7 B - . B . 2_
= exp (Z //]RMGMNJI/:{N InE(z,z") — ZTQyGMNQIJQJ}[ . ZW@IQ%/]RM/M[)
|Z/2] k

o - _ _
« Z Z H{ . gGNﬁ(zzq)Nﬂ(Ql)(’DDln E)ﬂ(ml)w(gl))}

k=0 meSy/~ I=1

7 _
*N‘n- B wﬂ(q)_ O/ . -N‘rr B n
X H {_WO/Q[ (q>D7r(q) wr — EZ / JR @ (D In E)W(Q) }

q=2k+1

(5.103)

As mentioned above, in the derivation of we assumed j = j;, = Jgr, but in fact
using the (anti-)chiral representation of amplitudes enables one to consider more general
insertions for which asymptotic vertex operators can have non-trivial winding. That is,
using the chirally split generating function it is almost obvious how to insert vertex operators

of the form:
0y, Py, .. ) [(Ox_,%x_, ... )ekuet &)kl (z) (5.104)

with Ky # Kar, simply by taking ji, on the right-hand side of (5.100) to be independent of
jr. The corresponding insertion on the left-hand side of ([5.100)) however is not so obvious,
given that here vertex operators associated to ([5.104)) should be functionals of the full path

integral field, 2™ (z,2). When Ky, = Ky, it is clear that to every vertex operator insertion
(5.104) on the right-hand side is associated a vertex operator insertion,

f(0x,0%x,...)f(0x,0%x, ... )ei%(kMJr'_‘M)xM(Z’Z), with o = o)l +2l (2, 2)+3Y (2, 2),

(5.105)
on the left-hand side with total momentum %(kM 4+ Kyz). In order to extend insertions on
the left-hand side to vertex operators with non-trivial winding where Ky; # Ky we need
to integrate over all 2 (2, Z) with source jy/(z, ), and constrain the integration to fields
with non-trivial winding. This may be achieved [83] by a ji-, jr-dependent shift in the
classical instanton solutions 3/ (z, z) of . Therefore, with this shift vertex operators
of the form remain valid insertions even in the presence of non-trivial winding. We
will not work out the details of this procedure here as there exists a simpler approach. In

particular, we will instead enforce chiral splitting of the source, the prescription being the
following [T]
Suppose we consider an amplitude with n vertex operator insertions, each of which (in

the chiral representation ([5.104))) carries an exponential of the form: PR COPL N

4“1 The authors would like to thank Joe Polchinski for suggesting this alternative procedure.
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with v = 1,...,n, in addition to some polynomial of derivatives of z(2) and z_(z). (More
generally, every vertex operator will be a superposition of such momentum eigenstates, as
is the case for coherent vertex operators for instance.) The statement is that insertions

with exponentials of the form:

n
H eik“’-m.,. (zv)eiRW-x_(Zw)’
r=1

on the right-hand side of (5.100) (with K}, # K], generically) correspond to evaluating the
source on the left-hand side of ((5.100|) at:

Jm(z, 2) = jum(2, 2) + jru(2, 2)
— Z kX/[/ dud®(u — 2)0, + Z k7 / dud?(u — 2)0;, (5.106)
y=1

so that with this choice of source there exists the correspondence:

n

eifd2zj(z,z)~x(z,z) =~ H eik7~x+(zy)6ilzw~x,(27)’
y=1

even though on the left-hand side the embedding field, z(z, Z), contains (potentially) also
instanton or soliton contributions whereas the right-hand side does not. So the prescription
is to consider jys(z,z) on the left-hand side as an operator and act with the derivatives,
0., 0, of before carrying out the line integrals. Using the representation for the
source (|5.106|) makes is obvious that we can simply substitute into the right-hand
side of the 7 = j;, = jr expression , and then the operator nature of the decompo-
sition ([5.106]) will ensure that only ji, appears in chiral terms and jg in anti-chiral terms,
and so we can legitimately extend the result to the case where j # ji, # jr. This is
the desired result.

Having understood how to insert vertex operators with non-trivial winding using either
the chiral fixed-loop momenta or the non-chiral integrated-loop momenta representation, a
crucial remark is that making use of ‘chiral vertex operators’ that are constructed
out of r4 and correspondingly the chiral fixed-loop momenta representation of amplitudes
(i.e. working in terms of the right-hand side of ) vastly simplifies computations while

preserving complete generality.

That the fixed-loop momenta generating function chirally factorises in the critical di-
mension is in line with the Belavin-Knizhnik theorem [64}85] combined with the chiral
splitting theorem [64], although the existing proof of chiral splitting had been established
explicitly only for generic genus-g massless and exponential external physical vertex oper-

ators. Here we have extended this result to all correlation functions of operators inserted
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on generic compact Riemann surfaces. Notice also that this statement is independent of
whether the vertex operator insertions are onshell, and given that correlation functions of
generic ghost insertions factorise in the same way as above, where Z; (Z;) may be replaced
by more general superpositions of (anti-)chiral ghost correlators, we have shown that generic

offshell amplitudes [73] also respect chiral splitting.

It is worth re-emphasising that is truly a remarkable statement, and it is due
to this relation that it is justified to use vertex operators that are constructed out of the
chiral fields . (z), z_(Z) (and also ¢*(z), &(Z) and b,.(2),b::(Z)). To compute any string
amplitude, for the matter sector we can use either vertex operators constructed out of the
full path integral fields, x(z,z), or the (anti-)chiral fields, x,(z), x_(2), and this choice
depends on whether we want to extract correlation functions using the left-hand side of
or the right-hand side respectively. However, the natural representation for vertex
operators that arises from the operator-state correspondence is in terms of the (anti-)chiral
fields. Notice that we have not appealed to any onshell condition in order to split the field
in the path integral z(z, Z) into chiral and anti-chiral pieces, x,(z), x_(Z). The best way to
think of the latter is as fields that arise effectively after properly taking into account all zero
mode contributions (and instantons if they are present) associated to the full field z(z, 2) [
The above analysis makes it completely manifest when this is justified and why: fixing
the loop momenta (in both compact and non-compact dimensions) is the key to realising
these statements. Another point to emphasise is that when vertex operators have winding
charges, KK charges and/or polarisations in compact directions we need not expand the
fields z 1 (z), x_(Z) that vertex operators are constructed out of around zero mode or classical

instanton contributions, and in addition the simple correlators,

bao(2) 7 (2) ~ i boo(2) b () ~ Oz = 2), () (2) ~ Oz = &)
b=(2) barz (2) ~ z _1 B be=(2) bz (2) ~ O(2 = 2),  &(2)&(2) ~ O(z - %)
2M(2) 2N (2) ~ —%GMN In(z—2),  2M(2)2¥(Z) ~ —%GMN In(z — 7).

(5.107)
are exact in the limit 2 — 2’ and should be used to carry out the operator product expan-
sions that map states to vertex operators — this will be discussed in more detail in [59].
This appears to be somewhat miraculous, but it is nevertheless true (for arbitrary-genus
string amplitudes).

These observations are of course direct generalisations of the classic result of D’Hoker

42The vertex operator construction in [59] makes full use of the (anti-)chiral fields, . (2), z_ (%), through-
out (as opposed to the path integral fields z(z, 2)).
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and Phong [64], the differences being that here:

(a) we consider generic correlation functions (rather than massless asymptotic states)
associated to arbitrarily excited string vertex operators (potentially with winding

and KK charges and general polarisation tensors and oscillators);

(b) we explicitly keep a generic constant background, Gy, Byy and @ (rather than
Gun = nun and Byy = 0), so that these results hold true for generic constant
target space Kéhler and complex structure moduli, torsion and background gauge

fields;

(c) we consider generic target spaces RP~11 x TPe=D (rather than RP=~11) implying
that there are also instanton contributions (worldsheets that wrap TP< =) that are
absent in D = D,, and that were hence not made manifest in [64]. The latter were
discussed in [83], building on earlier results [84], but the focus there was entirely on
exponential insertions, and also there target space moduli were fixed and background

gauge fields were absent.

(d) we derived these results directly without using the “reverse engineering” approach,
as discussed in the introduction, thus eliminating the potential ambiguity of the type
discussed by Sen [67].

Finally, for completeness let us discuss how to extract connected S-matrix elements.
Given a set of n external states described by general old covariant quantisation (OCQ)
(possibly coherent) vertex operators V, z (with v =1,2,...,n), connected (dimensionless)

S-matrix elements are extracted from (for n > 2):

g=0

Here it is implied that vertex operators are inserted at (z,, Z,) in X (or the covering space,
ig, thereof, see e.g. Fig. on p. 7 and normalised by the leading singularity of the OPE,

15 gD 1 +
2KV [z = 2 ’

where an overline denotes taking the Euclidean adjoint [59]. It is conventional to extract

out the kinematic factors and define V. = ————0., so that invariant amplitudes
/—2|(OVD_1 22 9

Ve Ve

v 2y

M;g(1, ..., n), defined below, are most naturally written in terms of O,;’s (recall the discus-
sion on p. @ The quantity (5]9; represents the interaction-free contribution to the connected

S-matrix elements, and given that SJ(:; only contains connected contributions (5?1- should be
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non-vanishing only for n = 2 asymptotic states, because for n > 2 the interaction-free terms

cannot be connected. We have defined the measure:

1 #cmoduli n—#cCKVs
dM, = / — d*7; / d*z,, (5.109)
/ Fy Ng H g H

N, being the order of the unfixed global worldsheet diffeomorphisms [127], e.g. at g = 1
this is V; = 2, corresponding to the fact that our gauge choice, ds* = |dz|?, leaves 2 — —z
of SL(2,Z) unfixed (the space of global diffeomorphisms being SL(2,Z)/Z,), see Appendix

for further details where also our genus-one conventions are presented [™]

The full S-matrix elements, Sg, are in turn extracted from products of these and sums

over the various partitions, as explained, e.g., in Sec. 4.3 of [128]@

Si= > 85,50, (5.110)

partitions
where the sum is (according to the cluster decomposition principle) over all distinct par-
titions {(fi], (fa],...} of (f| and over distinct partitions {]iy), |i2),...} of [i), with the

“Incoming” states, |i,) associated to vertex operators V,_ , and the “outgoing” states (f|

| 2

N2y

associated to Euclidean adjoints, V., > . Our conventions are such that |Sg| is interpreted

as a transition probability associated to going from [i) to (f],
Prob(f + i) = |Ss|?, (5.111)
whereas S-matrix unitarity corresponds to the statements:

> SlSu=0s  or > SuSh = dg. (5.112)
h h

The precise interpretation of the sum over states, ), , and also of the delta function, dg,
requires specifying a basis (and for coherent vertex operators in particular an overcomplete
basis) and will be discussed elsewhere [59).

Note that (even when both ‘f” and ‘i’ represent multi-string states) there are generi-
cally [128] also vacuum-to-vacuum contributions in this partitioning [129,/130], denote these
by Sy, as well as explicit tadpole contributions, S§; (and/or S) if %4’ (and/or * f*) are single

string states, in addition to implicit ones (that arise in various regions of the boundary of

430One may also extract the full S-matrix elements, Sg, (as opposed to just the connected pieces, Sﬁ) by
including a summation over disconnected Riemann surfaces in the definition of the path integral, in which
case everything can be cast on equal footing, but this is somewhat impractical and we will not do so here.

#1n the superstring (depending on the asymptotic states present) there may also be relative sign differ-
ences in the sum (5.110) due to the Grassmann nature of target space fermions.
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moduli space where internal lines are forced to lie on the mass shell) that may already be
present in Sﬁ. Summing over distinct partitions in (5.110]) shows that the former exponenti-

Sto in Sg, and this is analogous to the exponentiation

ate, so there is [130] an overall factor e
of the D-instanton amplitude in [129,130], ultimately suggesting a breakdown of the world-
sheet in that context.

For instance, generic n = 2-point S-matrix elements are of the form,
Sii = GSOCO (Sg + SiCOSOC;)'

For n = 2 (and n = 3) there is therefore (up to the overall universal factor %) no

distinction between the two sets of S-matrix elements, S; and S¢

i)

in the absence of tadpoles,
S$ = 0, as only connected diagrams exist, but for n > 3 there is a distinction. The tadpole
contributions, S5, and the vacuum-to-vacuum contribution, 65(%, are pathological in the
bosonic string (due to the presence of a tachyon in the spectrum and also massless tadpoles)
and these will be absent in the superstring (when the vacuum of interest is stable under
quantum corrections).

Finally, let us also note that for momentum eigenstates and when G,, = n,, it is
conventional to extract out the kinematic factors and a momentum conserving delta function

and define an invariant amplitude, Mg(1,...,n), as follows,

) Mg(1,...,n)
V2KV 2KV

S = O + i6(j (5.113)

The argument of the delta function, e.g. §(j) := (27T)D(5D(fj“)5{}°ji;z3’0, see (13.78]), enforces

momentum conservation, as well as conservation of any other charges (such as KK and

winding charges) that may be present in the external states, but note that for coherent
vertex operators there will be a sum over such delta function contributions. Factorisation,
normalisation and unitarity of string amplitudes (with coherent vertex operator insertions)
and related concepts will be discussed in [60] where we focus on n = 2.

The n external states are assumed to have well-defined energy expectation valueﬁ
denoted by K, for v = 1,...,n, and Vp_y := (2m)”~'6~1(0) denotes the formal (infinite)
spatial volume of RP~1. Another point to emphasise is that (as mentioned above) the
formal volume Vp_; will always cancel out and does not appear in the observables of interest
(cross sections, decay rates, etc.), just as in field theory [123]. Finally, generically there will

be additional delta-function (or Kronecker-delta) constraints (implicit in Mg(1,...,n)) in

45This is the case for coherent vertex operators as well as for mass eigenstates. Alternatively, we can
also switch to light-cone coordinates whereby the kinematic factor k°Vp_; is replaced by p*Vp_1, and
that coherent vertex operators are eigenstates of P* but not of |507 making it natural to adopt the latter
kinematic factor. More about these details will appear elsewhere [59).
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addition to that appearing explicitly in ([5.113)), associated to the fact that the full invariant

amplitude also contains disconnected pieces, i.e. if n > 3, depending on context, as exhibited

in (5.110).

6 Discussion

We have constructed a generating function (and associated correlation functions) for
string amplitudes in generic constant string backgrounds, Gysn, Barn, ® and U, on RP~H1 x
TPer=D 5o that also all Kihler and complex structure moduli (of the target space torus,
TPer=D) contained in Gy, By, background KK gauge fields, A%, and B, spacetime torsion,
B, and also spacetime metric, G, are allowed to be turned on. In the process, we have
derived the chiral splitting theorem of D’Hoker and Phong [64] for string amplitudes, which
we have generalised to the aforementioned background and with arbitrarily excited string
vertex operator insertions (with generic KK and winding charges, as well as polarisation

tensors associated to generic oscillators and spacetime indice@.

Our approach differs from that of D’Hoker and Phong [64] (and also Sen [67]), in that
we did not make use of the “reverse engineering” approach (where the target spacetime
embedding fields, 2 (z, z), are first integrated out and only at a later stage of the compu-
tation is it noted that the result can be written as an integral whose integration variables
get interpreted as Aj-cycle loop momenta). As pointed out in a recent paper by Sen [67],
such a reverse engineering approach could potentially lead to ambiguities (because the same
integrated-loop momenta amplitude can be written in more than one way as an integral
over loop momenta [67]). Sen went on to explain that these ambiguities will not be visible
in the final amplitudes after integrating out the loop momenta (while adopting an appro-
priate analytic continuation for the loop momentum integral contours [65]), and that these
ambiguities are therefore immaterial. However, as discussed in the Introduction above,
it is sometimes desirable to not integrate out the loop momenta, and that this is also of
interest for the computation of some physical observables, such as the spectrum of mass-
less radiation associated to a decaying string. Therefore, the reverse engineering method
could potentially lead to ambiguous results for observables. In our approach we have re-
solved this potential ambiguity, in that we introduced loop momenta associated to Aj-cycle
strings from the outset (by explicit momentum conserving delta function insertions into the
original path integral where there is no room for this ambiguity), and have thus shown that
the result of D'Hoker and Phong (that one can replace the target space fields, #*(z, 2),

by a set of effective chiral fields, z/(z), 2 (z) for the left- and right-moving degrees of

46 And hence the result also applies to generic coherent vertex operators as we explain in [59}(60].
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freedom, appropriately modified so as to apply to generic backgrounds, RP~11 x TPa=D,
and vertex operators) is fully justified and leads to the correct un-ambiguous result for the

fixed-loop momentum amplitudesﬂ

Let us now zoom in on the statement . Here it is crucial to note that the left-hand
side denotes the usual path integral over matter, 2 (z, z), and ghost fields, b, ¢, whereas on
the right-hand side the matter and ghost fields have been integrated out, and the result has
been written in terms of Wick contractions of effective (anti-)chiral fields, 2 (2), (z_(2)),
whose correlation functions are determined from the chiral propagators , with the
results given in and (5.103]). What we want to emphasise here is that on the left-
hand side of the target space embedding field appearing in vertex operators and the
worldsheet action contains (generically) zero modes, instanton (or soliton) contributions,
as well as quantum fluctuations, whereas the chiral fields on the right hand side are defined
by their correlation functions, so that )Y do not contain information about zero modes
or instanton contributions. The latter have nevertheless been fully taken into account and
appear in the overall delta function and loop momenta respectively. Therefore, using the

chiral representation of amplitudes significantly simplifies amplitude computations.

Finally, we have also discussed how wave/particle (or rather wave/string) duality is
manifested in string theory, and we have shown that the fixed-loop momenta representation
can be thought of as the ‘wave picture’, the integrated loop momenta expression yielding the
‘string picture’. There are also hybrid formulations (or Routhians) whereby the compact
and non-compact dimensions are in the wave or string picture, leading to four natural
possibilities in total. In a forthcoming article [61] we will show that adopting a wave picture
leads to significant simplifications and explicit analytic results (a string picture being much

less tractable analytically).

The objective here has been to provide a working and efficient handle on computing
string amplitudes involving HES vertex operators. In [59] we construct chiral HES coherent
vertex operators (which is a very natural basis for excited strings) and discuss the notion of
Euclidean adjoint vertex operators (which refines the rule of thumb of Polchinski [86,99], a
refinement that is necessary in order for all vertex operators to have positive norm@. These
vertex operators are then [60] used to derive a generic expression for two-point amplitudes

(where we keep the genus of the worldsheet generic in order to study generic properties),

4"Note that there are still expected to be field-redefinition ambiguities that one expects from insight from
string field theory, see Sec. 4 in [67]. The authors thank Ashoke Sen for an extensive discussion of this
point.

48The rule of thumb [86}99] that to obtain the Euclidean adjoint of a vertex operator one is to conjugate
all explicit factors of 4 = v/—1 is not sufficient when vertex operators have winding N — N € 2Z+ 1, in
that there are some additional phases (here N, N are level numbers).
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whose imaginary part at one loop [61] yields decay rates and power emitted into massless
and massive radiation (including radiative backreaction and in particular o/ corrections),
the real part giving mass shifts (relevant for black hole physics [32]). In [62] we discuss decay
rates associated to gravitational radiation in particular and in [63] we make the connection

to low energy effective field theory.
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A Conventions

A.1 Complex Tensors and Riemann Surfaces

In this subsection we collect some useful formulas and conventions used in the main text,
on the local and global properties of compact Riemann surfaces, ¥;. We will be completely
explicit, because although we largely adopt the Polchinski conventions [86], we follow the
approach of D’Hoker and Phong [89] who use slightly different conventions.

Focusing on a local patch of the worldsheet, for a given set of real coordinates (x,y) we
define a complex set (z,z) by z = z+iy, z = v —iy, with 9, = (9, —10,), 0 = 3(0, +10,).

We use the following convention throughout,
d’z = idz AN dz = 2dx A dy,

Two-dimensional Riemannian manifolds are conformally flat, g = ¢.:(dz ® dzZ + dzZ ® dz),
see e.g. [131], and it is useful to note that \/gg** = 1. The corresponding Ricci scalar in

our conventions (+++ in the classification of Misner, Thorne and Wheeler [132]) reads:

R(2) _ gaBRaﬁ — 2922Rz2 _ 2gziRa

oz = 207 R* (A.114)

2229
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where the components of Riemann curvature tensor in terms of the Christofel symbol read,

R%%q5 = 0415 — 0615, + 15,155 — LosT5,,

g

and in the above coordinate system the only non-vanishing Christofel symbols are I'Z, =

0.Ing,z and T'Z, = 0:1Ing,,

RZZZZ = _afrzz
(A.115)
= —0:0.1n G2z,
so that:
R(Q) = 2g22(—agaz ln ng)'
A tensor V of conformal weight (h, h) is of the form:
V =V, ooz(d2)(d2)" € KO (A.116)

so that K" is the space of tensors of weight (h,h) and spin h —h = %Z. The components
of V' are sometimes referred to as conformal primary operators. Examples used in the main

text are:
x(2,2) € KOO

c=c*(dz)"" e K10
b="b,.(d2)* € K*Y
p=p°(dz)tdz € K-BD

(A.117)

Define K" = K" (and K®™ = Km"). Using the metric g, to raise and lower indices
there is an isomorphism (n — m,0) ~ (n,m) ~ (0,m — n), and one may therefore express
all tensors in terms of holomorphic indices, e.g. we write, ¢**V; = V?* with ¢**¢g.; = 1.
Covariant derivatives satisf v K K

VOV = (9, — nl'?,))V @ d=. (A.118)

It is straightforward to show, using the explicit expression for the Christoffel symbols above

(A.115), that (A.118)) is equivalent to:
vy =g o, (V) @ d=.
In addition, there is the Cauchy-Riemann operator d;; formally V2 : K™ — K™

VMY =0,V ® dz. (A.119)

49We occasionally drop the index ‘(n)’ from covariant derivatives when there is no ambiguity about the
type of tensor it acts upon.
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According to the above identification we could also have written the Cauchy-Riemann
operator as an) K" — KL

ViV =g70:V @ (dz)™". (A.120)

We shall not always display the differentials dz (dz) in V, (V3:) but include them in the
definitions in order to make their transformation properties clear.

The natural inner product between tensors V; o € K™ with respect to the metric g is
ViVa) = [ oG vy v (A121)
)

and we define the adjoint operators vt and Vfl) with respect to this, (V, vi’”‘”m =
<Vg”)‘/1’ Va). When V; = V5, we also write ||V||? = (V, V). Using the definitions it follows
that

VOt= Vi, Vi =V, (A.122)

We can construct two, in general distinct, Laplacians using the differential operators ((A.118))

and (|A.120))

Af = —2vi VW
(m) AR (A.123)

and so from [V,,V:|V,, =nR?*_ .V, (for V€ K") and it follows that Az;) —
A(_n) = nRy). Therefore, these two Laplacians are equal when acting on scalars (where
n = 0) or when Ry = 0. In the former case we define Ay = A?B) = A The factor of —2
in the definitions is conventional and is included so as to agree with the definition
of the conventional Laplacian Ay = —\/%78& \/§gaﬂ 0s. In particular, in the z, Z coordinates

Ag) = —2¢70.0;, in agreement with both A and A

The string embedding (2, 2) is a scalar from the 2-dimensional point of view. Its

derivatives are tensor fields in the sense of (A.116[). In accordance with ({A.118) and ({A.120))

we write:
Vio)x = 0,xdz = Ox, Vg—o)x = 0;xdz = Ox, and de = 0z + Oz.

In particular, Oxr = 0,xdz is a tensor of weight (1,0), and using the derivatives one
can form tensors of weight (£,0) as follows VYV ... V(9z). In practice we write this as
V4 10,x and may not in general (as mentioned above) display the differentials. In the main
text, the I'?, dependence will always drop out (due to Weyl invariance) and we shall write

instead 0L when there is no ambiguity, and likewise for the anti-holomorphic counterpart.
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We now move on to discuss certain global topological aspects of Riemann surfaces. A

key relation is the Atiyah-Singer-Riemann-Roch index theorem:
1
dime ker V" — dimg ker Vf,, ;) = 520+ Dx (), (A.124)

and this relates the number of zero modes of tensors in K™, tensors in K™, (for n € 3Z)
and the Euler characteristic, x(X4), of the Riemann surface. For compact Riemann surfaces
the latter reads:

:27T

1
() —/ d*2R.; = 2 — 2g. (A.125)
2y

Following D’Hoker and Phong [89] (see also [133]), we parametrise the genus-g compact
Riemann surface, >, by choosing a canonical intersection basis for the 2g homology cycles
of the associated first homology group, H'(3,,Z) = 2?8,

#(Ar, Ay) = #(Br, By) = 0, #(Ar, By) = —#(Br, Aj) = dr,7, ILJ=1,...,8,
(A.126)
and denote the dual 2g holomorphic 1-forms by, w; = w;(2)dz, @; = @;(Z)dz, whose
existence is guaranteed by the index theorem (A.124]): taking n = 0 and noting that
dimc ker v =1 yields the result of interest, dimc ker v = g. We normalise these by the

duality relation in the usual manner,

j{ wy =10ry, (A.127)
Ar

and define the period matrix, {27, by:

% CL)JEQ]J. (A128)
By

This has the properties Q;; = Qy;, Im€Q;; > 0, which in turn follow from the Riemann

g
wAn= ]{w]{ 77—]{ w% n, A.129
/Eg ; A[ By By A[ ( )

for any closed 1-forms w,n (in the absence of poles [120]), a useful corollary of which is,

bilinear identity,

2/ wr A Wy = 2(1H1Q)[J (A130)
g

The space Hy = {Q € C|Q;; = Qyr, ImQ > 0} is the Siegel upper half space.

Fixing the loop momenta in amplitudes breaks manifest modular invariance, but of
course integrating out the loop momenta restores it. In order to keep track of this, let us
briefly mention how modular transformations act on the various ingredients that appear in

amplitudes [84].

62



Modular transformations act on the canonical basis A;, B; as follows:
AII:D[JAJ+C]JBJ, B}:B]JAJ—FA]JBJ. (A]_?)l)

The primed quantities satisfy (A.126|) provided the 2g x 2g matrix (é g) is an element of
the symplectic (or modular) group Sp(2g, Z):

(@) (@ 5= )

as can be explicitly verified. These transformations generate 27 twists (or Dehn twists)
around the A; and B; cycles and generate the group Diffy(3;) of global diffeomorphisms
that are not connected to the identity. The abelian differentials and period matrix, see

(A.127) and (A.128)), in turn transform under modular transformations (A.131]) according

to:
-1

wr =w;(CQ+ D), . (A132)
0, = (AQ + B)IK(CQ + D)KJ'
The first of these follows from requiring that ¢ A, W = d7; remains invariant, whereas the
second follows from the first and the definition fB} W' = Q) ;, but see also [133,[134]. Note
that Q7 is also an element of H; when €y is.

Period matrices related as in (A.132)) refer to the same Riemann surface, but in fact
restricting to the quotient H,y/Sp(2g, Z) is still a redundant description of the moduli space,
F4, which is contained in H,/Sp(2g,Z) in a rather complicated manner for generic genus
g surfaces, see e.g. [135,|136] for a detailed discussion and [137] for a broader overview, and
also [89,/133] for discussions with a physics-motivated approach. A detailed discussion of the
moduli space would take us far afield, but it is useful to always keep in mind the physical
picture whereby different points in .%; correspond to distinct deformations of the Riemann
surface (i.e. that cannot be undone by using a symmetry transformation, namely global and
local diffeomorphisms and Weyl transformations of 3;), whereas the boundary of moduli
space (upon compactification, #; — ﬁg) can be identified with the set of degenerations
whereby one or more isotopically distinct cycles in ¥y (with cycles encircling vertex operator
insertions considered non-trivial) are shrunk to points.

Given any base point oy we may associate to every point p on X a complex g-component

vector z by the Jacobi map (referred to also as the Abel map):

|:p—>z(p):(/g:wl,...,/png). (A.133)

This vector is unique up to periods (A.127), (A.128)). We associate to 2 a lattice Ly C C9,
such that Lo = Z% + QZ%. The vector z is an element of the complex torus J(X), also
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known as the Jacobian variety of X,
J(X)=C/ Lo =C%/(Z° 4+ QZ"). (A.134)

We next discuss Riemann theta functions and the prime form, both of which are fun-
damental in the construction of correlation functions on Riemann surfaces. We will again
present only the essential material required to follow the main text, given that all of this
material is very lucidly explained in [87,88] and we refer the reader to these references for

detailed proofs; see also [84,89] for a more concise overview. The Riemann theta function,
associated to (ﬂ is then defined for (z,2) € C® x H, by,

1
J(z,Q) = Z exp {27rz' (ﬁnTQn + nTz> } (Riemann theta function)  (A.135)
neZs

We first note that ¥ (z, ) defines a [88] holomorphic function on C® x H,. Secondly, it is
quasi-periodic (periodic up to a multiplicative factor) with respect to lattice translations,

z — z + ¢, with ¢ € Lq, and is invariant under parity z — —z:
1
U (z+m+Qn, Q) =exp {2m’ (—énTQn - nTz) }19 (z,Q) (translations) (A.136a)
V0 (z,8) =9 (—2,0Q) (parity) (A.136b)

where n,m € Z9. Notice that the RHS of (|A.136al) is independent of m, thus implying that
the Riemann theta function is invariant under integer shifts z — z + m.

The theta function satisfies a “heat equation”,

0Y(z, ) 1 0%0(z, Q) 1 for IT#J :
_— = heat t A.137
9%, St 02107, X % " 1Ly (heat equation) ( )
where zy, for I =1,..., g, denote the components of the vector z.

We also need the notion of a Riemann theta function with (rational) characteristics, [$],

defined by:

93] (2, 9) Ergexp{%m’ (%(nm)TQ(nm) + (n+a)T(z+b)) } Ya,b e Q.

(A.138)

This is also quasiperiodic with respect to lattice translations z — z + ¢, with ¢ € Lq,

9[8)(z +m + Qn, Q) = i@ m=bTn) oy {Qm' (—%nTQn - nTZ) }19[';] (z,Q). (A.139)

500 need not be identified with the Riemann surface period matrix in the definition of 6(z, Q) but we
shall do so.
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In terms of the Riemann theta function,
1
V%] (z,Q) = exp {27m' <§aTQa +a’(z + b)) }19 (z+ b+ Qa, ), (A.140)

and so the original theta function is just ¥ (z,Q) = 9[] (z,€2). The theta function with
characteristics is invariant under parity, z — —z, provided we also take a,b — —a, —b, so
that 9[3](z,Q) = V[ ;] (—2,Q). This follows from (A.136b|) and (A.140). In the case of
integer or half-integer characteristics, a,b € (%Z /Z)%, this relation simplifies further, in that

it can be either even or odd under z — —z,
3] (2. Q) = (-)"0[5] (2.9),  Vabe (32/2)".

By induction one can show that there are 2¢71(2¢ —1) choices of [ ] for which 4a”b € 2Z -1,
and 2971(2% 4 1) choices of [§] for which 4a’b € 2Z, leading to a total of 2% distinct

choices. The corresponding characteristics [§] are referred to as odd or even respectively.

1/2

1 /2], and 3 even characteristics,

For example, at genus g = 1 there is 1 odd characteristic, |
[162]7 [1(/)2]7 and [g].

Consider the case of odd characteristics, which is of particular relevance for our purposes,
and consider the function: f(z,w) = 9[{]( [> w,Q). From the above, note primarily that
for odd characteristics [§] it must be that f(z,w) has a single zero for z = w. In addition,
according to Riemann’s vanishing theorem [88] we know that there will be additional single
zeros for z = r; and w = r;, for: = 1,...,g — 1, so that when both z and w are close to
one of the r; f(z,w) will be of the form f(z,w) ~ const.(z —w)(z — r;)(w — ;). Therefore,
differentiating with respect to w at w = z implies the one form, wr(2)0;9[%](0,9), has g—1
double zeroes for z = r;, with an analogous reasoning (upon replacing z <> w) implying
g — 1 double zeros at w = r; also. Therefore, taking an appropriate ratio of f(z,w) over
two square roots of these one-forms will lead to a quantity that has only one (simple) zero
at z = w, and these observations lead one to define a very useful quantity known as the
prime form [87-89].

The prime form generalises the notion of distance between two points, z — w, on C to

higher genus surfaces. In terms of the Riemann theta function it reads [87-89):

I3 (Jywr Q)

FE) = By g oy

(A.141)
where the characteristics [ ] are odd (although actually E(z, w) is independent of the precise
choice), and the holomorphic half-differentials, h[g](z), are defined (according to the above

discussion) by:

sy (2) == /eor ()09 )0, ),
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and correspond to a spin bundle associated to [$]. The prime form is a (or rather the
components of a) holomorphic differential form of weight (—3,—1) on ¥y X Xy, with 3, the

universal cover of 3;. In the notation of m, ), locally, E(z,w)dz_%dw_% e K30 x
K39 Note that E(z,w) is quasi-periodic around the A; and B; cycles,

E(z+ Aj,w) = E(z,w), (A.142a)
E(z+ Bj,w) = E(z,w) exp (—m'QH - 27ri/ w;) : (A.142D)

so that when we transport z around a generic homology cycle v = n;A; + m; By,

z

1
E(z+n;A;r+m;Br,w) = E(z,w) exp [2m'< - imIQ[JmJ — mI/ w1>], (A.143)

w

which is again to be understood in the sense explained in the footnote on p. 22|

The prime form in turn transforms under the modular group, Sp(2g, Z), as follows [84],

E(z,w) — exp (m/

w

CL)[(CQ"—D) CJK/ wK>E(z,w). (A144)
Finally, it is useful to also have at hand Green’s (or 2-d Stoke’s) theorem,

f 2

which in the (z, Z) coordinate system reads (using the above conventions, displayed explicitly

in the beginning of this section):
oD D

with the boundary integral in a counterclockwise direction if D is “inside” the contour
(i.e. with D to the left of the contour “arrow”), and A, = A, —iA,, A; = A, +iA,.

A.2 Green Function

Our convention for the genus-g torus Green function [89] is,

0.0:G(z,w) = —ma/0*(z — w) + mag-z (A.145a)
s, @27’
0,00 G (2 10) = 7002 (= — w) — "Ly () (ImQ)7 ) 5y (), (A.145D)

satisfying fzg d?z,/g G(z,w) = 0, which is concisely expressed in terms of Fay’s prime
form [87], E(z,w), see (A.141)), the period matrix §2;;, and abelian differentials wy,w;. For

compact and oriented genus-g Riemann surfaces [84,89,(134]:

, w w
G(z,w) = _%ln\E(z,w)|2+7ra’Im/w1 (ImQ),; Im/wJ. (A.146)

z
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which, up to terms of the form f(z,2) + g(w,w) which do not contribute to amplitudes
(in spacetimes for which charge and momentum is conserved), is determined uniquely by
the requirement that it be single-valued around A; and B; cycles, and that it have the

correct singular behaviour as z — w, G(z,w) ~ —In|z — w[* 4+ .... The prime form is

quasi-periodic on X, see (A.143).

B The Torus, 77

B.1 Coordinates and Moduli Space

To specify a point on the torus we need two coordinates, o', o2, chosen conveniently

such that o' € [0,1), 0® € [0,1), with identifications, o' ~ ¢! +1 and 0? ~ o% + 1.
Locally, we can always express the metric in the form ds? = 2g.:dzdZz, in terms of which
the Ricci scalar R = —¢*?0.0;Ing.;. The uniformization theorem [89] then enables us
to choose a gauge slice that is tangent to zero curvature metrics, e.g. g, = 1/2, although
observables do not depend on this choice. As there is one (complex) conformal Killing
vector (CKV) on the torus, i.e. dimc ker Vf_l) = dimc ker v — 1, the Euler characteristic
being x(7?) = 0, the Atiyah-Singer-Riemann-Roch index theorem (|A.124)) implies there is
one (complex) modulus, dimc ker VZ’Q) = dimc ker vi?d = 1, call it 7 = 7 + ime. A useful

(global) coordinate system is then z = o' + 702, z = ¢! + 702, with:
ds® = |dz|? = |do* + 7do?|”. (B.147)

At genus one the (anti-)holomorphic abelian differentials (A.127)) reduce to w = dz, ©w = dz,

with
jlgdz:l, and de:T,
A B

so that the period matrix, 21, is identified with 7.

Starting from a metric (B.147)), we can deform the complex structure moduli by turning
on Beltrami differentials, (u, i) = (u,*(dz)~'dz, p,?dz(dz)™"), so that any other metric is
(up to a conformal rescalling) of the form ds* = |dz + udz|>. These therefore provide a
parametrisation of the space of metrics on the Riemann surface. There is a single insertion
of, [{u,b)|?, in the amplitude, reflecting the presence of a single complex modulus. The
pairing, (4, b), is defined with respect to the natural inner product of the space, see (A.121]),
and is independent of a metric, (u,b) = fz d*z 1*b,.. When we compare the variation
dgs: = 0Tg,zp05°, with the infinitesimal deformation 7 — 7 4 d7 of the flat metric (B.147),
we find p.* = i/7.
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Met(X2)

/ Diff 1 (3)

Figure 2: An illustration of a gauge slice in the space of worldsheet metrics. The ghost path
integral ensures that the gauge slice, parametrized by T,7, is orthogonal to the local worldsheet
symmetries, whereas the restriction to a fundamental domain of integration, F1, ensures that we
do not integrate over worldsheet deformations that are related by global diffeomorphisms. The
gauge slice is specified by the choice of Beltrami differentials.

Most of the invariance under global diffeomorphisms (see Fig. 2)), Diffy(X) = SL(2,Z)/Z,,
[127], o' — ac' + bo?, and 02 — co! + do?, with a,b,c,d € Z and det (Z Z) =1, (equiv-

d7+2), as well as the periodicities o' ~ o! + 1, 02 ~ 0% + 1 can be fixed by

alently 7 —

restricting the integration regions, respectively, to fundamental domains,

ﬁlz{ﬁ,@) —%g S% \/1—7’1<T2<OO} with d*t = 2dm A dr,

21:{01,02‘0§01<1, 0§02§1}, with d*z = 219dot A do?.

This fixes most of the global diffeomorphisms, namely SL(2,Z), leaving a remaining Z,
isometry, z — —z, and the latter leads to the factor N; = 2 in ([5.108]).

B.2 Ghost Contributions

The ghost path integral, Ay, evaluated on a genus-1 surface is a standard computation

for which we provide some details for completeness:

#cmoduli #cCKVs

Agh = /D (b,b, ¢, ) H {145, 0) H |c(w,)|?* e~ Teh, (B.148)

with )
_ 2 z Iz
I =52 /2 &z/g(0V1)e + bV 7). (B.149)

Following [121], we expand b € K? and ¢ € K~!, in an orthonormal (with respect to the

natural inner products (A.121))) complex basis of eigenfunctions of A A(_Q). There exist

(—1)»
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two complex zero modes, call them 1) € ker V'(Z_l) and ¢ € ker V,(Z_2), so that recalling the

discussion above (|B.147)),

#cCKV = dimc ker V{_,)| _ =1
= (B.150)

#cmoduli == dime ker V{2 ‘g:l =1.

The corresponding (real, non-zero) eigenvalues, A, and corresponding eigenfunctions turn
out to be related, A ¥, = A2, and Aé)(gzg)2(1>(’; = A\a(9.2)?®@7, where ﬂVfﬁl)\Da =
Ao ®. We thus have the orthogonal expansions, ¢ = cotp+) , caVa, b = bop+> _, ba(g.5)2 @
(with Grassmann-valued coeflicients cy, ¢4, bo, by ), so that plugging these into Ay, above and

integrating out the ghosts yields:
Ag| = det/ AT, [, 8P (w) . (B.151)

The prime indicates omission of zero modes, and we have normalised the fields by their nat-
ural inner products , such that (®,, Pg) = (Yo, Vs) = 0a3 and (¢, ¢) = (Y, 9) = 1.
(Note that we could have also derived the right-hand side of directly from the decom-
position of the path integral measure associated to worldsheet metrics after decomposing it
into a gauge and a moduli contribution and reading off the appropriate Jacobian [89].) We
next evaluate (B.151]) explicitly, in terms of the complex structure moduli of the worldsheet,
T, T, see .

The b-ghost zero modes, ¢ = ¢..(dz)?, are the (normalizable) holomorphic quadratic
differentials, and span the space orthogonal to Weyl transformations and diffeomorphisms,
the non-trivial constraint (or defining relation) being, (dpig,§sz, ¢2.) = 0, with dpig, 9., =
QVS)(SUZ). Correspondingly, the c-ghost zero modes, v, are conformal Killing vectors
(CKV), and generate isometries associated to rigid shifts along the A- and B-cycles of the
torus. The choice of metric admits one globally defined CKV and one quadratic
differential. To solve the equations, V*(Z_I)Q/JZ =0, Vi—%u = 0, note that the only doubly pe-
riodic holomorphic functions on a torus are the constants. Thus, using the aforementioned
normalization conditions, ¥ = \/—%(dz)*l, and ¢ = #ﬁ(dz)? Notice that the components
are independent of z,Z. Above we picked a gauge slice that is parametrized by the com-
plex number 7, see p. and this determined the Beltrami differential p.* = i/7m. Hence
(, §) > = | [ dP2p7¢..)*> = 1/72. The remaining quantity to evaluate in is the
determinant of the Laplace operator.

To compute the determinant of the Laplace operator, note primarily that the various
Laplacians are equal for flat metrics, A = A(__l) = —2¢%%0,0; = —40.,0;. Here one starts
from a complete set of eigenfunctions, 1, (2, ), of A(’_l) which satisfy the torus periodici-
ties, z ~ z+1 and z ~ z+7, so that: A(_,l)wn,m = Am®nm- If the basis vectors, ¥y, (2, Z),
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are orthogonal, det’A(:l) = H;L,m)‘n,m = ([T,20 A.0) (L Lszo Aoy ) (T Lz0 [ Lizo Anm) . For
example, a complete basis that has the correct periodicities is ¢, ,, = e2mino’ +2mimo? yith
z = o' + 70% in which case Ay = —2[701 — %f*, and A\ = (E—Z)Q\m + mn|?. The
resulting infinite products can be determined by zeta-function regularisation (to show that
[L,-0a = 1/+/a for a constant a) and the product representation for the eta function [89], or
by making use of properties of the Eisenstein series [131]; the result is (up to an immaterial

constant) det'A(g) = det’A ",y = 73|n(7)|*. Collecting the above,
Agnl,_y = In(D)[*, (B.152)

and this is independent of w,w, i.e. of where we place the ¢, ¢ ghosts on the worldsheet.
(We are working with the critical string where the non-chiral Liouville action [84] is absent.)
This is the standard result for the ghost contribution at genus g = 1, but in the main text
we are rather interested in the quantity Z, defined in , and so from the above, on

account of det Im$); J‘gzl = 75 and le d?z,/g = 7o, it follows immediately that we can also

write (B.152) as follows,

Ag| = det'Ag 13\ (r)~24? (B.153)
ghlg=1 det TmQy [, d*2\/g g ’ '
allowing us to conclude that (up to an immaterial phase):
Zi=n(r)", Z =n(F)"* (B.154)

B.3 Dedekind n Function

Writing v = €2™7, with Im7 > 0, the Dedekind n-function is defined as:

n(r) =v" [ (1=, (B.155)

n>0
with the property,

n(=1/7) = V=irn(r).

The following explicit expansion is useful when focusing on the contribution of the lightest

decay channels to the amplitude:

a2 =0 T - o)
>0 (B.156)

= v~' + 24 + 324v + 320007 + 256500° + O(v?).
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B.4 Jacobi Theta Functions

The Jacobi theta function is defined as [88]:

I(z|T) = Z exp (min’T + 2minz) (B.157)

neZ

with 75 = Im7 > 0. The variant 9¥;(z|7) is of particular relevance and has the following

representations,
D1(2[7) = = exp (wi(n + 3)°7 + 2mi(n + )(z + 1)), (B.158a)
neZ
=2 (=)t sin(2n + 1)7z (B.158D)
n=0
- 1/8 s n 2n n
=20/ sin7z H (1 —2v"cos2mz +v*") (1 — ") (B.158¢)

n>0

A useful quantity that appears in the definition of the prime form, F(z, ), is 9} (0|7) =
0,91(z|7)|.=0, an explicit expression for which follows directly from (B.158c)):

9'(0]7) = 20" BT (1 — 02 (B.159)

n>0
The quantity 9, (z|7) is odd under parity, ¥, (z|7) = —v1(—2|7), and hence 9, (0|7) = 0.

In fact, the zeros of ¥;(z|7) are located at:

z=m+nrt <& Vi(z]r) =0, with  n,m € Z. (B.160)

B.5 Prime Form

The one loop (genus g = 1) expression for Fay’s prime form (A.141]) [87-89] is given in

terms of Jacobi theta functions,

V1 (z]7)
B(2) = , B.161
“ = o) (A6
with 91 (0|7) = 0.91(2|7)|.=0, see (B.158) and (B.159)). Writing,
u= e and v = e,
from (B.158¢) and (B.159) it follows that an explicit product representation is,
sin 7z 1 — 20" cos 2mz + v
E(z) = B.162
(2) T g( 1 —20n + v2n ) ’ ( 2)
1 1/2 —1/2) (1= v"u)(1 —v"u)
= — — . B.162b
o <“ “ go (1—om)? ( )
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It is clear that E(z) has a simple zero at z = 0. In fact, for generic v it follows immediately

from (B.162a)) that:
,UTL

, , 1 ,
27TZE<Z)‘Z%O ~ 2miz + (ﬂ - Z m)(Q?TZZ)B + 0(25),

n>0
and, in fact, the prime form is the unique holomorphic object on a Riemann surface that
has a simple zero at z = 0 and is non-vanishing elsewhere (modulo lattice periodicities,
see below). FE(z) therefore generalises the notion of distance on topologically non-trivial

Riemann surfaces. In addition, the prime form has the following monodromies,

E(z+1) = —E(2), (B.163a)
E(z+4 1) = —exp (—miT — 27iz) E(2), (B.163b)

around the A and B cycles of the torus respectively.
If we exponentiate the infinite product in (B.162bf), expand the resulting logarithms,
perform the geometric sums and make use of the identity (2sinf)? = 2 — 2 cos 26, we may

equivalently write:

1 n
2miFE(z) = (2isinmz) exp { L
n>0 nl—on

(2sin 7TTLZ)2} , (B.164a)

>01—v" nl—on
n

2nu™ 2 "
E(2)?0’InE(z) = { — 14 (2sin7z)? Z " cos 27mz} exp{ = Y (2sin ﬂnz)z},
n>0
(B.164b)

where in the second line we have exhibited another combination that appears in string
amplitudes. It is convenient to consider these expressions as a series expansion in v, which

is useful in discussing the 7, — oo boundary of moduli space (with o', 02 generic). Defining
S(u) =u'? —u=? C(u) = u/? +u=/?,

2miE(2) = S(u) — vS(u)® — 3v*S(u)? + O(v?) (B.165a)

E(2)?0?’InE(z) = -1 — v S(u)* — 6v2S(u)* + O(v?). (B.165b)
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