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Résumé

Cette these est dédiée a I'étude d’'une classe de couplages dans 'action effective
de la théorie des cordes qui se trouvent au croisement entre la théorie des cordes
topologique et les théories de jauge supersymétriques. Ces couplages généralisent
un ensemble de couplages gravitationnels qui calculent la fonction de partition
de la théorie des cordes topologique. Dans la limite de théorie des champs, ces
derniers reproduisent la fonction de partition de la théorie de jauge dans le fond
Q lorsque I'un des parametres de ce dernier, e, est égal a zéro. Cela suggere
naturellement 'existence d’une généralisation dénommeée la corde topologique raf-
finée. Les couplages étudiés dans ce manuscrit sont caractérisés par un multiplet
vectoriel supplémentaire et sont calculés, en théorie des cordes, aux niveaux per-
turbatif et non-perturbatif. De plus, leur limite de théorie des champs donne la
fonction de partition de la théorie des champs dans un fond €2 général. Ainsi, ces
couplages ouvrent de nouvelles perspectives pour la définition, au niveau de la
surface d’univers, de la théorie des cordes topologiques raffinée.

Mots-Clefs : Amplitudes de Théorie des Cordes, Couplages Gravitationnels,

Théorie des Cordes Topologique, Fond Oméga, Théories de Jauge Supersymétriques,
Calcul d’Instantons, Corde Topologique Raffinée, Dualités.
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Abstract

In this thesis, we study a class of higher derivative couplings in the string effec-
tive action arising at the junction of topological string theory and supersymmetric
gauge theories in the 2-background. They generalise a series of gravitational
couplings involving gravitons and graviphotons, which reproduces the topological
string theory partition function. The latter reduces, in the field theory limit, to
the partition function of the gauge theory in the (2-background when one if its
parameters, say €., is set to zero. This suggests the existence of a one-parameter
extension called the refined topological string. The couplings considered in this
work involve an additional vector multiplet and are evaluated, perturbatively and
non-perturbatively, at the string level. In the field theory limit, they correctly
reproduce the partition function of the gauge theory in a general {2-background.
Hence, these couplings provide new perspectives toward a worldsheet definition of
the refined topological string.

Keywords: String Amplitudes, Gravitational Couplings, Topological String The-

ory, Omega-Background, Supersymmetric Gauge Theories, Instanton Calculus, Re-
fined Topological String, Dualities.
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Summary

Since its early days, string theory has constantly been the source of multiple de-
velopments in our understanding of quantum gravity. Yet, not only has it been
applied to explore the ultra-violet properties of quantum field theories in the pres-
ence of gravity, its unified framework has also shed light on the non-perturbative
structure of gauge theories. Indeed, the spectrum of string theory contains certain
extended objects, like D-branes, which are non-perturbative in the string coupling.
They can be used at weak coupling to probe non-perturbative regimes in the low
energy field theory. However, at the string level, a full understanding of the non-
perturbative sectors is lacking and one is led to consider sub-sectors of string theory
in which one can control the weak and strong coupling regimes using, for instance,
supersymmetry. In this context, topological string theory can be viewed as a toy
model where both regimes are well understood.

The structure of topological string theory is that of a topological field theory
which is a quantum field theory whose correlation functions of physical observables
are closed differential forms on the moduli space of space-time metrics considered
up to diffeomorphisms. More specifically, coupling a twisted (topological) two-
dimensional NV = 2 supersymmetric sigma-model to gravity leads to the topological
string.

The interplay between string theory and the topological string has led to fas-
cinating developments in mathematics as well as in physics. For example, from
the mathematical point of view, the observables of topological string theory can
usually be understood as topological invariants of the space on which the theory is
defined. Furthermore, these quantities acquire a clear physical meaning in string
theory since the topological string can be viewed as a ‘twisted’ version of string the-
ory. In particular, the topological string captures properties of string theory that
only depend on its topological, BPS sectorll. The good understanding of these
objects has also been used to test various string dualities, to study micro-state
counting of BPS black holes or even wall-crossing.

On the other hand, one of the uses of topological string theory is to ‘geometri-
cally engineer’ supersymmetric gauge theories in four dimensions |41, 42]. This can
be seen by supplementing the four-dimensional space-time with an internal Calabi-
Yau manifold and consider the topological string defined on the resulting space.
In this picture, gauge theory instantons are nothing but tree-level worldsheet in-
stantons, and higher genus instantons can be viewed as ‘gravitational’ corrections

! A Bogomol'nyi-Prasad-Sommerfield (BPS) sector is a set of states called BPS that are invariant under
a non-trivial subalgebra of the full supersymmetry algebra.
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Summary

which are encoded in terms of higher derivative couplings in the string effective
action. Since the latter only depend on the topological sector of string theory due
to the decoupling of the string oscillators, they can be calculated exactly at the
string level.

The typical example is the N = 2, SU(2) gauge theory studied by Seiberg and
Witten [81, 82]. Due to supersymmetry, the low energy energy effective action de-
pends only on a holomorphic function called the prepotential which was calculated
by Seiberg and Witten to the full non-perturbative level. In fact, the perturbative
expansion stops at one-loop order and the prepotential reads

SW Loy a? AN 2
F (a,A):§aln—+ZFk —) o (0.0.1)

where a is the complex scalar of the N' = 2 vector multiplet, k is the instanton num-
ber and A is the dynamically generated scale of the theory. The Seiberg-Witten
solution gives precisely an ansatz for the instanton coefficients F. The string
compactification giving rise to this gauge theory is a Type ITA on an elliptically
fibered K3 over P!, in which one studies an A; singularity in K3 corresponding
to a vanishing P!. This is referred to as the local P! x P! model, since only the
local description of the singularity is sufficient to recover the N' = 2 gauge theory
in four dimensions. In particular, this compactification has been used to gener-
alise the Seiberg-Witten prepotential in the presence of gravity [58, 59]. Indeed,
decoupling the gravity/string modes leads to an N' = 2 SU(2) gauge theory. More
specifically, the genus g partition function of the local P* x P! is denoted F, and it
has been shown that Fj, in the field theory limit, agrees with the Seiberg-Witten
solution, with the Coulomb branch parameter a being identified with the Kéahler
structure of the internal manifold. For g > 1, F, can be interpreted as gravitational
corrections.

For this, recall that the topological string is a sub-sector of string theory since
it is obtained from the latter by performing the topological twist [86]. It turns
out that F, computes the (moduli dependent) coupling coefficients of a class of
higher derivative F-terms in the string effective action [] coupling, at genus g, two
gravitons and 2g — 2 graviphotons of definite self-duality, say anti-self-dual:

F,R:F}¥ 2. (0.0.2)

Here, R denotes the anti-self-dual Riemann tensor and Fg is the anti-self-dual
part of the graviphoton field strength. Due to supersymmetry, these couplings
receive contributions from BPS states only so that they are protected against any
perturbative and non-perturbative corrections. They have been used, for instance,
to test the dualities between Type II, Heterotic and Type I string theories. From
the gauge theory point of view, it is rather surprising that these gravitational
corrections survive the point particle limit. Their interpretation from the low en-
ergy effective action point of view goes beyond the Seiberg-Witten theory and
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becomes clear when one introduces the Q-background [67, 64]. In fact, one may
wonder whether it is possible to calculate the instanton coefficients Fj by evalu-
ating the path integral over the instanton moduli space. However, the latter is
not well-defined because of the non-compactness of the moduli space, and the €2-
background acts as an appropriate regulator. It can most easily be seen as arising
from a dimensional reduction of an N' = 1 gauge theory in six dimensions on a 7
torus fibration over R*, such that going around the cycles of 7 is accompanied by
a rotation in R* parametrised by two complex parameters, €; 5, and an R-symmetry
rotation proportional to €; +¢€5. The latter is crucial in order to preserve supersym-
metry. The integral over the instanton moduli space becomes well-behaved and,
for instance, the effective volume of space-time is equal to 1/e;e5. Moreover, the
prepotential of this ‘deformed’ gauge theory can be evaluated and takes the form

fNek(a7 A7 €1, 62)

€1€2

. (0.0.3)

In the limit € 5 — 0, it reduces to F°W(a, A)/e €2, and this can be seen as a non-
trivial check of the Seiberg-Witten solution. Moreover, for ; = —ey, it is given by
the field theory limit of the topological string partition function:

2 FNK(a, A 1, e2)
Z ggg 2fg ‘ﬁeld theory - ) (004)

g=0 €1€2 €1=—€2

and h = €1 = —ey is identified with the topological string coupling g,. This limit
is therefore referred to as the ‘topological string limit’. From the point of view of
the string effective action, the (2-background can be identified, at the string level
and for ¢, = —ey, with a constant anti-self-dual background of graviphotons as in
[@@2). From this perspective, one may wonder about the physical significance,
in string theory, of a general (2-background. In other words, one would like to
find, if any, a coupling in the string effective action in the form of ((L1LZ) with an
additional physical field F,

Fyn R*F¥ 2 F™, (0.0.5)

such that F,, coincides, in the field theory limit, with the partition function of
the 2-deformed gauge theory:

(0.0.6)

" |field theory

Nek _ 29 2n
F ¥ (a, N\, e1,€69) = g el Fy
g7n

Here, we have defined e, = % This task is quite tedious because of the

non-trivial R-symmetry rotation in gauge theory. From the construction of the
-background, e parametrise rotations in the two independent planes of R*, re-
spectively. By decomposing the Lorentz group accordingly as

SU2)_ x SU(2)., , (0.0.7)
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this means that the graviphoton background couples only to SU(2)_, consistently
with its definite self-duality. Therefore, the additional physical field F' must couple
to SU(2), or, equivalently, be a self-dual field strength background.

Such a coupling would provide a physical realisation of the 2-background which,
from the gauge theory point of view, can simply be regarded as a regulator of the
instanton path integral. The natural question is whether the couplings £y, are
the partition functions of some topological string theory that one would call the
refined topological string. If that is the case, then the Fj, would be a worldsheet
realisation of the latter. The aim of the present work is to achieve a first step in this
direction by identifying, in string theory, a relevant self-dual field strength F’ giving
rise, in the field theory limit, to the Q2-deformed gauge theory partition function.
More specifically, we explore the connection of the topological string to the BPS-
saturated couplings ([LLZ) and study a natural supersymmetric generalisation
thereof. The additional insertion is then identified with a particular (universal)
vector multiplet.

The plan of this work is the following. In Section [, we briefly review the quan-
tisation of superstring theory. This sets the notation and provides with the basics
needed in the subsequent parts of the manuscript. In Sections (2HH), we present the
main ingredients of topological string theory and discuss its known connection to
higher derivative couplings in the string effective action. In Sections (@), based
on [12], we identify the vector multiplet associated to F' and calculate, perturba-
tively, the corresponding coupling coefficients. In particular, it is shown that the
field theory limit of the latter reproduces the perturbative part of the 2-deformed
N = 2 gauge theory partition function introduced in Section Bl Finally, in Section
[, we use a D-brane realisation of gauge theory instantons in order to calculate
non-perturbative corrections to the generalised couplings and prove the precise
matching with the non-perturbative part of the gauge theory partition function,
as discussed in [13]. The relation between these couplings and the refined topo-
logical string is discussed in Section [[lL4l Some complementary technical material
used throughout the manuscript is gathered in a number of appendices.

XX
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Introduction






1 Elements of String Theory and Conformal
Field Theory

The basic idea of string theory is to replace point particles by a one-dimensional
object, or a string, embedded in a target space. The world-line becomes a two-
dimensional surface, the worldsheet, describing the evolution of the string. Hence,
the natural theory to study is a sigma-model in two dimensions describing the
dynamics of a relativistic string. Of course, the latter can have different shapes: it
can be closed or open, oriented or unoriented. Many of the discussions below are
valid for any type of strings, and we point out some of the peculiarities of each of
them. Similarly, a Feynman diagram describing an interaction of point particles
is replaced by a surface. However, locally, the latter is simply the worldsheet of
a string. In particular, there is no notion of vertex points and interactions seem
to be purely geometric: an interaction term is solely fixed by the choice of the
external string states, at each order in perturbation theory which is represented
as a genus expansion or a sum over worldsheet topologies. Finally, in the limit
where the string length is sent to zero, one expects to recover the usual properties
of a quantum field theory. In what follows, we briefly review the quantisation of
the bosonic string, then we present some properties of superstring (perturbation)
theory which is necessary in order to describe space-time fermions. Most of the
material presented in this part of the manuscript can be found e.g. in |51, 160, [77, [78].

For a more recent discussion of string perturbation theory, we refer the reader to
[91].

1.1 The Bosonic String

A free bosonic string propagating in a D-dimensional target space (or space-time)
can be described by using a collection of bosonic fields X#(£%), where p=0---D—
1,a=1,2and &' = 0, €2 = 7 parametrise the worldsheet of the string. The latter
take value in [0, 27] x R for closed strings and [0, 7] x R for open strings. Physical
quantities should not depend on a particular parametrisation of the worldsheet, so
the sigma-model has to be {-reparametrisation invariant. The simplest choice is
the Nambu-Goto action that calculates the surface of the worldsheet:

Sna = —T/d2§\/—det(gab), (1.1.1)



1 Elements of String Theory and Conformal Field Theory

where T = ﬁ is the string tension and g, = G, (X) 0, X" 0, X" is the pull-back
of the space-time metric G, on the worldsheet. The constant o/ has the units of
(space-time) length-squared and is called the Regge slope. This non-linear action is
difficult to quantise. Fortunately, by introducing an auxiliary field hy, having the

meaning of a two-dimensional metric, one can linearise the Nambu-Goto action:

- 47rla, / BPEN =D R 0, X" 0,X" G (X) . (1.1.2)
This is the Polyakov action. The space-time coordinates X* are scalars on the
worldsheet coupled to two-dimensional gravity. The action (([CTZ) is manifestly in-
variant under (global) general coordinate transformations which reduce to Poincaré
in the case where the space-time metric is flat, G, (X) = 7, (which we assume in
the quantisation of the sigma-model below). Moreover, (LI2) also enjoys (local)
diffeomorphism invariance. In fact, one can write a more general action respecting
these symmetries:

Sp =

S = —

/ *¢V—h(h® 0, X" 0, X" G (X)
+ &% 0, X" X" B(X) + /¢(X)RP) (1.1.3)

where ¢ is the Levi-Civita symbol, B, is an anti-symmetric tensor (Kalb-Ramond
field), ¢ is a scalar field identified with the dilaton and R® is the two-dimensional
Ricci scalar. G, B, ¢ are usually referred to as the string background fields. Notice
that for a constant dilaton background, the last term in ([LI3) is somehow trivial
and, in particular, does not introduce any classical dynamics. This is due to the
fact that in two dimensions, any Einstein-Hilbert term satisfies Einstein’s equation
Ry, — %habR = 0 because Rupeq X hachpg — haghee. On the other hand, the Polyakov
action ([CT2) enjoys an additional local symmetry, Weyl rescalings, which is very
peculiar to two dimensional sigma-models and is fundamental for the theory to
be well-defined. Its action is defined as an arbitrary rescaling of the worldsheet
metric:

4ol

hay — €2y, . (1.1.4)

Notice that Weyl invariance forbids any potential term [ d*¢+/—hV(X) or a cos-
mological constant. Moreover, the dilaton term in (CI3]) breaks, in general this
symmetry:

V—hR® — /=R R® —20w(), (1.1.5)
with O = V=hh®V,V, = 0,(v—hh® V). Hence, for a constant dilaton and a
worldsheet without boundaries, the Ricci scalar term preserves, classically, Weyl in-
variance. For a surface with boundaries, an additional term involving the geodesic
curvature k of the boundary is necessary to restore this symmetry:

1

2

dso k. (1.1.6)

boundary



1.1 The Bosonic String

In general, for a constant dilaton, the Weyl-invariant ¢-term in the action gives
the Euler characteristic x of the worldsheet 3 through the Gauss-Bonnet theorem:

L[ e 7 pe L _
4WLd§f7¢R +5- | dsok=x(2)¢. (1.1.7)

ox

Gauge fixing

As usual, we can use the local symmetries on the worldsheet to fix some of the
degrees of freedom, for example, by using &-diffeormorphims we can bring the
worldsheet metric to a conformally flat form:

hay = €2 . (1.1.8)

Moreover, using a Weyl transformation, the remaining component can be fixed and
the metric becomes flat. Notice that this can always be done locally, which can be
seen e.g. from ([CIH). The residual symmetry preserving the unit metric on the
worldsheet is a subgroup of the (Diffeomorphism x Weyl) group and corresponds
to conformal transformations. Therefore, the gauge-fixed two-dimensional string
theory is a conformal field theory (CFT) which we now briefly present.

In two dimensions, the conformal group (CG) is infinite. It is generated by
infinitesimal holomorphic and anti-holomorphic coordinate transformations:

z— z+€(z), (1.1.9)
zZ—Z+€(2). (1.1.10)

By writing the Laurent expansion of €(z) and €(Z), we can define the generators
I, = —2""20 and l,, = —2""20 that factorise the CG into a left- and a right-moving
part. The generators [,, satisfy the classical Virasoro or Witt algebra

Ly b)) = (M — 1)y, - (1.1.11)

Notice that [_q, ly, [ together with their right-moving counterparts generate a
globally defined subalgebra corresponding to SL(2,R) x SL(2,R) (or SL(2,C)/Z,
for a Euclidean signature). We denote this subalgebra CGy. A conformal theory
has a conserved, traceless energy-momentum (EM) tensor 7T":

0T: =0=0T,. (1.1.12)
ng - 0 - ng . (1113)

From the point of view of the CF'T on the worldsheet, these relations should hold
at the quantum level in order for the theory to be well-defined.

Let us pause for a moment and consider, in string theory, a cylinder describing
the worldsheet of a propagating closed string, parametrised by the complex coor-
dinate w = 7 — i0. Under the conformal transformation z = €%, the cylinder is
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mapped to the Riemann sphere C U {co}. We mostly work in the z-coordinate
system keeping in mind the map to the canonical picture. Note that in the z-
frame, time flows radially and the origin represents the infinite past. Similarly, the
simplest open string worldsheet, the strip, is mapped to the upper-half plane H.
Back to the CG, the EM tensor can be expanded in Laurent modes as well,

T..(2)=T(z) =) ;Zz , (1.1.14)

ne”L

where L, = ﬁ § dz 2" T,,(2) are the Virasoro generators. Finally, an essential
ingredient is the operator product expansion (OPE) which expresses, to arbitrary
accuracy, a product of two operators coming close to each other as a sum of local
operators:

0i(2,2)0;(w,w) =Y Ck(z —w, z — ) Op(w, @) . (1.1.15)

Conformal invariance puts stringent constraints on the form of the OPE. It is
convenient to define a basis of local operators ¢ called primary fields which are
(h, h)-tensors for the full CG, i.e.

92\ " foz\ "
é(2,%) — <6—2) (8—2) (2, 7). (1.1.16)
h, h are called the conformal weights of ¢. One also defines A = h+h and s = h—h,
the canonical dimension and spin of the operator. One can then show that the

OPE of the EM tensor with a primary field (which can be used as a definition of
a primary field) is

h Op(w, @)

_|._
(z —w)? z—w

T(z)¢(w, w) = . (1.1.17)

where the dots denote regular terms. However, the EM tensor is not a primary
field but rather a quasi-primary meaning that it transforms as a tensor only under
the finite conformal subgroup CGy. The OPE of the EM tensor with itself is

c/2 2T (w oT (w
2, 2T(w)  OT(w)

(z—w)* (z—w)? z—-w

T(2)T(w) = + e (1.1.18)
c is called the central charge of the conformal algebra and appears in the quantum
Virasoro algebra for the modes L,:

(Lo, L] = (m — 1) Ly + Tch(m2 D)o (1.1.19)

The Green functions of primary fields are constrained by conformal invariance.

For instance, one can completely determine (up to a constant) two- and three-
point functions using CGy. Recall from (CTI3) that the EM tensor is, classically,
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conserved and traceless. However, this is in general not true at the quantum level
due the to presence of the central charge. One can show that

(T..) = 1—02 h.: R® (1.1.20)

and similarly for T%,. Hence, if the worldsheet is curved, the EM tensor is anoma-
lous unless ¢ = ¢ = 0. This is the Weyl anomaly. In order for the string theory to
be well-defined, the latter must cancel.

Consider a general (free, exact) CFT. Using the conformal map to the cylinder,
one can define a Hamiltonian density

H=T,,+ Tow = %Tzz—i—c—i— %ng—i—é. (1.1.21)
z Z
By unitarity, L, = LT_n. Moreover, the states of the theory are the irreducible rep-
resentations of the Virasoro algebra. Firstly, construct the vacuum as a minimal-
energy and CGy-invariant state. Then define the primary states of conformal
weight (h, h), Lo|¢) = h|¢). The Virasoro generators L,~q and L, act as annihi-
lation and creation operators. Acting with the creation operators on the primary
states generates the descendants of the primaries that form, all together, the Verma
module. Thus, the spectrum of the CFT is determined by its primaries. In fact,
one can show that there is a one-to-one correspondence between the states and
the operators of the CF'T. In this sense, CFT plays a crucial role in string theory
as we shall see below.
Let us apply the previous ideas by considering the gauge-fixed action ([CI3]) for
a flat background. This is a CFT of D free scalar fields whose EM momentum
tensor is T'(z) = —i: 0X"0X,: , where : : is the normal product. By calculating
the OPE of the EM tensor with itself, one finds that this CF'T has central charges
c = ¢ = D. Moreover, X* is not a primary field but 0X* and 0X* are. They
carry conformal weights (1,0) and (0, 1) respectively. The ‘coherent’ states X (*?)

are also primaries of weight (%, %pz). Finally, for later reference, the two-point
function is given by

/

(X*(2,2) X" (w, ®)) = —%nw log |z — wl[?. (1.1.22)

Another important class of CFTs is the bc-ghost system where b and ¢ are
anti-commuting fields whose action is

1 _
She = oy /d2z boc . (1.1.23)
For b and ¢ carrying weights (\,0) and (1 — A,0), this defines a CFT with EM
tensor

T =:0bc: —X0:bc: (1.1.24)
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and central charges ¢ = —3(2\ — 1)2+ 1 and ¢ = 0. The b-c OPE is simply
b(z)c(w) ~ (z —w)~t. For A = 2, this system describes the Fadeev-Popov ghosts
arising in the gauge-fixing of the Polyakov action as we describe below. For \ = %,
it describes a theory of worldsheet fermions relevant for superstring theory.

We would now like to perform the path integral for the Polyakov action

1
7 = V/DX Dh e~ 5P (1.1.25)

First of all, we locally fix the metric to hap = Oup (using Euclidean signature) so
that we are left with a residual symmetry e:

c d
20(¢) 0¢° ¢ 5

s 1.1.26
o gert ! (1.1.26)

W) =e

In other words, we integrate only over physically inequivalent field configurations.
This amounts to inserting the Fadeev-Popov gauge-invariant determinant J[h],
corresponding to the Jacobian of the coordinate transformation (LT26), in the
path integral:

7 = % / DX Dh De§(h¢ — h) J[h] e S0 = / DX J[h] e~ S*M - (1.1.27)

where we have used the gauge invariance of the Jacobian and the action, and the
integral over € cancels the volume factor. The Fadeev-Popov determinant can be
represented by a Grassmann integral of ghost fields b, ¢ of conformal dimensions
2, -1 respectively:

7 = / DX e SpIXH=Sanlber], (1.1.28)

The ghost action is S, = 52 [ d*z (bdc+bOE). The total EM tensor is the sum of
the EM tensor of the X and be CFTs. The new total central charge is thus given
by the sum of the central charges

Ciot = Cx + Cgh = D — 26 . (1129)

Hence, the vanishing of the total central charge, or the decoupling of the scale
factor of the metric () at the quantum level requires the target space dimension
to be D = 26. More precisely, one can show that under a Weyl transformation,
the path integral transforms in the conformal gauge as

Z — exp {Z; /d2§ V—h(h"0,00,0 + R(h)o)| Z . (1.1.30)

Finally, let us simply mention that the condition for the gravitational anomalies
to cancel, ¢ = ¢, is automatically satisfied.
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Curving the background

So far, we have dealt with a flat space-time background. However, one is interested
in studying more general curved backgrounds (CT3). Again, one has to ensure
that the theory is consistent by requiring anomaly cancellation. Here, one is
forced to work perturbatively in a derivative expansion in space-time, and this
corresponds to considering the limit where % < 1, with R being the order of the
space-time curvature. The statement of quantum conformal invariance boils down
to the tracelessness of the EM tensor, and this can be expressed in terms of the
[G-functions of the background fields:

5¢’ 1(
2"

with the S-functions calculated perturbatively as

T, = O R+ B )0, X" 9, X", (1.1.31)

1
B% = Cior + go/ <4(v¢)2 —40¢ — R — —H,,, H"* + O(a’)) . (1.1.32)

12

D = —d/V*(e ¥ H,,) + O(d), (1.1.33)
1

P (RW = Hupo 1,7 + 2D, Dy + O(a’)) . (1.1.34)

Here, H = dB is the three-form flux associated to the Kalb-Ramond field. The
vanishing of the -functions can be viewed as a set of equations of motion for the
background fields which can be used to write down a space-time effective action:

1 1

2c
Dx /G e 2(RD) 4 4 _ 12 ‘G
Sef = 2,%2 d Ge (R + (V¢) 2 30/

)+ 0(/).  (1.1.35)

BRST symmetry and physical states

We have heretofore quantised the bosonic string using a particular gauge fixing.
More generally, one can implement an arbitrary gauge-fixing F'4 by introducing
new Lagrange multipliers in the path integral. This amounts to adding a new
action Sgt = — [ i B4F#. The full action including the ghosts and the worldsheet
fields enjoys a global symmetry, called the BRST symmetry:

5BRST(XM h’ab) = _in65gauge(XM7 hab) 5 (1136)
dprst(c) =incde, (1.1.37)
OrsT(ba) = nBA, (1.1.38)
OprsT(Ba) = (1.1.39)
The corresponding Noether current is
1 3
JersT = cTx + §CTgh+ 5820. (1.1.40)
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By making a variation of the gauge-fixing functional F'4, the path integral should
remain invariant. This implies that a physical state must be BRST-invariant:

QBRST|OphyS> = 07 (1141)

with QgrsT = 39 2% jerstT- In fact, there is an additional constraint coming from
kinematics that one needs to impose on physical states, that is a mass-shell condi-
tion

bo| Opiys) = 0. (1.1.42)

Using the fact that Ly = {Qgsrsr, bo}, this leads to Lo\(’)phys) = 0. In the absence
of conformal anomalies, the BRST charge Qgrst is nilpotent, Q3rqr = 0. In
particular, any state of the form @Qprsr|®) is annihilated by the BRST-charge,
but is orthogonal to any physical state. Therefore, the Hilbert space of physical
states is in one-to-one correspondence with the ()grst-cohomology:

Hohys ~ Hoprer - (1.1.43)

Spectrum

Let us go back to the free bosonic string described by ([LT2) in a flat background.
A primary field ¢ of weight h can be expanded as

=Y g, (1.1.44)

neL

Using the fact that 0X* are weight 1 primaries, one can write down the mode
expansion for the free scalars. Alternatively, we derive it canonically from their
equation of motion supplemented with the appropriate boundary conditions. The
solution can be decomposed into a left-moving free boson and a right-moving one,
and the mode expansions read

X‘L‘(z):x; ‘O‘len \/72 (1.1.45)
Xg(z):x; iapRln \/72 n g (1.1.46)

Again, one can see from the zero-modes that X* is not a primary field. Reality of
X* imposes the reality of the zero-modes z*, p; , p/s, and the conditions (a#)* =
o, and (a#)* = a&",, on the oscillators. We first focus on the case of closed oriented
strings for which X* are periodic, X*(7,0 4 2mr) = X#(7,0). In this case, pf = p
and it represents the center-of-mass momentum of the string. In the quantum
theory, the oscillators o, and &", for n positive are creation operators and the
spectrum of the theory is built by acting with them on the vacuum. The levels

10
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N, N of a given state is defined by the number of oscillators (on the left, right) one
acts with on the ground states, or, equivalently, the eigenvalues of the operators
Zn>1 a_p 0y and Y 51 Op Q. Moreover a given state in the theory must be

gauge-invariant, and this imposes, in particular, the level matching conditionl]
N=N, (1.1.47)

which can be equivalently formulated as Ly = Lo.

The above mode expansions correspond to tree-level solutions (cylinder) and one
can generalise them for higher genera (see subsequent sections for more details).
Let us now consider the case of open strings where one needs to impose boundary
conditions on their endpoints. Here, the left- and right-movers are no longer
independent. There are two possibilities that one can combine:

1. Neumann (N) boundary condition: 9, X*|poundary = 0, the endpoint is free.

2. Dirichlet (D) boundary condition: 0; X*|,oundary = 0, the endpoint is fixed.
This breaks Poincaré invariance.

Depending on the choice for each endpoint, we can have N-N, D-D, N-D or D-N
boundary conditions and we now list the mode expansions for open strings in each
case:

1. N-N
XH*(z,2) = a* — zap“lnz|2+2\/ Z (z7"+z7").
n#O
2. D-D
/ p
XHMz,2) = 2" —ia/p"In = +m/aza h—zT).
n#0
3. D-N
m
XH(z,2) = x“+2\/ Za h—z).

nEZ+2

In the case where one imposes Dirichlet boundary conditions, no momentum is
allowed (the p*-term only depends on o).

As mentioned above, a state in the Hilbert space can be thought of as a (vertex)
operator of the underlying CFT. In the closed string case (we set o/ = 2 for
convenience), it is constrained by conformal invariance to be a primary field of
weight (1,1) integratedd over the worldsheet, [ d*2V(z,z). In order to find the

!The zero-point energies must also match.

2In some specific cases, one uses unintegrated vertex operators by attaching a ¢ () ghost to the primary
operator. This happens, for instance, in tree-level amplitudes as we discuss in Section B In fact, it
turns out that in some cases, there is an equivalence between the formalism using integrated vertex
operators and the one with unintegrated ones, see Section 2.5 of [91]].

11
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vertex operators for the lowest mass states of the theory, recall that the vacuum
carrying momentum p# is annihilated by all positive-mode oscillators. The mass

operator is
M? =2 (Z Oy Oty — 1) . (1.1.48)
n#0

Consequently, the ground state has mass m? = —2 and is tachyonic. It is a
problematic aspect of the bosonic string as it signals an instability in the theory.
In fact, it is one of the motivations for superstring theory. The tachyon corresponds
to the vertex operator e/, with the on-shell condition p? = 2. The first excited
state is constructed by acting with one oscillator on the left and another one on
the right, and it corresponds to massless states whose vertex operator is

OXHOXY P (1.1.49)

The latter can be decomposed into a symmetric traceless tensor G, identified
with the graviton, an antisymmetric tensor B, and a scalar ¢ corresponding to
the dilaton. Even though the initial sigma-model (LI2) did not include these
fields, string theory generates them automatically.

In the open string case, one can make the same arguments showing that the
ground state is again tachyonic and the first excited state is a massless gauge boson.
One already sees that the closed string probes gravity while the open string carries
the gauge degrees of freedom. The latter can be implemented by attaching an
internal index to the string endpoints which, by definition, have trivial worldsheet
dynamics. They are called Chan-Paton (CP) labels and are natural degrees of
freedom one introduces for such distinguished points in a quantum system. Any
state in the theory carries two additional indices 7, j taking values from 1 to n.
One can view the index i as being in the fundamental representation of U(n). If
the string is oriented, then the index at the other endpoint, j, must transform in
the anti-fundamental. Therefore, a given state at level N

[N p,ij) (1.1.50)

transforms as an adjoint representation of U(n). In fact, if we define the basis of
states

[N:p,a) ZA N3 p,ig) (1.1.51)

then the matrices A%, called the Chcm—Paton matricest, are elements of U(n).
Hence, the oriented open string theory acquires a U(n) gauge symmetry. For
the unoriented string, one must impose the orientifold parity ) reversing the
orientation of the string:

Q: X¥r,0) — X' —0o,7), (1.1.52)

34 should be viewed as a colour index.

12
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which translates on the oscillators in the open string sector as
Qal Q= (-1)"ak. (1.1.53)
Including the Chan-Paton indices, the states transform as
Q[N;p,ij) = w|N;p, ji), (1.1.54)

with w = +1 depending on the level of the state or, equivalently, on its mass.
Consequently, the CP matrices have to be either symmetric or antisymmetric
in order for the corresponding state |N;p,a) to be invariant under 2. The CP
matrices are then Sp(n) or SO(n) respectivelyll. For instance, the massless gauge
bosons that are 2-odd are in the adjoint of SO(n) so we would have an SO(n)
gauge theory.

When dealing with open string amplitudes, we have to take into account the
CP matrices which are not dynamical fields. Hence, adjacent states should have
their corresponding CP matrices contracted (the right endpoint index of one should
correspond to the left endpoint index of the other) as the CP labels are not affected
by the propagation of the string, and the full amplitude simply includes a trace of
the CP matrices of the scattering states.

Amplitudes

The simplest amplitudes one can consider are tree-level ones. They correspond to
scattering of physical states or, equivalently, to CFT correlators of vertex opera-
tors. Naively, one would consider the correlation function of a number of vertex
operators and integrate over their positions. However, this is divergent since we
must only integrate over inequivalent classes with respect to CGq. In other words,
CGy allows one to fix three of the vertex operators to arbitrary positions. This
leads to (in the closed string case, for the open string it’s very similar)

S v = [ IS dzi|2<ﬂV(z %)) (1.1.55)
Lo L YN) = T i(Zis Zi)) - 1L
dVeke 7

The correlator is to be evaluated in the free CFT action considered above. For
instance, if we fix the positions of the vertices V;, V5 and Vy, then

dz dzo dzy

Vere = ) — o)z — o)

(1.1.56)

Let us now turn to the more rich one-loop case and derive the partition function,
or vacuum-vacuum amplitude, for the scalar and ghost CFTs. This is a quantity
of interest not only as the simplest one-loop amplitude but also because it encodes

“The notation Sp(%) is also used in the literature.

13
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the spectrum of the theory. Consider first the closed string case. The worldsheet
is either a torus (oriented string) or a Klein bottle (unoriented string). In the
path integral formalism, one must integrate over the space of metrics. On a genus
g Riemann surface, the metric can always be locally brought to a conformally
flat form. However, this is not true globally due to the presence of inequivalent
classes of metrics. Indeed, there exist n conformal Killing vectors parametrising
the transformations leaving the conformally flat metric invariant and m moduli
parametrising the conformally inequivalent metrics. Moreover, one can show that
the conformal Killing vectors correspond to the ¢ zero modes whereas the moduli
of the large gauge transformations are given by the b zero modes. For a general
be-system as in ((CT23), the Riemann-Roch theorem states that

No(b) = No(c) = (2A = 1)x(9), (1.1.57)

where x(g) is the Euler characteristic of the genus g Riemann surface and N
counts the zero modes. In particular, for the case of interest A = 2, it yields
m—n = 3x(g). Hence, the moduli space over which we integrate is the quotient of
the space of metrics by the group of diffeomorphisms, Weyl transformations and
large coordinate transformations that connect conformally inequivalent metrics. In
the case of the two-torus, the latter is the modular group SL(2,Z)/Zy = PSL(2,7Z)
and the moduli space is the fundamental domain pictured in Fig. [l It is
parametrised by a complex parameter 7, the complex structure of the torus. More
generally, for a genus g > 1 Riemann surface, there are 3g — 3 complex moduli
(and no conformal Killing vectors).

The partition function can be canonically calculated by picturing the torus
through its fundamental parallelogram: it is a cylinder of height 7 whose bound-
ary circles are identified after a twist by 7. The identification produces a trace
with the insertion of the generator of the translations for the cylinder given by the
Hamiltonian density H = Lo — o7 + Loy — i. Hence, the partition function for the
free scalars is (after performing a Wick rotation)

Z/JA{( — Tr[e—27r7’2(Lo—i—i—io—%)-ﬁ-%ﬁﬂ’l(L()—[_/())] — Tr[qLo—i qio—%] ’ (1158)

where ¢ = €2 and 7 = 7, + iT,. From this form, one can think of the partition
function as a Fourier expansion, i.e. a ¢g-expansion whose exponents label the
states in the spectrum with the integer coefficients being the corresponding degen-
eracies. Using the fact that the generator Ly = % + Y 50 @—n- 0y, and separating
out the zero modes p, the partition function becomes

V de D

F =0 ety ol o gL, &

- (qé)D/“/(%)De R HHQ q , (1.1.59)
i=1n>1

where the prime ’ denotes the fact that the trace excludes the zero modes. Per-

14
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1 an 1/2 1 T
Figure 1.1: A fundamental domain F of the two-torus.
forming the trace yields (after a Wick rotation back)
LV 1
7X =D (1.1.60)

(87272) P72 (n(7)7(7)P

n(7) being the Dedekind eta function (CZI0). Using the properties of the latter,
it is easy to show that the partition function (CI60) is modular invariant, i.e.
invariant under the group PSL(2,Z) of the torus, as expected from the consistency
of the theory. In fact, the precise choice of the central charge c is crucial for this
to hold. In order to obtain the full vacuum amplitude, one should calculate the
contribution of the ghost system (or, alternatively, choose a particular gauge-fixing
in the previous calculation). Essentially, the ghosts removes the two transverse
degrees of freedom so that they contribute

72 = |n(1)|* (1.1.61)

to the torus partition function. Putting all the pieces together, the torus vacuum
amplitude is the integral of the modular invariant partition function

7:‘/26 d27' 1
% = sty |, o (1162

Notice that the fundamental domain provides a natural regularisation for the field
theory UV-divergences that would arise had we integrated the partition function

15
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around zero. One can do the same analysis for the Klein bottle. This is done by
inserting the orientifold operator €2 in the partition function. The contributions
are from those states whose left- and right-movers are in the same state. The fun-
damental domain of the Klein bottle is parametrised by one positive real number.
Without going into the details, the result is

Ve [Cdt 1
Zi = W/ o e (1.1.63)

Contrary to the case of the torus, here the integral is divergent around ¢ = 0. In
the open string case, one must implement the appropriate left-right identifications.
The relevant worldsheets are the cylinder and the Mobius strip. The results, very

similar to (CI63), are

Vg n? /OO dt 1
o= - - 1.1.64
C 2(1671’2)13 t2 (\/En(it))m ? ( )
FiVosn /OO dt 1
Ty = 22 % : 1.1.65
MT4(1672)B [y 2 (VE9,(0, 2it) n(2it))12 ( )

Here, n is the number of Chan-Paton degrees of freedom and the sign refers to
the SO(n) or Sp(n) gauge groups, and ¥3 is defined in ([CZ2). Once again, these
quantities are divergent around ¢ = 0. For the theory to be well-defined (at least
at one-loop), one can try to choose a gauge group such that the divergence in the
sum of the vacuum amplitudes cancels out. Using the asymptotics of the partition
functions (CIT64, [CT63 [CT6H), it is easy to show that their behaviour is the same
and the only difference is in the prefactor. The total divergence is dressed with a
factor of (we reinstate the dimension D of space-time)

n? — 20202 4 9P — (n 3 2P/%)2 (1.1.66)

Therefore, the bosonic open string theory is consistent only for an SO(2!3) gauge
group. There is a useful diagrammatic way of representing (LT.60). Indeed, the
limit ¢ — 0 means that the string worldsheet develops a very long tube and the
sum of the cylinder, Mobius and Klein bottle contributions is represented in Fig.
below where a cross represents a cross-cap, i.e. an identification of the circle
under the orientifold 2. The consistency of Type I is thus reinterpreted as a
tadpole cancellation or, equivalently, the absence of gauge anomalies in the low
energy effective actiontl.
The natural question is whether one can define an all-genus partition function

7= ¢ X927, (1.1.67)
x(9)

5In fact, tadpole cancellation is stronger than the condition of absence of gauge anomalies.
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O—=0+—0- —9 - 3—4
2
- (04

Figure 1.2: Tadpole cancellation in Type I: the sum of the cylinder, Mébius and Klein
bottle worldsheets is the square of the sum of two tadpoles in the limit t — 0.

where F) is the genus g partition function and g, is the vacuum expectation value
(v.e.v) of the dilaton ¢ defining the string coupling constant. From the previous
discussion, in order to have a sensible path integral, it is necessary to take into
account the local and global worldsheet degrees of freedom that manifest them-
selves through the presence of zero-modes in the measure. For definiteness, let us
focus on the closed string. On a genus g Riemann surface ¥, there are 3g — 3
zero modes for the b-ghosts. Hence, one must insert 3g — 3 b-ghosts in the path
integral, and these can be folded with the same number of Beltrami differentials
parametrising deformations of the moduli space of genus g Riemann surfaces M,
to form an M -invariant measure. The genus ¢ partition function then reads

39—3 3g—3_
Zo= [ Qv IT 0. (1.168)
9 a=1 a=1

with b p, = fzg d*2b,,(11a)s" -

1.2 Superstring Theory

The bosonic string theory, as it stands, has two main drawbacks. Firstly, its ground
state is tachyonic so the theory is not viable or, at least, is not expanded around
the right vacuum. Secondly, it lacks space-time fermions which are essential to
describe matter. In fact, both problems are related as we now readily show.

Fermions in two dimensions

Fermions on the worldsheet can be easily described by a be-system as in ([CT23))
with spin A = % They can also carry a space-time index and the action is

T

Sr = E/d%X“vaaaxu = —T/d2§ (V" Dby + D* D1Py,) (1.2.1)
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where v* are Pauli matrices and y = ( ¥ ) is a Majorana-Weyl fermion. The

(8

equations of motion of the fermions ¢ and 1 imply that they are holomorphic and
anti-holomorphic respectively. Viewed as a be-system, ([L2Z1]) defines a CFT with
EM tensor T'(z) = —%w“ 01, and central charge ¢ = % On a closed string world-
sheet, invariance of the action (L2ZI) imposes two possible boundary conditions
for the fermions:

1. Periodic or Ramond (R) boundary condition: ¥*(7,0 + 27) = *(1,0),

2. Anti-periodic or Neveu-Schwarz (NS) boundary condition: ¢*(7,0 + 27) =

—¢” (T7 U) .
On the complex plane, this implies the following mode expansions
Y= e, (1.2.2)
nezZ+v
(1.2.3)

with (vg,vxs) = (0, 5), and the modes satisfy the algebra

{00} = Omanon™ = {Uh, ¥} (1.2.4)

Notice that the periodicities are exchanged when one goes from the cylinder to
the complex plane so that a Ramond fermion becomes anti-periodic (when going
around the origin of the complex plane) while an NS fermion becomes periodic.
This stems from the fact that they carry conformal weight 1/2. The states of the
Hilbert space can be constructed as [¢)) = lim,_¢%(2)]0). In the Ramond sector,
this implies that 1,,>¢ act as annihilation operators since they lower the energy of
the states:

(Lo, ¥p] = —niy, (1.2.5)

except for 1f which is a zero mode. Therefore, the vacuum is degenerate and
corresponds to a state |a) with 2P/2 components generating a Clifford algebra in
D dimensions. This is precisely what is required to have space-time fermions.

In the NS sector, there are no zero modes because of the 1/2-integer shift and
(U Jo ACt as annihilation operators. Combining left- and right movers, it is clear
that space-time fermions arise from the R ® NS and NS ® R sectors whereas the
R® R and NS ® NS sectors can only generate space-time bosons.

RNS superstring

Let us apply these ideas to construct the Ramond-Neveu-Schwarz (RNS) super-
string. The starting point is a two-dimensional sigma-model with a flat target
space, described by the supersymmetric version of Polyakov’s action
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1.2 Superstring Theory

SSPO] - _471'0/

/ 26V —h(h™0, X" 0, X,, — ip" D0y,
_ " i- - .
+ 2% Y Y U Oy X — 51#‘% YoV’ xs),  (1.2.6)

where y is the gravitino of the worldsheet gravitational multiplet. On top of the
symmetries of (LIZ) (space-time Lorentz, local reparametrisations and Weyl),
this action has N = 1 supergravity and super-Weyl invariance

6)\Xa =\ Ya » (127)
O\ XH = Syt = 63h = 0. (1.2.8)

Using these symmetries, one can locally bring the metric to a flat form and set
Xa = 0 so that the resulting action (o/ = 2)

S = ﬁ / d*z (0X" 0X,, + YO, + V"ov,), (1.2.9)

represents a superconformal field theory (SCFT) generated by the EM tensor
T(z) = —%(8X“ DX, + Vrdn,) (1.2.10)
and its superpartner, the worldsheet supercurrent, which has conformal weight 3/2
Tp = ip" X, . (1.2.11)

These conserved currents satisfy the following OPEs:

c/2 N 2T (w) +(9T(w)

T(2)T(w) = (1.2.12)

(z—w)? (z—w)? z—w’
T()Tr(w) = 7 ?’_/2)2 + aZTi(Z) , (1.2.13)
To(2)T(w) = — 2 4 2Lw) (1.2.14)

(z—w)?  z—w

Here, the central charge ¢ can be obtained by counting the contribution of D free
scalars and fermions X* ¢* as ¢ = D + %D = %. Using the mode expansions of

the worldsheet fields (CT45], [CTA6, [CZ7), the EM tensor and the supercurrent
can be expanded as

T(z) =Y L,z "2, (1.2.15)

nel

Tp(z)= Y Gpz "%, (1.2.16)

rezZ+v
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The modes are defined as

1 1
Lm = 2 Z: O O+ 4 Z (2r —m): Y, Yy 4+ arNS O, (1.2.17)

nez reZ+v

GT‘ - Zaﬁ w,ur—na (1218)

nez

where ag = 1/16 and axs = 0 are the zero-point energies corresponding to the
conformal weights of the ground state in the R and NS sectors.

In the Fadeev-Popov procedure, we implement the gauge-fixing by introducing
the appropriate ghosts corresponding to the generators of the gauge symmetry.
Here, on top of the b and ¢ ghosts of the bosonic string, we introduce another
couple of bosonic ghosts (3, which can be viewed as the superpartners of the b,c
ghosts, and are themselves a (commuting) be-system ([CT23)) with A = 3/2, so that
3,7 carry conformal weights 3/2, —1/2. They introduce 11 units of central charge
implying that the total central charge of the SCFT is ¢y = %D —26+11 = %D —
15. Consequently, the consistency of superstring theory requires the space-time
dimension to be D = 10. For future reference, let us write down the contribution
of the ghost and superghost sectors to the EM tensor and the supercurrent:

1
78" = —2: bOc: +: cob: —2:587: —izyaﬂ: , (1.2.19)
3

T = —2:by: +: cdB: + 3 Boc: . (1.2.20)

As in the case of the bosonic string, a BRST symmetry survives the gauge fixing
and its charge is given by

dz 1
(BRST = % %[CT +~Tr + i(chh + 4T (1.2.21)

The BRST charge is again nilpotent when the total central charge of the SCFT
vanishes, and physical states are classified by its cohomology. Moreover, one must

impose a mass-shell condition Ly|Ophys) = 0 but also its fermionic counterpart in
the R sector

Go|Ophys) = {@BrsT, B0} Ophys) = 0. (1.2.22)

Before closing this section, we give the mode expansions for the ghosts and su-
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perghosts

b(z) =) buz "7, (1.2.23)

neL

c(z) = Z cpz Mt (1.2.24)

nel

Blz)= Y Buz ", (1.2.25)

neZ+v

v(z) = Z N 22 (1.2.26)

neZ+v

with v being 0 in the R sector and 1/2 in the NS sector.

Bosonisation

One of the surprising yet very useful results of two-dimensional CFTs is the equiv-
alence of field theories with different fields and actions, known as bosonisation,
which we now present. Consider a be-system as in ((CL23). We would like to find
a bosonic system equivalent to this fermionic one. A scalar field H has the OPE

H(z)H(w) ~ —In(z — w). (1.2.27)

In order to recover the OPE of the be-system, one can ‘exponentiate’ (LZ2T).
Indeed, the coherent states e*/(*) have the desired OPEs:

, 4 1
) i) | 2 (1.2.28)
V4

the other ones being regular. One is thus led to assume the equivalence

b(z) = ) (1.2.29)
c(z) =2 e HE) (1.2.30)
However, a general bc-system contains a background charge () = 2\ — 1, A being

the conformal weight of the b-field, that a free scalar H does not capture. This
can be cured by shifting the EM tensor of the bosonic theory as

Ty —i(\ — %)am. (1.2.31)

In other words, the equivalent bosonic CFT is that of a linear dilaton with V =
—i(A — %) Indeed, using the fact that ¢?7(*) has conformal weight ¢%/2 + iqV/,
one can easily check that the conformal weights of b,c match precisely those of
el e~ Finally, the fermion or ghost number j,. = —bc is equivalent to —i0H.
This applies in particular to the case of free fermions (A = 1/2), or the b,c ghost
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1 Elements of String Theory and Conformal Field Theory

system (A = 2) for which the bosonic operators are denoted e=”,e”. Note that
for the superstring, one needs five free scalars H,, a = 1,...,5 for the worldsheet
fermions and one, p, for the b,c ghosts.

For the gy CFT, the bosonisation employs two decoupled CFTs, a be-like CFT
denoted n& and a free scalar one . The equivalence is then formulated as

B(z) = e ?P0E(2) (1.2.32)
Y(2) = e z). (1.2.33)

Once again, the conformal weights match since the operator e? has weight —%q(q—i—
2). The EM tensor of the §vy-system is identified with the sum of the ¢ and n¢
ones. Notice that the superghost number is given by dy. In addition, one can
further bosonise the n& CFT in terms of a free scalar y as n = e™X and £ = eX,
hence obtaining

B(z) = e B9y (2), (1.2.34)
v(z) & e xC) (1.2.35)

Spectrum, GSO projection

The vacuum |0) of the SCFT corresponds to the identity operator. This is most
easily seen by imposing regularity of ¢(z)|0) at the origin. Hence, ¢,>2/0) = 0.
However, ¢; is a lowering operator so that |0) is not the ground state of the
theory. The latter is obtained by acting with ¢; as can be derived from the anti-
commutation relations of the b,c ghosts. Therefore, the ground state for the ghost
CFT is ¢1]0) which can also be written as ¢(0)|0).

The situation is similar for the superghost CFT where, in the NS sector, 712
does not annihilate the identity operator. However, the commuting nature of the
superghosts renders the problem more complicated because the ground state is
degenerate. The operator a(z) one needs to insert should have a regular OPE
with v(z) giving a simple zero (and a simple pole with 5(z)). With the help of
bosonisation, one can show that the operator e™% has precisely these properties so
that the ground state for the gy CFT is, in the NS sector, [0)ns = e~?|0).

In the R sector, there are no branch cuts but the ground state is degenerate
because of the fermionic zero modes. Consistency of the theory imposes having
branch cuts in the OPE of the superghosts with the R ground state leading to
0)g = e 26,]0), O, being the spin-field introducing a branch cut in the OPE
with the worldsheet fermions. It can be bosonised in terms of the free scalars H,:

Q, = e He (1.2.36)

with s* = £1/2. Let us give a more detailed, alternative derivation of this state-
ment. Recall that in the R sector, the fermion zero modes v generate a Clifford
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algebra {v*, "} = —20", with y* = i/21)4. Now define the complexified basis

1
=50 £17), (1.2.37)
) 1 . :
I = 5(72 + iy* ) (1.2.38)
with ¢ = 1,...,4. 'y play the role of creation and annihilation operators. The R

ground state is then defined in terms of a spin field s:

4

sy = JJ(Ts)=+2l0). (1.2.39)

a=0

|0) is to be thought of as carrying a spin | |, ], ], |, ]) and each I'; flips the
corresponding spin. Recall that the 32 Dirac representation is reducible with
respect to the chirality matrix

4
1
Iy =32]Jrere - 5)- (1.2.40)

a=0

Indeed, if one defines |«) as being the state with even number of s, = 1/2 and |o/)
as carrying an odd number of them, then these two representations are irreducible
and correspond to the 32 = 16 @ 16’ decomposition. In particular, I';1]|a) = |a)
and I'1;]a’) = —]a). The R ground state can thus be written as

0)g = |o) + |o) . (1.2.41)

The operator e~ 2O, is nothing but the vertex operator representing the R ground
state.

In order to construct the spectrum of the superstring, we must include the right-
movers and consider the four possible combinations of NS and R sectors. As we
have seen previously only R® NS and NS ® R generate space-time fermions, the
other two sectors giving rise to space-time bosons.

First, consider the NS-NS sector. By taking into account the momentum de-
generacy of the ground state, its vertex operator is (the c-ghost insertions are
omitted)

e ¥e P X (1.2.42)

Using the mass-shell condition, one can show that this state is tachyonic (m? =
—1). The first excited state is obtained by acting with the oscillators ", / and

corresponds to the vertex operator
e PPt e Py PN (1.2.43)

It is a massless state generating a graviton, a B-field and a dilaton. Higher excita-
tions are massive and we do not consider them here.
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In the R-R sector, the ground state is a massless spinor (from the left and the
right) and corresponds to the vertex operator

SO

e 20,e720,ePN (1.2.44)

Finally, in the R-NS sector, the ground state is constrained by level matching

(CITAD) to be
e 30, e PPt e X (1.2.45)

This is a massless state decomposing into a spin-3/2 field, the gravitino, and a
spin-1/2 field, the dilatino.

Notice that the ground states we obtain form a representation of N’ = 1 space-
time supersymmetry which can be attributed [17] to the N' = 2 SCFT on the
worldsheetfl. On the other hand, the presence of the tachyon is undesirable and
it turns out that it is eliminated from the spectrum by the Gliozzi-Scherk-Olive
(GSO) projection as we now briefly discuss.

The idea is to introduce a parity symmetry which selects only part of the spec-
trum that does not include the tachyon. This might seem ad hoc, even though one
can show that it is rooted in the consistency of the superstrin@. Let us first focus
on the NS sector in which the fermion number operator is

F=> "ty (1.2.46)

r>1/2

The fermion parity operator (—)¥ counts the number of fermionic oscillators of

each state (modulo 2). Clearly, the NS ground state is even:
(—=)710)xs = 0)s - (1.2.47)

The natural projection is then to select only the states that are even under Gng =
(—)F*L. In the R sector, the ground state is massless and, naively, one is not forced
to impose any projection. However, this would render the theory inconsistent as
it would break one-loop modular invariance. Here, the relevant fermion parity i
GRr = (=) T'1; under which one of the irreducible spinor representations, denoted
S (for spinor), is even and the other one, C' (for conjugate spinor) is odd:

GRrlS) =19), (1.2.48)
Gr|C) = —|C). (1.2.49)
One has the freedom to choose either projection. This implies various projections

when one includes the right-movers as well, leading to different consistent theories
presented in the next subsections.

5The local N/ =1 SCFT is in fact enhanced to a global ' = 2 one.

"It is related to the conformal invariance of the worldsheet theory which shows up in particular at
one-loop as the strong constraint of modular invariance of the partition function.

8The chirality matrix I';; comes from the fermion zero modes present only in the R sector.
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Partition Functions

As in the bosonic string case, it is useful to calculate the contributions of the
fermionic degrees of freedom of the SCFT to the one-loop partition function and
we restrict our attention to the closed string case. Consider a free complex fermion
1 on a two-torus whose action is given by

1 _
S = —%/Oﬂwaw. (1.2.50)

¥ can have two different boundary conditions on each cycle of the torus (periodic
or anti-periodic) and we parametrise them by two Zs-valued integers a,b such that

P&+ 2m, &%) = eIy (¢, €7), (1.2.51)
(g, +2m) =m0y (¢ 7). (1.2.52)

The choice of a couple (a,b) is called a spin structure. On a genus g Riemann

surface, there are 2¢g cycles so that the number of spin structures is 229. Mathe-

matically, a fermion is a section of a line bundle 7 such that n®n = K, K being the

canonical line bundle, i.e. the bundle of holomorphic one-forms on the Riemann

surfacdl. There are 229 ways of taking the ‘square-root’, each one corresponding

to a topologically inequivalent way of putting a spinor on the Riemann surface.
For a particular spin structure (a,b), the partition function is

Z,[f) = Tele™" ¢, (1.2.53)

with the boundary condition a shifting the zero-point energy in the Hamiltonian
and F' being the fermion number. The canonical calculation of the trace is straight-
forward. However, we present here an alternative derivation using the path integral
[dype® W], The integral is Gaussian and gives the determinant of the operator 0
which is an infinite product of its eigenvalues m+§ -+ (n+ %)7’, 7 being the complex
structure of the torus. Using (-function regularisation as in Appendix [D.J], one
obtains
O[](7, 0)
n(r)

The general theta-function with characteristics is defined in ((C2ZJ]). Notice that
for periodic boundary conditions (a,b) = (0,0), the partition function is zero as
expected due to the presence of zero-modes.

The By CFT can be calculated in a similar fashion. From its bosonic nature,
one expects the partition function to be proportional to (Z,)~*. The relative

phase is essentially fixed by the eigenvalue of the ground states under Gxg or Ggr

Zy[8] = (1.2.54)

1/2

9Roughly speaking, a fermion transforms as dz'/2 so that it ‘squares’ to a one-form.
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which depends not only on the boundary conditions (a,b) but also on the choice
of chirality for the R ground state which we parametrise by a Z, integer pu:

al _ (_\b+pab 77(7—)

Zpy[s] = (=) TG0 (1.2.55)
Notice that the partition function of the 5y CFT cancels the one of a complex
fermion. This is to be expected in the full superstring theory from the gauge-
fixing procedure since the superghosts eliminate the two (unphysical) longitudinal
degrees of freedom of the worldsheet fermions. Finally, the full partition function
is obtained by including the right-movers (and also the partition functions (LTG0,
[CTE)), implementing the GSO projection by inserting 4¢ and summing over all
spin structures.

Type Il superstring

The choice of boundary conditions for the fermions v and GSO projection (G) for
the left- and right-movers gives rise to 16 different sectors labeled by ((v, G), (7, G)),
and only particular combinations of them lead to consistent superstring theories.
First of all, notice that the sector (NS, —) which contains the tachyon, can only
be paired with (1\fIVS, —) due to level matching. Hence, there are only 10 possible
sectors. In addition, we only focus on theories projecting out the tachyonic ground
state. This is the Type II superstring which can be either chiral (IIB) or non-chiral
(ITA) and these are the only inequivalent theories one can construct in this way.
In what follows, we present the massless spectrum of each of them.

Type IIA

The ground state of the NS-NS sector is a massless space-time vector from the left
and the right, i.e. an 8, ® 8, representation of the little group SO(8) of SO(1,9).
It decomposes as

8, ®8,=1028 35 (1.2.56)

in terms of a dilaton (1), a two-form (28) and a symmetric traceless tensor (35).
This is the string background as in the Polyakov action (LI3). In the R-R sector,
only the relative chirality matters and we choose the left GSO projection to be a
spinor S so that the right one is a conjugate spinor C. This gives rise to a vector
and a three-form as can be seen from the decomposition

8, ® 8, =8, ®56,. (1.2.57)

The fermionic states arise from the NS-R and R-NS sectors from which one obtains
a dilatino (spin 1/2) and a gravitino (spin 3/2) according to the group-theoretic
relation

8, X85 =85.P 56, (1.2.58)

That is, space-time supports an N/ = 2 theory in a ten-dimensional space-time.
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Type IIB

The GSO projection is chosen such that the R ground state is a spinor. The
massless spectrum is the same as in Type IIA apart from the states coming from
the R-R sector (the theory is chiral). The latter gives rise to a scalar (or zero-form),
a two-form and a self-dual four-form:

8, ©8,=1628&56. (1.2.59)

Hence, N' = 2 supergravity in ten dimensions arises as the massless or effective
field theory of the Type IIB superstring.

Type | superstring

One can make the same analysis for the open string sector. In fact, an open
superstring theory must also include closed strings because open and closed strings
can interact, see Fig. [[3 First of all, one must impose the orientifold projection
) and then the appropriate GSO. In this case, the GSO has to be chiral as in
Type IIB in order to be consistent with the orientifold projection (or else we break
Poincaré invariance). In this sense, the theory one obtains is a Type I1B orientifold
called the Type I superstring. The massless spectrum is thus very similar to the
Type 1IB and the ()-projection eliminates the B-field from the NS-NS sector and
the zero- and four-forms from the R-R sector. The resulting effective field theory
is an A/ = 1 supergravity.

. — O — O

Figure 1.3: Interaction between open and closed strings.

In the previous section, we have seen that anomalies can appear as divergences
in the partition function. In order for the theory to be well-defined, the latter
must cancel and this occurs only when n = 32, i.e. when the Type I superstring
supports an SO(32) gauge theory, as can be seen from (CI66). In fact, one can
separate out two tadpoles, one coming from the RR sector and the other one
from the NS-NS sector which are, however, equal because of supersymmetry. By
Poincaré invariance, the RR tadpole corresponds to a term in the effective action
sourced by a ten-form (in the NS-NS sector the source is given by the dilaton or
the graviton):

Qrot / %z Cyg . (1.2.60)

In ten space-time dimensions, a ten-form is non-dynamical and appears in the
action only through (CZT0). Integrating it out yields the constraint

Qtot - O, (1261)
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precisely as computed by (CT6H).

Heterotic superstring

There is a different hybrid superstring theory one can construct by using the fact
that a closed string theory has independent left- and right-movers. The Heterotic
string is obtained by combining a SCF'T on the left-moving side with a bosonic
string on the right-moving one. The resulting worldsheet has ' = (1,0) super-
symmetry.

From the left-moving sector, the absence of conformal anomalies implies that
the space-time dimension is 10. However, from the right-moving sector, the theory
is inconsistent because the total central charge is non vanishing, ¢yt = ¢x + Cgn =
10—26 = —16. One is forced to introduce additional degrees of freedom which can
either be bosonic or fermionic. In the first case, sixteen internal (compact) bosons
are enough to cancel the total central charge and one can show that, due to modular
invariance, they must live on a Euclidean even self-dual lattice. In the second case,
one must add thirty-two free internal real fermions (i.e. without a space-time
index) with the appropriate boundary conditions. In fact, both approaches are
equivalent through bosonisation. Here, we focus on the fermionic approach.

The additional fermionic degrees of freedom are denoted A4, A =1,...,32. In
the right-moving sector, the CFT has an additional global symmetry associated
to the new index A, which depends on the choice of boundary conditions. Notice
that the vacuum structure is very different from the usual SCFT case because of
the absence of superghosts. The simplest choice is to assign the same boundary
conditions to all the fermions (NS or R). This implies that A transforms as an
SO(32) vector. The other possibility is to give NS boundary conditions to n
fermions and R to the 32 — n remaining ones. In this case, one can show that the
only consistent choice is n = 16 so that the relevant internal group is SO(16) x
SO(16). One way to see this is to calculate the zero-point energy

_ 8 n 32-n n

a—24+48 91 16 1. (1.2.62)
Level-matching with the left-moving sector requires the mass-squared to be integer,
M? = N —a = N — a, and one sees that the only possible choice is n = 16.

In the SO(32) theory, the GSO projection in the supersymmetric (left-moving)
sector is such that the R ground state is a spinor |S) and the NS ground state is
a space-time vector ¢ /2\0, p). On the bosonic (right-moving) side, one imposes
either NS or R boundary conditions in all internal directions A. In the first case,
the vacuum and the first excited states A%, /210, p) are tachyonic and only at level

N = 2 one obtains massless states 5\’:‘1/2 5\]_31/2|0,p> and &" |0, p). In the R sector,

there are fermionic zero-modes 5\64 forming an SO(32) Clifford algebra, and the
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ground state is a massive spinor |A). Modular invariance forces a GSO projection
that projects the latter onto its positive chirality component |A™).
The massless spectrum is then as follows. The states

give rise to the dilaton, the B-field and the graviton. Together with the gravitino
and the dilatino in

15) ® &Z40, p) (1.2.64)

they form the N' = 1 gravitational multiplet in ten dimensions. The gauge degrees
of freedom arise from the states

wﬁl/2|0’p> ®5\1111/2 5‘?1/2|0ap> ) (1.2.65)
|5) ®)‘1111/2 )\]_31/2|0,p>. (1.2.66)

(CZBH) is a space-time SO(32) gauge boson which, together with the Majorana-
Weyl spinor ([CZ6H), form an A/ = 1 vector multiplet. Hence, the effective field
theory of this Heterotic superstring is an N = 1 theory with gauge group SO(32).

Let us turn to the SO(16)x.SO(16) theory. The gravitational sector is unchanged
and the massless gauge degrees of freedom arise from the NS-NS and R-NS/NS-R
sectors (here, we are referring to the boundary conditions of the internal fermions
in the right-moving sector only). The index A is decomposed accordingly as (a, @)
witha =1,...,16 and a = 17,...,32. In the NS-NS sector, the relevant states are

5\111/2 5‘b—1/2‘07p> ) (1267)
)‘Czl/Q )‘b—1/2‘07p> ) (1.2.68)
A2 jp ALy 1[0, p) - (1.2.69)

Tensoring with |S) produces spinors x?°, x® in the adjoint of each of the SO(16),
(120,1) and (1,120) respectively, and a mixed (16,16) spinor xy*% The tensor
product with ¢, /2 |0, p) gives the corresponding space-time gauge boson. However,
the mixed states (16, 16) are eliminated by the GSO projection. From the R-NS
sector, the relevant right-moving massless state is a spinor of the first SO(16)
and, together with the left-moving contribution, give a space-time spinor and a
space-time vector (1,128). Finally, the NS-R sector produces the same state with
respect to the second SO(16).

The Heterotic SO(16) x SO(16) has thus a gauge boson that transforms in
the adjoint of the 120 ¢ 128 = 248 representation which is the adjoint of the
exceptional group Ejg, and similarly for the other SO(16). Consequently, space-
time supports an N = 1, Eg x Fg gauge theory.
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1.3 Compactification

We have so far described superstring theory with a target space having ten non-
compact dimensions. Of course, one has to make contact with the low energy the-
ory described by the Standard Model which is four-dimensional, non-supersymmetric
and has been tested experimentally to a considerable accuracy. Moreover, the ex-
perimental bounds on possible extra dimensions are stringent (see e.g. [1]). Hence,
one is led to consider compactification of superstring theory, i.e. making the six-
dimensional internal space compact with its size being controlled by the Planck
or the string scale. There are various ways of achieving this and we now point to
some of them. For example, one can introduce an intersecting brane background
breaking supersymmetry and implementing the SM gauge group at low energies.
Another way is to turn on fluxes in the internal compact dimensions, leading to
flux compactifications. However, these two possibilities can only be studied effec-
tively, at the level of supergravity and we do not discuss them further. Instead,
we consider string compactifications in which the internal space needs only be con-
sistent, in the sense that the internal (S)CFT has vanishing central charge. The
most promising candidates are orbifolds and Calabi-Yau spaces.

In what follows, we first present toroidal compactifications as the simplest yet
unrealistic example and then briefly review the orbifold and Calabi-Yau ones, show-
ing how both are in fact related.

Toroidal compactification

As a warm-up exercise, consider a closed string theory in which one of the target
space directions, say 9, is a compact circle of radius R. Then the periodicity
condition changes since the closed string can wind an arbitrary number of times
around the compact circle. From the worldsheet point of view, these configurations
correspond to topological solitons. For the compact boson, that is

X%(r,0 +27) = X°(1,0) + 27nR. (1.3.1)

n is called the winding number. The solution to the wave equation is still encoded
in the mode expansions (CI44 [[TA6), the difference being only through the

9 9
boundary conditions. The momentum of the string % = % is quantised and

9 _ 9
the boundary condition () gives X%t = & g0 that the expressions for the
left- and right-moving momenta are

9 m | nR

= —+ —. 1.3.2
PLr R o ( )
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1.3 Compactification

Notice that the solution acquires an extra symmetry

O[,

R — §7
m<n. (1.3.3)

This perturbative symmetry is called T-duality. Effectively, it turns 9, into 0, so
that Neumann and Dirichlet boundary conditions are exchanged. In particular,
X% = X + Xr becomes X? = X; — Xk.

The level-matching condition (CTA7) now reads N — N = mn and the mass
operator is M? = (p?)* + (p})* + Z(N + N — 2). The vacuum of the theory has
additional labels given by the momentum and winding numbers, |0, p,n, m). The
spectrum is essentially the same for m = n = 0. For n = 0 or m = 0, one has
additional scalar fields with masses

4 /n\2 4 (mR\’
—a—i-(E) ’_JJF(O/) . (1.3.4)

For n = m = =1, acting on the ground state with a? |, oz‘f’fg we obtain scalars

and vectors with masses

1 R 2 1 R
2 2
M* = )i2 +E_E =(5——)"- (1.3.5)

Hence, at the self-dual radius R, = Va! , the above vectors become massless and we
have an enhanced space-time gauge symmetry: the abelian U(1) x U(1) symmetry
arising from the Kaluza-Klein reduction turns into a non-abelian SU(2) x SU(2).
This is an inherently stringy regime. Notice that going away from the self-dual
radius breaks the gauge symmetry as in the Higgs mechanism.

Moreover, the mass operator is invariant under T-duality (C333) so that the
latter is a symmetry of the spectrum. In fact, one can show that it is preserved
quantum mechanically through the OPE: T-duality is also a symmetry of the
interactions, i.e. valid to all orders in perturbation theory. Note that the self-
dual radius R, is the smallest radius one can probe, and is indeed given by the
string length. In the limit R > R,, the winding states become very massive and,
hence, decouple from the theory, whereas the momentum states (or Kaluza-Klein
states) become very dense and one readily recovers the non-compact limit with a
continuous momentum.

The partition function of the compact scalar can be written as in the non-
compact case, the only difference being that the momentum integration is replaced
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1 Elements of String Theory and Conformal Field Theory

by a sum over p? p:

)% o' (p)?
Zxo(T,T) I Z q ZL 7
| n,meZ
I >—|z S e i (1.3.6)
T n,mez

This is the Hamiltonian representation of the partition function in which modular
invariance is not manifest. In order to make it manifest, we go to the Lagrangian
representation, which is the representation we would obtain had we calculated
the partition function using the path integral. This is done by using the Poisson

summation formulal] (C2220):

27TR 1 _7rR2 m—nr|2
A olr . 1.3.7
xo(T7) = Viar2a/y n(1)]? Z o (1.37)

The previous results can be generalised to the case where the internal space is a
d-dimensional torus 7% with the same philosophy. For this, consider the Kaluza-
Klein ansatz for the metric element

ds® = g, datda” + gi;(dz’ + Ai da*)(da? + A{L dzt), (1.3.8)

with A being commuting gauge fields parametrising Wilson lines along the cycles
of T%. The metric of the latter g = e'e is invariant under SO(d, R) transformations
e — Me, with M € SO(d,R) and e the vielbein. Using the Iwasawa decomposition

GL(d,R) = SO(d,R) x (R")? x Ny, (1.3.9)

with Ny being the unipotent grou, e is accordingly written as e = K- A- N.
Gauge-fixing the orthogonal matrix K to the identity leaves e as a product of a
diagonal matrix with positive elements A and a unipotent matrix. In fact, A con-
tains the radii of the torus whereas N depends on the gauge fields. The moduli
space of the toroidal compactification is thus parametrised by general linear trans-
formations modded out by ‘gauge transformations’ SO(d,R) together with the
group of invariance SL(d,Z) of the torus. Recalling that GL(R) = R* x SL(R),
the moduli space is

* % [SO(d, R\SL(d, R)/SL(d, Z)], (1.3.10)

with the notation \, / for left, right coset. In fact, for the closed string background,
the correct moduli space is

* x [SO(d,R) x SO(d, R)\SO(d, d,R)/SO(d, d, Z)], (1.3.11)

10Tt is often referred to as Poisson resummation.
"1t consists of upper triangular matrices with unit element on the diagonal.
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1.3 Compactification

The partition function easily generalises to d compact dimensions:

1 2 o 2
= i X 0 1312
pL,REL

with I some 2d-dimensional lattice. Modular invariance of (L312) requires the
latter to be even self-duald with (d,d) signature, i.e.

Vp = (pr,pr) €T, pop € 2Z, (1.3.13)

with the lattice product o being
pop =pL Py —Pr Dr- (1.3.14)

The resulting lattice, denoted I'y 4 is the Narain lattice. Notice that it is invariant
under the action of O(d,R) x O(d,R) that rotates the left- and right-momenta
separately as can be seen from ([[C3TI4]). However, the larger group O(d,d,R)
produces inequivalent lattices. Moreover, the lattice is invariant under discrete
orthogonal transformations O(d, d,Z) that map the lattice points to themselves.
Therefore, the moduli space of Narain compactifications is

[0(d,R) x O(d, R)\O(d, d, R)/O(d, d, Z) . (1.3.15)

This coset has dimension d* and O(d,d,Z) is the T-duality group. It contains,
in particular, the inversion of radii of T as in ([C33), but generates a richer
symmetry group. The lattice momenta depend on the moduli arising from the
compactification. In particular, for d > 1, the B-field also gives rise to scalar fields
and enter in the expression of the momenta

o 1 .
On the other hand, the number of moduli, ¢.e. the number of components of g;;
and B;; is @ + @ = d? and matches, as expected, the dimension of the

coset space ([L3TH). Finally, the mass and level-matching conditions are

2
M? = pr-pr+prpr+ (N + N —2), (1.3.17)
pop=N-N, (1.3.18)

and can be used to probe gauge symmetry enhancements as in the one-dimensional
case.

12The dual lattice is the set of all points in R?* such that the product in (C3ZI4) with all points in I" is
integer.
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T-duality and D-branes

As an explicit example, consider the Type I superstring or, equivalently, a Type IIB
orientifold compactified on a circle SL of radius R. One can show that T-duality
turns a spinor S into a conjugate spinor C' and flips the sign of the GSO projection.
Hence, the T-dual theory is a Type ITA orientifold on 511?2’ R being the dual radius.

However, the dual orientifold Qis a composition of the worldsheet parity {2 and a
Zs action on the circle coordinate 2% since, by T-duality, X° = X} — X}, and Q
exchanges left- and right-movers. The Z, action has two fixed points 2° = 0, 7R
and any closed string state at a generic position z° should have an image with
respect to the fixed point with opposite momentum (and orientation). From the
space-time point of view, 2% = 0, 7R are hyperplanes where closed strings are of
both orientations and play a special role in string compactifications. They have
eight space dimensions and are called orientifold planes, O8-planes for short.

In the open string sector, under T-duality, N and D boundary conditions are
exchanged so that X? is now a DD direction. This implies that the string endpoints
cannot move away from z? = 0 and this, again, defines a hyperplane called Dirichlet
membrane, D8-brane for short. In fact, there are as many D8-branes as CP labels
(N). One might suspect that O-planes and D-branes are the same objects. This
is however not the case. To see this, consider the original Type IIB orientifold

and turn on N = 32 non-trivial Wilson lines along the circle, Aj = —er—aR, with
a=1,...,N. Because of the orientifold, one imposes #?T16 = —f* so that there

are only 16 independent parameters. The coupling to the Wilson lines is given by

6o — 6 o
~ o [ dTOX°, (1.3.19)

which implies that the masses and the center of mass momentum are shifted ac-
cording to their CP labels. For an ab open string, that is

m 0% —6°

9 __
P =1+ 51

(1.3.20)

Notice that the presence of Wilson lines breaks the gauge symmetry to U(1).
Setting M Wilson lines to equal values away from the fixed points of Zy induces a
U(M) enhancement whereas setting them to a fixed point yields an SO(2M) one.
Intuitively, only strings attached to coincident branes can give rise to massless
states and this can be seen from ([[C320) (recall that the mass operator contains
a p? term). Performing a T-duality exchanges momenta and windings and the
latter are now shifted due to the presence of the Wilson lines. Alternatively, the
boundary conditions for X 9 are modified and the open string endpoints are now
fixed at 0°R, i.e. there are N D8-branes sitting generically at different positions
27 = 0°R.
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1.3 Compactification

By T-duality, the ten-form C}y becomes a nine-form Cy. Clearly, a disc diagram
is localised at a D8-brane whereas a cross-cap diagram, because of the orientifold,
sits on an O8-plane. Therefore, a disc and a cross-cap tadpole as in Fig. mea-
sure the charges of D8-branes and OS8-planes respectively. This provides another
interpretation of tadpole cancellation as Gauss’s law, i.e. the vanishing of the
total charge of the RR form in the compact dimension. The calculation in (LTG0
above shows that the O8- and D8-charges are related:

Qos = —16 Qps . (1.3.21)

Tadpole cancellation requires the presence of thirty-two D8-branes because of the
two O8-planes.

This interpretation can be straightforwardly generalised to the case of d =9 —p
compact dimensions with a Z, actionf. The fixed points of the reflection symmetry
lead to 2¢ Op-planes and a number of Dp-branes for the open string DD boundary
conditions in the compact directions. Under the corresponding RR p-form, their
charges are related by

Qop = —2""'Qpy - (1.3.22)

In this language, the Type I superstring in ten dimensions can be viewed as having
a space-time filling O9-plane and sixteen D9-branes (plus their sixteen images)
required by tadpole cancellation. Notice that, contrary to D-branes, orientifold
planes are non-dynamical objects (they cannot fluctuate) and, therefore, only carry
charges, in particular under the corresponding RR potential. The coupling of a
Dp-brane to the RR (p+ 1)-form can naturally be realised as the minimal coupling

up/ Cpin s (1.3.23)

where the integral is over the Dp-brane world-volume and 1, is the RR charge. In
ten space-time dimensions, for p = 9, there is no kinetic term since the correspond-
ing field strength is trivial. Therefore, the field equations for C'y yield pg = 0. In
other words, the total RR charge must be zero in an anomaly-free theory. In fact,
the presence of a RR charge implies that, at tree-level, a propagating closed string
contributes p3/0 where the zero in the denominator is due to the trivial dynamics
of the ten-form (its propagator vanishes). This is precisely the divergence one
obtains in the Type I one-loop calculation. Hence, tadpole cancellation can be
equivalently regarded as:

1. Gauss’s law for p-forms,

2. Consistency of the field equations for the RR potentials.

131n Type IIA, d € 2Z + 1 whereas in Type IIB, d € 2Z.
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1 Elements of String Theory and Conformal Field Theory

In general, one might consistently study the simultaneous presence of branes of
different dimensions. Each Dp-brane carries a RR charge giving rise to a tadpole
that must be cancelled by objects carrying negative RR charge, for instance Op-
planes. To illustrate this, consider a Type I theory compactified on T*/Z, (see
next section for more details). The orientifold group is generated by the worldsheet
parity 2 together with the Zs-action g. As in the previous sections, one can carry
out the calculation of the one-loop divergences when one inserts %HTQ in the
partition function. The Klein bottle contribution (proportional to €2 in the closed
string sector) gives rise to a divergence with the prefactor

1
Ve(Va+ —), (1.3.24)
Vi

where Vj is the volume of the internal T%. The first term in (C324) is the same
as the one found in (CT63) and necessitates the introduction of D9-branes. The
second term, however, is proportional to the inverse volume of 7 and this opera-
tion takes a D9- to a D5-brane. Therefore, this theory is consistent only with the
presence of sixteen D5-branes [20, 80, 13], the second term in ([C324)) originating
from sixteen O5-planes. This is the tadpole cancellation constraint for D5-branes.
Notice that in the decompactification limit V; — oo, the D5-brane contribution in
(34 is trivial and there is no constraint on the number of D5-braned™. This is
consistent with the fact that, due to the non-compactness of the transverse space
(identified with C?/Zs), the flux lines of the six-form can escape to infinity (Gauss’s
law applies for compact spaces only). Alternatively, the corresponding equations
of motion can be solved in the presence of a non-trivial RR charge.

Finally, let us mention that D-branes are non-perturbative objects in string
theory. By calculating the exchange of a closed string between two Dp-branes, one
can show that the Dp-brane tension is

1
T, = —. 1.3.25
")) g, (13.25)

Notice that the behaviour as 1/g, differs from the usual one of solitons in field
theory whose mass scales as 1/g? (recall that in field theory instanton effects are
of order e~V 92), and this stems from the stringy nature of D-branes. On the
other hand, RR gauge fields can be represented in terms of vertex operators which
depend only on the field strength of the (p + 1)-form potential [75]:

Vi = e 20,2 " 59, F, (1.3.26)

Lo fipt2 )

e~ 20, being the vertex operator of the RR ground state. Hence, all perturba-
tive states are neutral with respect to RR gauge fields. However, dualities in

“The generalisation to the general p < 9 case is straightforward.
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1.3 Compactification

string theories exchanging NSNS and RR states suggest that there should be (non-
perturbative) states carrying RR charges. These are precisely the D-branes pre-
sented above and they play an important role in probing non-perturbative aspects
of string theory and gauge theory using the language of perturbation theory. In
particular, in the weak coupling regime, g; < 1, D-branes are heavy and can be
studied semi-classically as rigid planes. For instance, gauge theory instantons can
be realised as D-branes bound states as discussed in Section @ In addition, one
can show that they are BPS statedd (having equal mass and charge) and, there-
fore, preserve a subset of supersymmetries. For example, in Type I, due to the
left-right identifications (and DD boundary conditions), only a linear combination
of the supercharges (1 r is preserved:

Q=eQr+erQr, (1.3.27)

er,r being arbitrary spinors in space-time. For a Dp-brane, the condition is

p

e = (J]T)er- (1.3.28)

=0

For instance, for Type IIB orientifolds in ten dimensions (p = 9), this is given by
the chirality matrix I''° producing a preserved combination as can be seen from
the orientifold action.

Orbifolds

Toroidal compactifications correspond to models having maximal space-time su-
persymmetry, since all the gravitini of the spectrum are preserved. For exam-
ple, in Type II one obtains an A/ = (4,4) theory whereas in Heterotic, the four-
dimensional theory is N' = 4 supersymmetric. In order to construct more realistic
models in which the number of space-time (super)-symmetries is reduced, one
must project out some of the states and one way to perform this is to gauge some
discrete subgroup H of the CFT symmetries. The resulting (compact) space can
thus be viewed as an orbit space Mg/H, called orbifold@. It may have singular
points but the necessary condition is, once again, the consistency of the internal
CFT. The action of H is usually taken to be left-right symmetric, even though it
is possible to construct asymmetric orbifolds [71], at least at specific points in the
moduli space of the compactification.

To illustrate this, consider the case of an S'/Z, compactification in which the
Zo-action is defined on the compact coordinate by

X% — —X°. (1.3.29)

15Orientifold planes are also BPS objects.
16\Mathematically, an orbifold is a more general topological space, generalising the notion of manifolds,
which looks only locally like a quotient of a Euclidean space with the action of a finite group.
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Under the Zs-quotient, the circle becomes a line segment [0, 7 R] with the boundary
points 0, 7R being fixed by the action (L32Z9). This is the simplest example of a
Zo-orbifold. This theory contains a new class of states in the spectrum which obey
anti-periodic boundary conditions:

X1 04 21) = -X"(1,0). (1.3.30)

We refer to them as twisted states and they belong to the so-called twisted sector
of the spectrum. In the untwisted (periodic) sector, one must enforce (L329) by
projecting onto invariant states. From the mode expansions (L0, [CTAd), one
sees that the orbifold action reverses the sign of the zero-modes and oscillators so
that

Z2 : ‘N7 N7pa n, m> - (_)N+N|N7 N7p7 -n, _m> : (1331)

Hence, only states having an even number of oscillators are preserved. For instance,
the Kaluza-Klein vectors are projected out. In the twisted sector, the mode ex-
pansion is different. As in the case of NS-fermions, it has a half-integer moding
and no (momentum) zero-modes:

9 o _ . | L 9 n | 9.
Xt(z,z)—ZUE Z —(a, 27" +a, 27 "). (1.3.32)

n
neZ+1/2

In particular, the position can only have small fluctuations around the fixed points
of the orbifold. By calculating the zero-point energy, one can show that the ground
states of this sector, called twist fields, are primary fields of dimension 1/16.

The partition function of this orbifold is obtained by calculating the contribu-
tions of the twisted and untwisted sectors and, in each of them, projecting onto
invariant states by inserting the operator 1+ng with g € Z,. If we label the sector

by a Zs-index h, then the partition function is given by

7842y _ Z Tr,, {#qm—um gho—1/24| (1.3.33)

h€EZs

h = 0 corresponds, conventionally, to the untwisted sector. There are four separate
terms labeled by ¢ and h. For h = g = 0, this is the same contribution as in the
toroidal case (L312), with a 1/2 factor due to the projection. The second term of
the untwisted sector, g = 1, corresponds to the insertions of g in the trace over the
Hilbert space which changes the signs of the oscillator sum due to (CL329). The
result is

'%' , (1.3.34)

Finally, the twisted sector has a half-integer moding and its contributions can be
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obtained in a similar fashion. The total result is

stz 1 _ n(7) n(7) n(7)

i =gk ”‘ﬂs]m)' ‘ﬁm,m' ‘ﬁwﬂm'
_loim- n(7)
= 5%(R )+(h’g)§0m Teo| (1.3.35)

Notice that only the ‘toroidal’ part Z; of the partition function depends on the
unique modulus R of S! and is, by itself, modular invariant. This is in fact also
true in more complicated compactifications. In addition, the other three terms are
all together modular invariant as can be seen using the identities in Appendix
Indeed, under modular transformations, they get exchanged. In other words, the
inclusion of the twisted sector is crucial for the consistency of the theory. From the
path integral point of view, the partition function can be obtained by integrating
over the compact boson with the following boundary conditions around the cycles
of the internal 77

X0+ 2m,82) = (—) X0, €2, (1.3.36)
XO(¢1, € 4 2m) = (=) OXO(E, ). (1.3.37)

In general, in order to preserve the superconformal invariance on the worldsheet,
the internal fermions must also transform under the orbifold action. In the Z,
case, for a complex fermion ¢ with spin structure [¢] (recall (CZA1, [C2Z52)), that

1S

P(E +2m, &%) = (=) M (E €Y, (1.3.38)
W(gh, & +2m) = (=) T I(E", 7). (1.3.39)
Hence, the partition function (LZAH3) is slightly modified:
! I[eth)(7,0)
SY/Zapahy _ Vbt
Zy ] = 7;](7) : (1.3.40)

For a general orbifold, the logic is the same. The action of the discrete group
H generates |H| twisted sector, where |H| is the order of H. The projection onto
H-invariant states is realised via the insertion of

1

— . 1.3.41

|H‘§ g (1.3.41)
geH

Including twisted sectors ensures modular invariance and, in particular, the par-
tition function is a sum over two parameters h,g = 0,...,|H| labelling the un-
twisted /twisted sectors and the projection over invariant states. They can also be
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1 Elements of String Theory and Conformal Field Theory

viewed as twists of the boundary conditions of the worldsheet fields. Of course, in
a specific superstring theory, only particular orbifolds are consistent, c.f. [87] for
more details.

Before closing this section, we apply the procedure above to write the full parti-
tion function for Heterotic string theory compactified on the orbifold T%/Zy x T?
with gauge group Eg x Eg. In this case, the orbifold breaks one of the Eg factors
down to E; x SU(2), and the result is

192 [Z] ﬁ[a—i-h] ﬁ[a_h

1 1 1 b+ b— ] 4
Z == + _)a+b g 91| 7T%/Z21h Zy(T, U)
e 2 h,gZ:;J 2 a,bZ:O:,l( U N U [g] (
X ZEy Zp;xsU(2) (1.3.42)

where T, U parametrise the moduli of the 7% and depend on its radii. The partition
function of the orbifold 7%/Z, depends, as in the previous case, on the parameters
h,g. In the h = g = 0 sector, it depends on the 7% moduli parametrised by G, B
(the 1/2 averaging factor is already taken into account):

Z"% () = 2,(G, B), (1.3.43)

whereas in the sectors (h, g) # (0,0) it is independent of the moduli:

T4 /70 th] 277(7) )
250 = )

(1.3.44)

The expressions of the gauge lattices Zg, and Zg, . su(2) are given in Section
Notice that in (L3242, we have cancelled the ghost and superghost contributions.
In the left-moving (supersymmetric) sector, every complex fermion contributes %,

and the bosons in the space-time directions contribute % each. Including the right-

moving fields, one verifies that (L342) contains all the degrees of freedom of the
theory.

Calabi-Yau compactifications

It is interesting to analyse the constraints arising from imposing A" = 1 super-
symmetry in the four-dimensional space-time. This is relevant in a realistic model
since it is believed that supersymmetry might arise at low energies, e.g. at the TeV
scale. First of all, the target space must allow the existence of spinors. Secondly,
the vacuum has to preserve supersymmetry. Let us consider the (D = 10, N = 1)
supergravity (o/ — 0) limit of (Heterotic) superstring theory. In order for the
theory to preserve a fraction of supersymmetry, it is sufficient that the supersym-
metry variations of the fermionic fields vanish. The reason for this is that if the
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1.3 Compactification

theory is Lorentz invariant, then the vevs of vector and Fermi fields vanish, and
the ones of the scalars can be at most constant:

(Au) = (%) = 0,(¢) = 0. (1.3.45)

Using the N = 1 supersymmetry transformations, this implies that a configuration
preserves supersymmetry if §(¢*) = 0, meaning that the supersymmetry variations
of the fermionic fields vanish classically. For the gravitino, dilatino and gaugino
these are

55 lIf]w: Z)]we7 (1346)
1 1

e A =< — §FM6M¢ + ﬂFMNPHMNP>E> (1.3.47)

Sex = I'MNEyne, (1.3.48)

where the spinor indices have not been displayed, H is the three-form flux, F is
the gauge field strength and D), is the covariant derivative (with respect to the
spin connection and H). In addition, assume that the target space factorises as

M, X MG, (1349)

with M, being maximally symmetric, i.e. Rupe = 2=(gupGve — YuoGvp). The
ten-dimensional index is accordingly decomposed, M = u,m. The possible non-
vanishing bosonic fields are the dilaton ¢, H,,,, and F},,,. Moreover, we choose the
dilaton to be constant and set the torsion H,,y, to zerdt. In this case, the dilatino
variation ([C34M) vanishes and the covariant derivative D,, only contains the spin
connection. There are also additional constraints on the gauge field strength from
(C34Y), but we do not consider them here for simplicity. Hence, in order for super-
symmetry to be preserved by the vacuum, ([C346) implies that € is a covariantly
constant (or Killing) spinor. The existence of such a spinor is very restrictive.

Applying (C36) twice yields
[Dar, Dyle = Rynpol % =0, (1.3.50)

with Ry/npg being the Riemann tensor viewed as a Lie algebra-valued two-form.
It generates the holonomy group of the target spaceE. The condition ([C350)
implies that M, is flat. However, the internal space Mg need not be flat. Recall
that the gravitino is a 16 spinor representation of the Lorentz (or holonomy) group
SO(1,9) — SO(1,3) x SO(6) and is decomposed as (2,4) & (2,4). Furthermore,
the 4 of SO(6) = SU(4) decomposes under SU(3) as 4 = 1 & 3. Notice that

7 This is not the only possibility, but is the one compatible with the ansatz for the cohomology constraint
([C352) in Heterotic, see below.

18Tn fact, if the space is not simply connected then it generates only the identity component of the
holonomy group.
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only the singlet part of the latter which is invariant under SU(3) can give rise to a
Killing spinor which can be group-theoretically written as (2, 1)&®(2, 1). Therefore,
a covariantly constant spinor exists if and only if the holonomy group is contained
in SU(3). In fact, from (C350), one can show that this is equivalent to Ricci-
flatness, i.e. R,,, = 0, of the internal space. The covariantly constant spinor can
be used to construct a Kéahler form. A compact 2n-dimensional Kahler manifold
with holonomy in SU(n) is called a Calabi- Yau n-fold (CY,,).

In the previous discussion, we have restricted our attention to the lowest order
contributions in «/. In order for the full sigma-model to be well-defined, one has
to study the fate of o’ corrections in the supersymmetry transformations and the
[O-functions. In particular, the g-functions receive higher order corrections and
it has been shown in [74] that, for a CY3, they can be made to vanish so that
the underlying sigma-model is conformally invariant (to all orders in superstring
perturbation theory) but its metric now differs from the Ricci-flat ond™] (though the
internal space remains Kéhler). Moreover, the Ricci-flat condition gets modified.
For instance, the lowest order correction is of the form o/*R*, R being the Ricci
curvature. This additional term, however, does not affect the cohomology class of
the Ricci form (see also [44, 45, 137, 166]).

We are interested in studying the massless spectrum of superstring theory com-
pactified on a CY3 which, in general, is composed of the graviton and a set of
p-form potentials C), satisfying A;oC, = 0 with Ay being the ten-dimensional
Laplacian. The latter can be split as A4 + Ag because the metric does. From the
four-dimensional point of view, the massless spectrum is thus classified by the zero
modes of Ag (a non-zero eigenvalue would give rise to a mass term). They are
given by the cohomologies of the internal space whose dimensions define the Hodge
numbersed hP4. These topological numbers give an incomplete characterisation of
the Calabi-Yau manifold since different CYs can have the same Hodge numbers.
In addition, they are not all independent, and are usually displayed in the Hodge
diamond. For a CY3 (p,q¢=0,...,3), that is

h3’3
h3’2 h2’3
h3’1 h2’2 h1,3
h3’0 h2’1 h1,2 h0’3 )
h2’0 hl’l h0,2
hl,O ho,l
h0,0

By complex conjugation, h?? = h%P and Poincaré duality implies h?4 = h3-P3-4,
One can perform a thorough analysis of the cohomologies of the CY3 showing that

19Tn some cases, the metric can be made Ricci-flat by a field redefinition.
20The dimension h*¢ of the Dolbeault cohomology Hg’q is related to the dimension b, of the de Rham
cohomology group H? through b, =>"7_, h¥P=k b, are the Betti numbers.
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1.3 Compactification

only h'! and h?! are undetermined:

1
0 0
0 h! 0
1 h2’1 h2’1 1
0 ht! 0
0 0
1

The Euler characteristic x can be calculated as the alternating sum of the Betti
numbers. In terms of the Hodge numbers, y = 2(h*! — h%1). In addition, notice
that a CY3 compactification cannot support continuous isometries because h? =
0.

A CY can equivalently be defined as a compact Kahler manifold with vanishing
first Chern class. By the Calabi-Yau theorem proven by Yau, this is equivalent to
the definition above using Ricci flatness. More precisely, given a compact Kahler
manifold, any representative of the first Chern class is the Ricci form of a unique
Kéhler metric. Even though no explicit CY metric has ever been constructed in
the compact case, many of its properties can be used to study the physics of the
superstring target space. Moreover, in some cases, one can approximate the CY
by an orbifold. This is referred to as the orbifold limit and is discussed at the end
of this section.

We now give some examples of CY manifolds. For n = 1, the only compact
CY is the two-torus 7% (we do not consider non-compact CYs). In two complex
dimensions, the only CYs are T* and K3 surfaces. The Hodge diamond of the
latter is

1
0 0
1 20 1
0 0
1

In complex dimensions higher than two, many more examples are known but the
complete classification is an open problem. In fact, it is not even known whether
the number of CYj is finite. The holonomy group of a CY is a subgroup of SU(n).
If we restrict to spaces having SU(n) holonomy only, then the torii having trivial
holonomies are excluded, and this is the condition to have the minimal amount of
preserved supersymmetry in four dimensions (N = 1 for Heterotic and N = (1, 1)
for Type II).

As in the simple toroidal case, CY compactifications give rise to a number of
moduli that parametrise smooth deformations of a given CY or, equivalently, of
its shape and size. In this sense, a Hodge diamond defines a continuous family of
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1 Elements of String Theory and Conformal Field Theory

CYs, but we refer to it simply as CY keeping in mind the abuse of terminology.
Consider first deforming the CY3 metric without spoiling the Ricci flatness of the
space. That is

Run(g+6dg) =0= Run(g). (1.3.51)

The internal index is decomposed in terms of SU(3) indices, m = (i,7). Using the
gauge fixing condition D™ gy, n = 0 in order to eliminate deformations parametris-
ing coordinate transformations, the equation for the mixed (holomorphic-anti-
holomorphic) indices reduces to

(Adg)i; =0, (1.3.52)

meaning that dg;; is a harmonic (1, 1)-form parametrising changes in the Kéahler
structure. There are h'! such forms called Kdhler moduli and they have to be
chosen such that the metric is still positive definite. As for the other indices
(holomorphic-holomorphic or anti-holomorphic-anti-holomorphic), the metric van-
ishes but one can still deform it by changing the complex structure (because a
holomorphic change of coordinates would be irrelevant). These deformations are
parametrised by the h*! (2, 1)-forms and are referred to as complex structure mod-
uli. Finally, deforming the B-field and its internal part B;; yields h'"' moduli which,
combined with the hb! metric moduli form the complezified Kdihler moduli whose
real part corresponds to 6 B;; and imaginary part to 6g;;. The moduli space of the
CY compactifications is, by definition, parametrised by the scalar fields arising
from the compactifications. Since Kahler and complex structure moduli do not
mix (at least in the AV =1 case), the moduli space is factorised?l:

MCY = ./\/l(c X MK. (1.3.53)

We now discuss the implications of CY3 compactifications on the superstring
spectrum. First, consider Type ITA in which the massless spectrum contains the
graviton Gy, the B-field By, the dilaton ¢, a vector C); and a three-form
potential Cyrnp (plus their fermionic partners). The reduction on a CYj3 using
SU(3) covariant indices (,7) yields

Gun —Gu, Gij, Gy, (1.3.54)
Byn — B, Bij, (1.3.55)
Cv  —Cl, (1.3.56)
Crune — Cup, Cuij, Cij]} , Cijis - (1.3.57)

Notice that C); does not give rise to an internal field C; since it can be viewed
as a (1,0)-form and we have seen that h'® = 0. The scalar field Cy dual to
B, and the dilaton combine into the axion-dilaton complex field S = Cj + ie .

2Tt can be shown that the vector multiplet moduli space is special Kéhler and the hypermultiplet one
is quaternionic Kéhler (but not Kéhler).
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Taking into account the gravitini and dilatini, we obtain a gravitational multiplet
(G, Cu), WM vector multiplets (Clij, Giz, Biz), h*' hypermultiplets (Cjjz, Gij)
and the dilaton hypermultiplet (¢, B,,, Cijr). The latter is singled out because
it corresponds to the string universal S multiplet containing the dilaton. The
vector field of the gravitational multiplet is the graviphoton. All together, we have
the gravitational multiplet, h'! vector multiplets and h%' 4+ 1 hypermultiplets.
The complex structure moduli belong to the hypermultiplets whereas the Kahler
moduli are part of the vector multiplets. Therefore, the corresponding moduli
spaces have real dimensions 4(h2! + 1) and 2h*! respectivelyPd.

In Type IIB, the massless spectrum contains in the R-R sector, instead, a zero-
form C, a two-form Cyy and a self-dual four-form Cyvpg, and the reduction
leads to

Gun —Gu, Gy, G, (1.3.58)
Byn — B, By, (1.3.59)
Cun —Cu, Cy, (1.3.60)
Cyunpq = Cuizs Cuijk s Cuii s Cijha - (1.3.61)

The resulting four-dimensional structure is made of the gravitational multiplet
(Guws Cuijie)s h®' vector multiplets (C;;z, Gij), h"' hypermultiplets (Clui, Gig,
Bij;, Ci;) and the universal dilaton multiplet. In total, there are h*! vector mul-
tiplets and A% + 1 hypermultiplets. The complex structure moduli belong to
the vector multiplets and the Kéhler moduli to the hypermultiplets. Thus, the
corresponding moduli spaces have dimensions 2h%! and 4(h%! 4 1) respectively.

Notice that the dilaton, which controls string perturbation theory, lies in a hy-
permultiplet in both Type II theories. This means that the hypermultiplet moduli
space receives perturbative and non-perturbative corrections, whereas the vector
multiplet moduli space is protected due to N' = 2 supergravity (or the non-mixing
between vector multiplets and hypermultiplets). We come back to this point in
subsequent chapters.

Let us now turn to the Heterotic superstring and, for definiteness, we focus on
the Fg x Eg case. The massless spectrum contains a three-form flux H such that

dH=trRAR —trFAF, (1.3.62)

with R being the space-time curvature and F' the field strength of the gauge group
connection. Since dH is a closed four-form, both trR A R and trF' A F should
represent the same cohomology class. This is known as the cohomology constraint.
One way to achieve this is to embed the spin connection in the gauge group as
follows. Recall that R is an SU(3) (holonomy) Lie algebra-valued two-form and F'
is, instead, Fg x Eg-valued. In order to satisfy the cohomology constraint, one can
impose to have F' taking values in the internal space because tr R AR is non-trivial.

22The additional 2 in the former comes from the axion-dilaton.
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Choose an SU(3) subgroup of one of the Eg factors and give the corresponding
field strength the same background value as the curvature while setting the others
(with respect to the rest of the gauge group) to zero. In other words, we identify
the potential A of F' with the spin connection (whose curvature is R). Thus, one of
the Fg’s is broken down to Eg x SU (3)@ and the unbroken gauge group is Fg X Eg.
Under this breaking, the 248 adjoint representation of Fg decomposes as

248 = (78,1) ® (1,8) @ (27,3) @ (27.3). (1.3.63)

On top of the gravitational multiplet and vector multiplets in the adjoint of Egx Ejg,
there are h'! Kihler moduli and h%! complex structure moduli all belonging to
N =1 chiral multiplets. One way to see this is to perform the reduction of the
gauge potential

Ay — A, AL As, (1.3.64)

where 7 is an SU(3) holonomy index. The embedding of the spin connection into
one of the Fg’s means that A; can carry an index with respect to the (27,3), with
3 € SU(3) of the gauge group. Hence, A; = A; 4; can be viewed as a (1, 1)-form
taking values in the 27 of Eg and has hb! zero modes corresponding to Kahler
moduli. Similarly, taking A; to have an index in the (27,3) gives rise to h®!
complex structure moduli. By supersymmetry, these moduli have fermions in the
27 that are chiral.

As mentioned above, it is not known how to explicitly construct a compact CY
metric. However, the CY moduli space contains singularities at which the classi-
cal effective description breaks down due to the appearance of (non-perturbative)
massless states. In particular, there exist points in the moduli space at which
certain CYs can be described by orbifolds. Consider for instance a T*/Z, orbifold
for which the Z, action on the T* coordinates z* is

2 =2t (1.3.65)

This orbifold has sixteen singularities due to the sixteen fixed points of the Zg

action, given by
172 142 1 ¢ 141
0,=,= 0,=,=,—| . 1.3.66
0550 | @ 050 (1.3.66)
In order to get a smooth space, one can blow up the singularities by replacing each
of them with a smooth space [40]. More precisely, one cuts away a ball around
each singularity whose boundary is S3/Z, = RP3 and replace it with an Eguchi-
Hanson space [33]. The metric on the latter must be constructed in such a way
that it matches across the sixteen boundaries. This can be done approzimately
by using the flat metric on 7% and the Eguchi-Hanson metric on the RP?’s. The
Eguchi-Hanson metric contains an additional parameter, say a, such that when

#3For the SU(2) holonomy case, e.g. when the internal space is K3xT?, Es is broken down to E7 x SU(2),

see (C3Z2).
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a — 0 one recovers the orbifold. One can show that the resulting smooth space
has the topology of K3, but not its geometry. For this to be possible, one needs
to smoothen up the metric everywhere and this is not known yet. On the other
hand, K3 contains sixteen two-cycles [34]. By going to a point in the moduli space
in which the size of these cycles goes to zero, one obtains a singular space having
sixteen singularities, which is precisely 7% /Z,. Of course, one can take different
limits of K3 corresponding to T*/G, G being a discrete subgroup of SU(2), and
the construction above can be generalised [87]. For G = Zy, N can take the values
2, 3, 4 and 6.

In practice, one is often interested in studying properties of superstring theories
that do not depend on the specific details of the internal manifold. In this case,
one can take a singular limit of the CY in which it is easier to perform the analysis.
For instance, it is in the orbifold limit described above that the partition function

([C372) is derived.

1.4 Dualities

So far we have described five different perturbative consistent string vacua in ten
dimensions and some compactifications thereof. It turns out that they are not
all independent. Instead, they seem to emerge as distinct vacua of the same
underlying eleven-dimensional theory, usually referred to as M-theory, which are
connected through perturbative and non-perturbative string dualities. The precise
description of M-theory is, however, unknown.

Beyond their conceptual interest, string dualities are of practical use since, in
some cases, they connect weak and strong coupling regimes. For instance, results
obtained in a weakly coupled theory can be reinterpreted in terms of the degrees
of freedom of the dual, strongly coupled theory, if the latter exists. Of course,
one must have proved in advance such a duality and this is a difficult task, since
strongly coupled theories are hard to solve. Nevertheless, supersymmetry comes
to our rescue as some quantities such as BPS states and couplings turn out to be
protected against quantum corrections. In this sense, for lack of a full proof, the
knowledge of BPS spectra is crucial to obtain strong arguments in favour of string
dualities.

In fact, we have already encountered one such duality, namely T-duality, which
is perturbative because it does not transform the string coupling. It relates, for
example, Type IIA /B theories as a simple realisation of mirror symmetry [48]. In
what follows, we briefly present the dualities relating the aforementioned string
vacua after compactification, together with some of their strong coupling limits.

Let us first focus on the ten dimensional theories. In Type IIB, the axion-dilaton
field enjoys an SL(2,Z) symmetryPd in the quantum theory, which includes S-
duality (strong-weak symmetry as the inversion of the string coupling). In this

24 Together with T-duality in the compactified theory, they form the U-duality group.
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sense, the full Type IIB theory (including its strong coupling regime) is SL(2,Z)
self-dual. On the other hand, the perturbative Type IIA theory can be reached
as an S' compactification of M-theory and the string coupling is given by the
(small) S radius, Rg1 = l5gs. If one considers, instead, a Z, orbifold of the M-
theory circle [47], then the resulting theory is the Es x Eg Heterotic string, with
the strong/weak coupling regime being controlled by the size of the circle. Now
T-duality relates the Egs x Eg Heterotic theory to the SO(32) ond®d from which,
by S-duality, one ends up in the Type I superstring [76]. This web of dualities is
a strong hint towards the uniqueness of string theory and offers a framework for
exploring a number of its fundamental aspects.

When studying topological amplitudes in string theory, we make extensive use
of four-dimensional string dualities relating Type II, Heterotic and Type I super-
strings.

Type 11/Heterotic duality

Heterotic string theory compactified on 7% is dual to Type IIA on K3 xT?. Indeed,
one can show that both compactifications share the same moduli spaces. In par-
ticular, the duality map exchanges the axion-dilaton S and the Kéhler structure 7'
of the T2, and, for instance, the string coupling in Heterotic becomes the volume
of T? in Type ITIA. Hence, T-duality in Type II becomes S-duality in Heterotic.

In fact, this duality can be extended to the case where the Type II theory is
compactified on a CY3 which is a K3 fibration?d. The dual theory is Heterotic on
K3 x T? as it has been argued in many examples [57]. As we discuss in Section [
the study of BPS-saturated couplings provides a non-trivial check of this duality
[7]. An important feature in this context is that the dilaton, in Heterotic, belongs
to a vector multiplet, whereas in Type II, it sits in a hypermultiplet. This leads to
non-renormalisation theorems because of a non-mixing between hyper- and vector
multiplets in N = 2 supergravity.

Heterotic/Type | duality

The Heterotic and Type I superstrings, upon compactification on K3 x 7?2, are dual.
Even though the ten-dimensional duality is non-perturbative, in four dimensions
there are weakly coupled regimes in both theories. In addition, the axion-dilatons
are mapped to one another [9, [L0]. On the other hand, the complex structure
modulus U of T2 is unchanged and the Kihler modulus T in Heterotic is mapped
to another dilaton-like field denoted S’. Indeed, the presence of two dilatons
in Type I is not surprising since the theory contains D9- and D5-branes whose
coupling constants are given by the imaginary part of two different fields, namely
S and S’ respectively. This dictionary is summarised in the table below.

25This can be seen upon compactification of both theories on a circle.
26 A K3 fibration is a C'Y3 which is locally a direct product of K3 and a two-dimensional surface.
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Heterotic Type I

S S
T S’
U U

Table 1.1: Mapping of the universal fields under Heterotic/Type I duality in four dimen-
sions.

On the Type I side, the four dimensional dilaton contains hyper- and vector
multiplet components so that both moduli spaces receive quantum corrections.
This is in contrast with the dual Heterotic theory where the dilaton belongs to a
vector multiplet and the hypermultiplet moduli space is protected. We come back
to these issues later.
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In this section, we present a short review of NV = 2 topological string theory (TST).
First of all, we discuss general aspects of topological sigma models which are the
building blocks for the definition of topological string theory once we couple the
theory to two-dimensional gravity. Secondly, after defining the genus g topological
string partition function and its holomorphicity properties, we introduce a series of
gravitational amplitudes in the ‘physical’ string theory which turn out to reproduce
the partition function of the ‘twisted” theory. In this sense, the topological string
arises as a sub-sector of the superstring.

More specifically, we calculate the coupling, at genus g in Type II, of two gravi-
tons and 2¢g—2 graviphotons and show that it reproduces the genus g TST partition
function. These gravitational couplings satisfy a non-renormalisation theorem due
to their BPS nature. Moreover, it is shown that in the dual Heterotic theory they
start receiving contributions at one-loop, opening up an interesting framework for
explicit calculations.

On the other hand, the field theory limit of these gravitational couplings lead to
corrections to the Seiberg-Witten prepotential encoded in the partition function of
the V' = 2 gauge theory in the Q-background. We briefly review the construction
of the latter and show how the gauge instantons can be realised in string theory
using particular D-brane bound states.
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2 Topological Field Theories

Topological field theories (TFT) have been of extensive interest in the past few
decades from the mathematical as well as the physical point of view. In fact, these
theories have brought physicists and mathematicians to a common playground,
though for different motivations.

From the mathematical point of view, a topological theory is important in order
to count certain quantities called ‘topological invariantsfl. The word ‘topological’
refers to an object that does not depend on the particular characteristics or moduli
of the space it lives in. In order to distinguish topologically inequivalent spaces,
it is crucial to have a complete classification of all their topological invariants. In
general, this is a tedious task but becomes simpler in the case of compact and con-
nected spaces. In particular, for spaces of dimension lower than three, this is possi-
ble. For instance, in the two-dimensional case (the zero- and one-dimensional cases
are rather trivial), there exists a complete classification: topologically inequivalent
compact and connected surfaces have a different number of boundaries (b), han-
dles (h) or crosscaps (c) (i.e. different orientability). An example of a topological
invariant for two dimensional surfaces is the Euler characteristic y =2—2h—b—c.
Conversely, the knowledge of the full set of topological invariants is important to
decide whether two spaces are homeomorphic or not. In dimensions higher than
two, this is an open question, and it is not known whether the set of topological
invariants is even countable.

On the other hand, modern physics has been mainly based on the study of
quantum field theory (QFT) which has rich yet very complex dynamics. In order
to have a better understanding of the latter, one is led to consider more simplified
models, and TFTs can be viewed as toy models for real, physical theories. In fact,
TFTs are better to be thought of as subsectors of physical field theories so that
one expects that they also calculate physical quantities that are inherited from the
full theory, thus shedding light on complex aspects of the latter. This is in the
core of the present work and is discussed in detail in the subsequent sections.

In this chapter, we review the basic elements of topological field theories, in
particular the ones underlying topological string theory (TST'). We first present the
main features of a TF'T and then illustrate them with two classes of TF'T: Chern-
Simons theory in three dimensions and cohomological field theories (CohFT). The
latter contain the salient features needed for the construction of TSTs. We only
mention the main aspects and many of the technical details and mathematical

LA topological invariant is a property of a topological space which is invariant under homeomorphisms.
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proofs are omitted, as these can be found in the various references we point to.

2.1 Generalities

Consider a generic QFT defined on a certain background given by a metric, cou-
pling constants, complex structures, etc. This theory has a set of observables or
physical operators O; inserted at positions z;, whose correlation functions are the
quantities of interest:

(O1(z1) -+ Onlzn))

and implicitly depend on the background of the theory. Physically speaking, this
theory is said to be topological if all the above correlation functions of observables
are independent of the choice of a background metridl. Of course, the background
in which they are calculated may involve other quantities on which they could still
depend. The theories we consider usually have general coordinate invariance. One
can then show that in a topological theory, the physical correlation functions do
not depend on the insertion points of the physical operators.

The class of TFTs is of course very special and one can split it into two categories
[24]:

1. Schwarz-type theories: defined without the use of a metric in the Lagrangian
nor the observables,

2. Witten-type theories: defined with a metric.

In what follows, we present an example of each category.

2.2 Chern-Simons Theory

Perhaps the most direct way of obtaining a TFT is to define a theory without
the use of a metric in its Lagrangian. Of course, this only guarantees that the
theory is classically topological and one has to ensure the absence of anomalies
in order to preserve this property at the quantum level. Chern-Simons theory in
three dimensions, on a generic manifold M and with gauge group G, is such an
example. The Chern-Simons action is given by

Szﬁ/ Tr(A/\dA—i—gA/\A/\A), (2.2.1)
™ J M 3

where k is the coupling constant] and A a gauge connection. In order to show
that this theory is topological, one should verify that the topological nature is not

2In contrast with the case of TST, the metric is not integrated over.
3Gauge invariance constrains k to be an integer.
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spoiled by possible anomalies of the measure in the path integral. This is quite
subtle and Witten [87] showed that there are no anomalies at the quantum level.

The observables of this theory are the Wilson loop operators W, (A) defined as
the trace of the holonomy of A around a closed loop v C M:

W,(A)=TrP exp}{A. (2.2.2)
v
These operators are gauge invariant. As mentioned above, the topological nature
of the theory implies that the correlators of the latter are independent of their
location in M. In other words, one can continuously deform the closed loops
without changing the correlation functions. Therefore, these topological properties
count knot invariants, and are given in terms of polynomials depending on the
coupling constant k and the gauge group. The simplest example is the Jones
polynomial which arises in the case of SU(2) gauge group.

2.3 Cohomological Field Theories

The TFTs of Witten type or CohFT are even richer in terms of topological in-
variants and are relevant for the study of TST. As its name suggests, a CohFT is
based on the existence of a fermionic symmetry d represented through the Noether
procedure by a nilpotent operator Q:

Q*=0.
We also assume that the vacuum is preserved by this symmetry. The latter acts

on bosonic and fermionic fields as a commutator and anti-commutator with @
respectively:

60p = [Q, O],
§0F ={Q, Or}, (2.3.1)

even though we generically use the curly brackets {, }. @ is to be thought of as the
BRST-charge of ordinary QFT or the supercharge of the supersymmetry algebraﬁ.
The observables of the theory are defined as the ()-closed operators:

{Q, Opys} = 0. (2.3.2)

In fact, the physical states are classified by the cohomology of § since any correla-
tion function of physical operators O; is invariant under

0, — O0; +{Q,Q}. (2.3.3)

“More precisely, the partition function counts a topological invariant of M that also depends on a
choice of trivialisation of the tangent bundle TM @& T M.
SWhen one has more than one such charge, an appropriate linear combination has to be taken.
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This is due to the fact that the vacuum is preserved by ¢ and can be seen as follows:

(O] Q.2 ++10) = (0] (@2 — 2Q) -+ /0)
= (0Q++-200) = (0]-+- Q-+ QI0)
= 0. (2.3.4)

Here we have used the physical condition [Z32) to pass the charge over the phys-
ical operators (there are possible additional signs that can arise in the second step
when @) passes the physical operators, but this does not affect the final result). In
a CohFT, given a local operator, one can construct a series of non-local ones using
the so-called descent equations. More precisely, starting from an observable O
lying in the cohomology of § and a series of n-forms O™ such that

do™ = 5o+ (2.3.5)

for n € [1, m], m being the dimension of ./\/lﬁ, then one can define a set of non-local
observables

Y%:/ om (2.3.6)
Tn

¥» being an element of the n'" homology group of M. It is easy to show that Y,
is indeed an observable of the topological theory:

§Y,, = / s0M = / don=1 = / o=t —q. (2.3.7)
Tn Tn O

Therefore, provided we construct a solution for the descent equations ([Z3H), for
every ‘scalar’ physical observable there exists a number of non-local physical op-
erators that are in one-to-one correspondence with the homology classes of M.
Finally, we require the energy-momentum tensor to be ()-exact:

5S
T =5 ={Q.G}, (2.3.8)

for some operator GG, a background metric h and an action S. Recall that the inte-
grals of the energy-momentum tensor over space-like hypersurfaces are conserved
charges that must commute with the (internal) symmetries of the theory. If the
theory is local, one may impose the same requirement on the energy-momentum
tensor itself. Therefore, the condition (Z38) is simply a stronger version of this
constraint.

In a CohFT, starting from (38, one can construct a solution to the descent
equations using the momentum operator P = ¢- H = {Q, H}, where H = [ G is
a space-like integral of the operator G in (Z38). Indeed, the operator

oW =iH 0O (2.3.9)

6 M should be thought of as space-time when the TFT is described by a sigma-model, see next section.
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is a solution to (ZZ31) and all the others can be generated recursively. In particular,
the non-local observables constructed from the top-form operators Y, = t* [ OF
are relevant deformations of the action that do not spoil the topological symmetry
of the CohFT and play an important role in TST (see Section E2).

Using the conditions above, we can prove that the theory is topological. For this
consider a generic correlation function of physical operators O; and differentiate
with respect to the metric haﬁﬁ

) § .
Shos (O1 -+ 0,) = /D[cb] S (0 -0, 5% . (2.3.10)

Assuming that the operators do not depend on the metric, the differentiation
brings down a factor of the energy-momentum tensor in the correlator function.

Using the conditions (3R, B3, this correlator is vanishingf:

5
Shas

(O - O,) ~ (5(O) -+ Oy Gos)) = 0. (2.3.11)

Let us mention that in order to obtain (Z3.J), we may assume the stronger con-
dition that the action is itself Q)-exact. In this case, the theory is even simpler
because the correlation functions are then independent of the coupling constant
and, hence, can be be calculated in the classical limitf].

Before closing this section, we discuss some specific properties arising in the two
dimensional case. The CohFT now lives on an arbitrary Riemann surface (of genus
g) ¥4, and the correlation functions of physical operators are factorisable:

(O - 'On>zg = (0, - Ok@i>zglnij<@j0k+1 . ~On>292 , (2.3.12)

with ¢ = g1+ ¢2. In general, a correlation function can be thought of as performing
a path integral with a certain assignment of boundary conditions and insertions
of the physical operators at various points of the Riemann surface. In the case
where the boundary is a circle, a boundary condition for a state |¢;) is given by a
path integral over a hemisphere with the operator ¢; inserted in its ‘neck’ (one can
infinitely stretch the hemisphere to define an ‘asymptotic state’ but in a topolog-
ical theory this is irrelevant). In this picture, a path integral can be pictured by
starting with a hemisphere and evolving it with possible insertions of other opera-
tors until the other hemisphere (or asymptotic state) is reached. This generalises
straightforwardly to the case where the boundary is made of many circles giving
rise to a path integral over higher genera Riemann surfaces. The factorisation
property ([Z312) can now be pictured by starting with a genus g Riemann and a

"The ordering of the operators in the path integral formalism is somewhat irrelevant because the
correlation functions do not depend on the insertion points.

8We neglect possible contributions from boundary terms that would spoil this property.

9Recall that the coupling constant g appears in the action as exp{éS}.
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2 Topological Field Theories

number of operator insertions. Then one uses topological invariance to deform the
Riemann surface, developing a very long tube in which states labelled by a, b can
propagate. In the limit where the tube is of infinite length, the genus ¢ Riemann
surface factorises into two lower genera ones with an additional operator insertion
corresponding to the state propagating in the tube. In principal, one must insert
all possible operators in the theory, but it is easy to show that only the physical
ones can lead to a non vanishing contribution. Notice the insertion of the ‘metric’
n* which can be defined by applying (2312) in the n = 2 case:

<Oioj>2g = <Oi0k>zglnkl<oloj>292 . (2313)

Hence, 7% is the inverse of the metric given by the two point functionld. An
important consequence of the factorisation property is that all the correlation
functions of the theory are essentially determined by the three-point functions
C;;* on the sphere. This can be shown by using (Z317) and stretching off a
sphere with two of the operator insertions.

After this brief overview of TFTs, we now turn to topological sigma-models
which are the building blocks for TST when one includes the coupling to gravity.

°Tn fact, the metric 1;; is given by the three point function <(9in 1> on the sphere. When the unit
operator 1 belongs to the ring of observables, 1 defines a complex metric over the latter. This is the
case for CohFTs.
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3 Topological Sigma Models

3.1 N = (2,2) Supersymmetric Sigma Models

We are now ready to explicitly construct a theory that has topological invariance.
Since we are interested in studying topological sectors of string theory, we focus
on two-dimensional (global) N = (2,2) sigma-models. As we discuss below, the
natural target space is a Kéhler manifold.

Consider a two-dimensional worldsheet given by R? endowed with the flat Eu-
clidean metric. A supersymmetry generator is a %—representation of the Lorentz
group. In our case, the latter is SO(2) and this representation is reducible. Irre-
ducible representations are obtained by splitting the spinor into its two components
having opposite Lorentz charges. Therefore, a theory with two fundamental su-
percharges has N' = (2,2) supersymmetry and the irreducible supercharges are
denoted Q4, Q_, Q4, Q_. Together with the usual Poincaré generators given by
the translations (H, P) and rotations (M) Noether charges, and two internal U(1)
currents of axial and vector R-rotations F’ Ayﬂ, they for the N' = (2,2) supersym-
metry algebra (all the other relations are trivial):

{Qx,Q:} ={Q+,Q+} =0, (3.1.1)
{Q+, Qe =H£P, (3.1.2)
{Q+,Q-}={Q4,Q-} =0, (3.1.3)
{Q,Q:}={Q+,Q-} =0, (3.1.4)
(M, Qx] = Q< , [M, Q<] = Q< (3.1.5)
[Fv,Q+] = Q= , [Fyv,Qx] = —Q<, (3.1.6)
[Fa,Qs] = Q< , [Fa,Qx] = FQx . (3.1.7)
In fact, one can relax the relations (B3, BTl by introducing central charges:
{Q1,Q}=2,{Qy,Q-}=2Z, (3.1.8)
{Q.Q}=2,{Q,Q }=7. (3.1.9)

However, the central charges Z and Z must commute with all the operators of the
theory. For generic central charges, the axial and vector currents are not conserved,

unless Z =0 (Z = 0) in which case Fy (Fy4) is conserved.

1They are defined in terms of the internal left- and right-moving internal currents, Fyv,4 = Fr + Fr.
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3 Topological Sigma Models

The supercharges of the theory generate supersymmetry transformations that
are represented by an operator §, and depend on four parameters €, €,, where
o=+, —:

0= eaﬁ(ean + EéQp) - (3.1.10)

In order to work in a theory that manifestly preserves supersymmetry, it is conve-
nient to use the language of the N' = (2,2) superspace (in two dimensions) which
is very similar to the N’ = 1 standard superspace (in four dimensions). We denote
(2,2) the complexified (bosonic) coordinates on C = R? and supplement them
with four fermionic coordinates (6%,6~,0%,67) that transform as spinors under
Lorentz transformations with + or — chirality. This set of coordinates defines the
superspace R?*. In terms of the superspace coordinates, the supercharges can be
represented as differential operators:

0 _
o= g0 +10%0a,
Q 500 +1
Q 0 0°0, (3.1.11)
a = T 5. 1 (o) -1
00
where 0y are z, Z-derivatives. We define another set of differential operators that
anti-commute with the supercharges:

o

Da—w—’be 8a,

— 0

D, =—— 4100, . 1,12
504 +i0°0 (3 )

A superfield is a function defined on the superspace, F(z, z,6%,#*) which can
be expanded in the fermionic coordinates, leading to (at most) sixteen bosonic
components. It is instructive to write down the action of the R-rotations on a
general superfield which might possess non-trivial R-charges ¢4 and gy :

eV (2, 2,0F0%) = ¢V F(2, 2,70, 0F)
AR (2,2,0%0F) = A (2, 2, eT0F eF0F) . (3.1.13)
In subsequent discussions, we mainly restrict our attention to chiral superfields

defined through the constraint B
D, ®=0. (3.1.14)

They can therefore be expanded ad]

_ 1
B(=,0°,0%) = 6(s™) + 0°Us(y”) + 5o F (), (3.1.15)

+

2For convenience, we use the notation z* = z and z~ = Z.
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3.1 N = (2,2) Supersymmetric Sigma Models

with y® = 2% — i6*0~. The complex conjugate of a chiral superfield is called an
anti-chiral superfield. The supersymmetric transformation of a chiral superfield is
again a chiral superfield and one can write the transformation on the components
of the superfield as

(5¢ = E+¢_ — €_¢+ 5 (3116)
0y = —2i€:0,+¢ + €L F, (3.1.17)

and similarly for an anti-chiral superfield. For completeness, let us mention another
class of superfields called twisted chiral superfields U defined by the condition

D,.U=D_U=0. (3.1.18)

With these definitions in mind, we now recall the construction of supersymmetric
actions given by the so-called F-terms and D-terms. The latter are defined as
functionals of superfields integrated over the full superspace:

/ d*2d*0K (F). (3.1.19)

The integration measure d*f is simply df+tdf—df~df*. This term is invariant
under the supersymmetry ¢. In the particular case where the function K depends
on chiral and anti-chiral superfields only, it is naturally interpreted as a Kahler
potential. Indeed, performing the #-integrals and picking only the components
depending on the scalar field ¢! of ®!, one finds

—/dQngjnaﬁ 0ad’ 99" | (3.1.20)

where 7 is the Euclidean worldsheet metric and g;5 = One recognises

2
507057
the action for a bosonic string (with gauge-fixed worldsheet metric) and a Kéhler
manifold target space.

On the other hand, an F-term is defined as an integral, over half of the super-

space, of a function of chiral superfields only:
/d22d2«9 W(®")|ju_, - (3.1.21)

where d?0 = d9*df~. Using the action of § and the properties of chiral superfields,
one can show that F-terms are also invariant. This class of supersymmetric terms
turns out to be important in studying topological amplitudes in string theory.

So far we have only dealt with sigma-models on flat manifolds, even though
our aim is to study string theory amplitudes defined in perturbation theory as
a topological expansion over Riemann surfaces of arbitrary geometry. In other
words, we would like to couple the supersymmetric sigma-model to gravity by
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3 Topological Sigma Models

using curved manifolds. In a bosonic theory, this is quite straightforward whereas
in a supersymmetric theory, one must appropriately choose a spin structure in
order to be able to put spinors on the worldsheet. However, the action would then
break supersymmetry. One way to see this is to write down the supersymmetric
variation of the action on a generic genus g Riemann surface X, as

58 = /E €OV, (€0 Gly — @uGly)- (3.1.22)
In order for this to vanish for a generic ¥,, we must impose V, e, = 0 = V,&,,
meaning that e, and €, are covariantly constant spinors. Therefore, the absence
of such spinors on a curved Riemann surface implies that supersymmetry is bro-
ken. In the case of bosonic symmetries, this problem does not arise because an
infinitesimal parameter of the latter is a number which can be viewed as a section
of a trivial bundle C x ¥ over the worldsheet ¥ and so it can always be chosen to
be constant. In this sense, in order to restore a fermionic symmetry, on may try to
twist the theory so that the supercharges become sections of a trivial bundle (in-
stead of a spin bundle). Of course, this is at the cost of violating the spin-statistics
theorem as we would obtain a scalar, Grassmann charge. In what follows, we show
how this is performed.

3.2 Topological Twist

As we argued previously, in order to obtain a fermionic symmetry of the sigma-
model on an arbitrary Riemann surface, one is led to twist the original theory
by changing its Lorentz charges. This is done by redefining the SO(2) = U(1)
Lorentz generator M using the axial or vector internal symmetries and there are
two possible choices:

1. A-twist: My = M — Fy,
2. B-twist: Mg = M + F4.

The resulting theories are said to be of type-A and type-B. Of course, this assumes
that one of the internal currents is conserved. It turns out that all other possible
twistings are equivalent to these two ones. Consequently, the twisted theory is
obtained by gauging the new diagonal subgroup U(1)4 p of U(1) x U(1)y.a (or,
equivalently, by defining covariant derivatives with respect to this new Lorentz
group) implying that the spin of the fields get modified. In order to see this,
notice that the equations ([BIH) become

[M4,Q4] =0,

[Ma, Q-] = —2Q_,

[Ma, Q4] = 2Q4

(Ma, O] =0, (3.2.1)
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3.2 Topological Twist

for the type-A theory, and

(Mp,Q+] = +Q+ ,
[Mp,Q+] =0, (3.2.2)

for the type-B one. From these relations, one can easily read off the new Lorentz
charges of the supercharges, and these are listed in Table Bl below. Similarly,
using the transformation law (BII3), one can deduce the new charges of the
components of chiral and anti-chiral superfields which we list in Table

U(1)4 | Bundle | U(1)p | Bundle
Q+ 0 C 2 K
Q_ -2 K -2 K
Q+ 2 K 0 C
Q+ 0 C C

Table 3.1: Twisted Lorentz charges of the supercharges and the complex line bundles
of which they are sections. Here, C is the trivial bundle whereas K is the
canonical one.

U(l) | UMy [ UM)a || UMa | UW)p
) 0 0 0 0 0
vy || -1 +1 +1 -2
Yo || +1 +1 -1 0
vy || -1 -1 -1 0 -2
Yo || +1 -1 +1 2 2

Table 3.2: Lorentz and internal charges of the components of chiral and anti-chiral su-
perfields.

Consequently, after the twisting, two supercharges are scalar operators and can
serve as a definition of a fermionic symmetry on an arbitrary Riemann surface,
whereas the other two can be combined into a vector-valued supercharge. The
scalar supercharges define the topological charge

QA = Q—i— + Q— 5
O =Q++Q-. (3.2.3)
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3 Topological Sigma Models

The vector supercharge is usually denoted Gﬁ’B and is defined in the type-A and
type-B theories as

Gl =Q., Gl =Q, (3.2.4)
GP=0Q,,GE=0_. (3.2.5)

Using the supersymmetry algebra, it is easy to show that the topological charge
is nilpotent,

Q> =0, (3.2.6)
and that the Hamiltonian and momentum operators are Q-exact,
{Q.G.} =P, (3.2.7)

where Py = H, P, = P, Gy = %(GZ + G;) and Gy = %(GZ — G3). Of course, this
does not prove that the energy-momentum tensor of the theory is Q-exact, but
this turns out to be true in most of the cases of interest. Moreover, notice that
the full Hilbert space of the theory is not altered by the topological twist but only
the subset of physical states is affected.

3.3 Type-A Model

In the A-twisted sigma-models, the fermions 1! and @Zi become scalars and, for
convenience, we relabel them as

Yl ="

Pl =x". (3.3.1)
We also rename 1 and ¢! according to their new quantum numbers (they become
one-forms):

)= pl. (3.3.2)

As in a CohFT, the set of physical operators are Q-cohomology representatives
and can be identified with differential forms on the complex manifold target space.
Indeed, given a non-trivial (p, ¢)-form ¢ in HP4(M),

WP =wp g g (2) A2 A NdP AR A A dE (3.3.3)

the following operator belongs to the Q-cohomology:

Ou =wpy gy g, (D)X XX o) (3.3.4)

Notice that we do not use the p-fields in ([B34]) since we would need to insert the
worldsheet metric, thus spoiling the topological invariance. The correspondence
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3.3 Type-A Model

is achieved through the identification of 27, dz!,dz’ with ¢!, !, x”’ respectively.
Indeed, since the action of the supercharges (BZT0) on the fields is changed,

{Q ¢} =x (3.3.5)
{Q,x} =0, (3.3.6)

the topological charge can only act non trivially on ¢,
{Q, 00} = Dge (Wit gy, (@) XX X Xy (3.3.7)

with a summed over two indices I,.1, J;;1. This implies that Q is identified with
the de Rham differential operator & + 0 = d and the Hilbert space of physical
operators is indeed isomorphic to Hyr(M). The operator O, is said to be of
degree (p, q).

Consider the correlator of the topological sigma-model on an arbitrary Riemann
surface ¥, of genus g

(O1---On)s, (3.3.8)

which can be decomposed over a basis of homology classes 3 of ¢(%,) in Hy(M, Z).
In order for this correlation function to be non-vanishing, one has to ensure that
any possible anomalies coming from the global U(1) symmetries are cancelled. In
the case at hand, the axial U(1) 4 is a ghost number symmetry, i.e. it is anomalous,
and one is forced to cancel the corresponding ghost charge so that [B38) gives
a sensible contribution. In other words, one must soak up the fermionic zero-
modes on ¥,. For a fixed homology cycle and genus, this anomaly is given by the
Riemann-Roch theorem:

No(x) = No(p)lpg = 2c1(M)- B+ 2m(1 = g), (3.3.9)

where Ny counts the zero modes, ¢;(M) is the first Chern class of M and m its
complex dimension. This means that under the action of an axial R-rotation e
the path integral measure picks up a factor of e®Mo0)=No(P)ss  Using the U(1),4
charges of the y fields (see Table B2), we deduce the following selection rule for
B338) to be non-vanishing:

n

Z(pi +¢i) = 2c1(M)- B+ 2m(1 —g). (3.3.10)

i=1

Similarly, U(1)y is not anomalous and the selection rule is simply

Y= a. (3.3.11)
=1 =1

This leads to very stringent constraints on the correlation functions of type-A
topological sigma-models. In particular, if ¢;(M) = 0, that is the target space is
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3 Topological Sigma Models

a Calabi-Yau manifold, all correlation functions vanish at genus g > 1, whereas
at genus one the partition function survives. This issue can be circumvented by
coupling the sigma-model to gravity (see next chapter). At tree-level, the non-
trivial correlation functions are the ones involving insertions of top-forms, and
they count holomorphic maps from the worldsheet to space-time (or worldsheet
instantons) (see e.g. [86]).

3.4 Type-B Model

In the case of a B-twist, the labelling of the fields is different [8&]:

' =l + !

0r = 91J(¢i - ¢i) )

pl =2y}

pl=29T . (3.4.1)

Here, the topological observables are defined, using elements of the Dolbeault
cohomology HE(M, AT M)

0 0

wPD = wp g (2, 2)dEN N N dET P RARAY o (3.4.2)
by o i
O =wr, 1 (g, 0) 0™ 00, -0, (3.4.3)
with the identifications:
N« dz,
0 0 (3.4.4)
0z

As in the type-A model, one can show, by acting with the topological charge on
O, that the identification ([BZZ) provides an isomorphism between the Hilbert
space of local topological observables and the d-cohomology group. Moreover, the
correlation functions have simpler selection rules because the target space must be
a Calabi-Yau in order for the theory to be well-defined:

Y=Y a=ml-g). (3.4.5)

In addition, the action is also Q-exact and the semi-classical approximation is
exact. However, the only worldsheet instantons are constant maps so that the
path integral reduces to an integral over M.

68



4 Topological String Theory

4.1 Coupling to Topological Gravity

As mentioned previously, the type-A and type-B topological sigma-models are
trivial for ¢ > 1 and one is forced to introduce the degrees of freedom of an arbitrary
Riemann surface rather than simply use a background metric. In other words, in
order to capture non-trivial information on an arbitrary Riemann surface in the
twisted sigma-models, one should couple the latter to gravity, and perform the
integral over the space of all possible metrics. Naively, one might think that this is
trivial since the quantities we are calculating are metric independent. However, one
should keep in mind that there exist metric configurations that are not connected
by continuous deformations and that the volume of the corresponding space is
infinite.

On the other hand, recall that when one includes the degrees of freedom of a
metric in the sigma-model, the worldsheet theory becomes a (super-)conformal
field theory (SCFT) whose symmetry group is very big. Therefore, by using these
symmetries, one can reduce the metric path integral to a finite dimensional one
over conformally inequivalent metric, i.e. over complex structures. Obviously,
one must ensure that conformal anomalies are absent and the guiding principle is
string theory since the structure of twisted sigma-models is extremely similar to
the one of the bosonic string [27, 89, [19]. In particular, we would like to study
N = 1 space-time compactifications in which case the worldsheet theory is an
N = (2,2) SCFT [17]. The topological charge we have studied so far behaves very
much like the BRST charge. Hence, the strategy to construct a TST is to twist the
underlying N' = (2,2) SCFT which is spanned by the energy momentum tensor
(T), two supercharges (G*) and an internal U(1) current (J). Of course, these
operators are supplemented with their right moving counterparts (7', G*,.J). The
conformal weights and U(1) charges are listed in Table EZT] below.

The (left-moving) superconformal algebra is given by the following OPEs, ¢
being the central charge of the algebra:
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Conformal weight U(1) charge

T 2 0
G* 3/2 +1
J 1 0

Table 4.1: Conformal weights and U(1) charges of the operators spanning the supercon-
formal algebra.

TETw) ~7 C_/i)4 + (jT_(Z))Q a;”i(z) , (4.1.1)
T(2)GE(w) ~ EZngl afjuw) , (4.1.2)
T(2)J (w) (ZJ_(wlgp + a;’i(z) , (4.1.3)
G (2)G (2) ~ (sz/ 2)3 + (ji(?:)))z + a”‘](t)ij(w) , (4.1.4)
I w) ~+ T (4.15)
J(2)J(w)  ~ (2(1/71)2 (4.1.6)

The other OPEs are trivial. In particular, G* are nilpotent and can potentially
serve as BRST operators had they had the correct conformal dimension. Now
perform the topological twist by shifting the energy-momentum tensor using the
U(1) current J

T—>T—%J, (4.1.7)

so that the new central charge vanishes, and ([ZI4) becomes

2J(w) N 2T (w)

2

G (2)G (2) = (4.1.8)

(z —w) z—w

Contrary to the case of the untwisted theory, the vanishing of the central charge
implies that there is no constraint on the dimension of space-time and topological
string theory is consistent on a target space of arbitrary dimension. However,
Calabi-Yau threefolds play a very special role as we discuss below. Moreover,
(D) has the direct consequence of shifting the conformal weights of the operators
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4.1 Coupling to Topological Gravity

Conformal weight U(1) charge

T 2 0
G+ 1 +1
G~ 2 -1

J 1 0

Table 4.2: Conformal weights and U(1) charges of the operators spanning the twisted
superconformal algebra.

in the theory with their U(1) charges. The new weights are listed for the generators
of the superconformal algebra in Table L2
Consequently, G* can be identified, after the twist, with the BRST operator:

Q= j{(ﬁ. (4.1.9)

Using (EI), we find that the energy-momentum tensor is Q-exact,
{0,G}=T, (4.1.10)

which shows that this theory has all the ingredients of a topological theory. More-
over, the physical states of the theory are the chiral primaries ¢ which have con-
formal weight 3 and +1 charge. They satisfy [G*, ¢] = 0 and acquire dimension
0 after the twist. Therefore, they span the Q-cohomology or the Hilbert space of
physical states. The anti-chiral primaries, operators of conformal dimension % and
-1 charge before the twist, have dimension 1 after the twist and are unphysical.
Hence, they should decouple from theory, and this is true only up to an anomaly
(see Section EZ). On the other hand, G~ can be identified with the reparametri-
sation ghost b. Finally, the worldsheet theory also contains a right-moving SCFT
that one has to twist, leading to the definition of two different topological string
theories, namely, the A- and B-model:

A-model: T — T+ =J, (4.1.11)

| —

_ 1
B-model: T'— T — §J. (4.1.12)

As the notation suggests, one can show that the relative sign between the A- and
B-twist precisely corresponds to twisting the Lorentz generator with the axial
or vector R-currents as in Section The identification of the right-moving
reparametrisation ghost (and BRST charge) is also different:

A-model: b — G, (4.1.13)
B-model: b — G~ . (4.1.14)
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Since the central charge of TST is zero, the integration over conformally equiv-
alent metrics is well-defined and one is only left with an integral over the moduli
space M, of conformally inequivalent metrics parametrised by 3(g — 1) complex
parameters on a genus g > 1 Riemann surfaceld. In order to understand the role
of these complex parameters, recall that, in two dimensions, a conformal map is a
holomorphic one so that an element of the tangent bundle over M, describes an
infinitesimal change in the complex structure:

0edz™ = €(p1g)a”™ dz*, (4.1.15)

with a = 1,...,3(9g — 1). p, is called a Beltrami differential. Together with the
reparametrisation ghosts, we can build a (1,1) form Ggﬁ(,ua)@ﬂ dz%dz* = G~ (uq)
that we can integrate over the Riemann surface. This provides the M g—invariantﬁ
measure necessary to construct the genus g partition function of the A- and B-
models (m? m® form a basis of moduli):

39—3

F;"B:/M (H dm® dm® g G_(ua)/E GE(fia)) - (4.1.16)

9 a=1 g

Naively, one might think that Ff vanishes because of the non-conservation of the
U(1) charge. However, recall that the U(1) current J is anomalous, c.f. (16,
and provides, at genus g, a background charge of é(g — 1), with ¢ = Zc. Therefore,
for g # 1, the genus g topological string partition function is non-vanishing only
for ¢ = 3, i.e. for a Calabi-Yau threefold. Apart from their phenomenological
applications in string compactifications, this gives Calabi-Yau threefolds a very
special role.

4.2 Holomorphic Anomaly Equations

In Section EZ3, we have seen that for every physical operator in the theory, it
is easy to construct a set of non-local observables using the descent equations
&33). In particular, the top-form operators one obtains can be considered as
deformations of the theory that do not spoil the topological invariance. In our
case, these operators are integrated two-form operators that can be constructed
by starting from a ‘scalar’ operator O®) and acting with the vector supercharge

Ga (m m):
08 = i{Ga, 0} = ~{Ca [G5, 0]} (42.1)

'For g=0,1, this number is 0,1. In fact, 3(g — 1) is the virtual dimension of M, and is the actual
dimension only for g > 1.

2Strictly speaking, we integrate over the Deligne-Mumford compactification of the moduli M, of the
moduli space of genus g Riemann surfaces.
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One can show (see e.g. [84]) that this physical operator is Q-exact. By unitarity, if

we deform the theory with t* [, 06(12)7 we must also include the complex conjugate
g
operator

|l 0w, (4.2.2)
Eg

with (¢*)* = t*. This operator is Q-exact, i.e. it corresponds to an unphysical

state in the sense of CohFT:

d”:fo%é#@®, (4.2.3)

for some chiral primary O®@  and the sign refers to the A- or B-model. Therefore,
by topological invariance, any physical correlation function should only depend
holomorphically on t: the unphysical states should decouple, for example, from
the topological string partition function. It turns out that this is true only up to
an anomaly [18, [19]. Naively, differentiating the partition function with respect
to t* brings down a Q-exact operator in the path integral so that by ‘integrating
by parts’, one obtains a vanishing result unless there are contributions from the
boundaries of the moduli space M,. The latter can be obtained in two ways as
illustrated in Fig. Bl They correspond to the limit of degeneration of one of
the cycles of the Riemann surface. Stretching the resulting ‘tube’ to infinity, the
degenerate cycle is replaced by two punctures.

(= "= T
&) VA
=—=no

Figure 4.1: The boundaries of a Riemann surface in the moduli space are obtained either
through a dividing geodesic (1) or by pinching a handle (2).

Concretely, for the B-model, we have

o /Mg[pm] < / &2 7{ G f G+ O0)(2) H / G (o) / é-<na>>
- /Mg[pm] < / o“Z [ [T i [ ) | é-<ua>> ,

(4.2.4)

where we deformed the contour integrals of G and G away and used the topolog-
ical property (EI.I0) of the energy-momentum tensor. Recall that the Beltrami
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differentials parametrise deformations of the worldsheet metric h under a change

in the moduli m®, m®. Hence, ;ﬂi = ‘g—g% implies that
oS
T(pe) = . 4.2.5
(1) = 5 (42,5)

Consequently, the insertions of the energy-momentum tensor can be recast as
derivatives with respect to the worldsheet moduli:

?9% - Ag[pm]g)% </@(2) 11 /G‘(ua)/@‘(ﬁa)> , (4.2.6)

a#c,d

and the integral reduces to one on the boundary of the moduli space which, as dis-
cussed previously, has two contributions. A thorough analysis of each contribution
leads to the BCOV holomorphic anomaly equations [19]:

OF 1 1
—9 —_¢c.'( DyD.F,_ DyF, D.F, | . 4.2.
o~ 2¢ ( b glJr; pE% DeFy i (4.2.7)

D, are Kéhler covariant derivatives with respect to the chiral primaries and Cy"
are defined using the tree-level three point function of chiral primaries C., the
Kihler metrid] G and its Kihler potential K:

L% = O ?KGP G° (4.2.8)

These objects can be defined and studied using special geometry and we refer the
reader to [19] for more details.

3This metric is called the Zamolodchikov metric.
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5 Topological Amplitudes and Higher
Derivative Couplings

5.1 TST Partition Function from Type Il Amplitudes

Consider a generic CY3 compactification of Type II string theory. The ‘twisted’
or topological theory is obtained by performing the topological twist on the un-
derlying SCFT as described above. A natural question is whether the resulting
TST is related in some sense to the parent, ‘untwisted’ theory. In other words, we
would like to understand if the quantities calculated in TST can be reinterpreted
in terms of physical ones in the original compactification.

Recall that the TST partition function is non-vanishing because of the 3(g — 1)
background charge acquired, after the twist, by the U(1) current J. The latter
can be bosonised in terms of a free field H,

J =1iV30H . (5.1.1)

In the original Type II theory, the background charge of J can be obtained, at genus
g, by coupling H to the two-dimensional scalar curvature through the worldsheet
sigma-model deformation

i3

RY H . (5.1.2)
2 Jy,

08 =

Choosing a set of punctures {z;,i =1,...,2¢9 — 2} on X, one can select a metric
on the latter such that (recall that x, = —(29 — 2))

29—2

R = -3 "D (z—x). (5.1.3)
=1

Hence, the sigma-model deformation becomes

2g9—2

65 = —¥ ; H(z;), (5.1.4)

which amounts to the insertion of
29—2 s
V3
e 2 H(x;) (5.1.5)
1

1=
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5 Topological Amplitudes and Higher Derivative Couplings

in the partition function of the untwisted theory. The operator in (IH) is the
internal part of the graviphoton vertex operator written in the (—%, —%)—picture,
and this requires the insertion of (¢ — 1) PCOs in order to cancel the total back-
ground charge of the superghost. Together with the (29 — 2) PCOs necessary to
soak up the (3, 7) zero-modes at genus g, we have a total number of 3g — 3 PCOs
to be inserted in (BEIH), which necessarily contribute their G= (or Tx) part, as
expected from the TST partition function. We are thus led to consider a genus g
scattering amplitude, in the untwisted theory, involving 2g — 2 graviphotons. In
fact, the latter must be of definite self-duality which we choose to be anti-self-
dual (see Appendix [A]). In addition, one must insert two Riemann tensors, or else
the amplitude would vanish by supersymmetry (or, equivalently, by the lack of
zero-modes). This is also consistent with the supersymmetric term in the effective
action calculated by this amplitude as presented in the next section.

We now prove this explicitly following [fl]. Namely, we calculate the genus g
scattering amplitude of two Riemann tensors and 2g — 2 graviphotons and show
that it reproduces the TST partition function. For simplicity, we work in Type I1B
and take the orbifold limit of the CY3, even though the result is valid for a generic
CY3 compactification. The orbifold acts on the complexified bosonic coordinates
as

7% — ¥imha gz (5.1.6)

with hs + hy + hs = 0 due to supersymmetry. Moreover, the complexified ten-
dimensional space-time index, M = 1,...,5, is decomposed in terms of a space-
time, £ = 1,2, and an internal one, a = 1,2, 3. The amplitude of interest is

(Va_)* (Va_)™7?) (5.1.7)

where R_ and F¢ are the anti-self-dual graviton and graviphoton. Their vertex
operators are

Va(p)= hyu (OX* 4 i(p- )" (0X 4 i(p- )d" )eP ™ | (5.1.8)
Vg(p): €uPv @_%(@'Ha) (Sa(Uuy)aﬁgﬁ 3Dy + Sd(Uuy)dﬁ'gﬂ. Y i) P X (519)
Here, because of anti-self-duality, we only use the first term of the graviphoton
vertex operator, and the symmetric traceless polarisation of the graviton h,, is
also chosen accordingly. Moreover, the polarisations satisfy the transversality con-

ditions
ep=0=p"hu . (5.1.10)

Upon bosonisation of the worldsheet fermions,

M = et (5.1.11)
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5.1 TST Partition Function from Type II Amplitudes

the (anti)-chiral space-time spin fields can be expressed as

Sy = eF3(01H62) (5.1.12)

S12 = eF3(01-02) (5.1.13)
whereas the internal one is

S = g2(0sto1tds) (5.1.14)

It is convenient to work in a particular kinematic configuration in which the anti-
self-duality constraints are satisﬁedﬂ, which we choose to be p; # 0 for the first
graviton and p; # 0 for the second one, all the other momenta being set to zero.
The contributions of the vertex operators are summarised in Table Bl Notice
that in order to cancel the background charge of the superghost, the PCOs can
only contribute e¥ Tr. All the other contributions can be deduced by charge
conservation. For this, the positions r;, I = 1,...,3g9 — 3 are split into three
different sets 7,;.

Field Pos. Num. o1 P2 O3 o o5

R_ z 1 1 1 0 0 0 0
w 1 ~1 ~1 0 0 0 0

G- 2 g—1 +1 +1 +1 +3 +3 -3
T S ™ SRS RS S

PCO  ry g—1 0 0 -1 0 0 1
T4 g—1 0 0 0 -1 0 1
T5i g—1 0 0 0 0 -1 1

Table 5.1: Contributions of the vertex operators to the amplitude.

Factoring out the polarisations and the power of momenta corresponding to the
effective coupling of interest p? p? [, pgz)ﬁgz), the amplitude becomesd

!Different kinematics can be obtained by Lorentz transformations.
2The bosonic part of the gravitons does not contribute, see discussion below. In addition, an integral
over the positions of the physical vertex operators is understood.
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5 Topological Amplitudes and Higher Derivative Couplings

Fg://\/l <¢1¢21;11;2(,272)1;11;21;11;2(11)’11—])He—%(<p+e5) S1 81 B (i, T;)

i

X H e 2(P1?) Sy 5'2 by i(yu Yi) H e?Tr €¢TF(7’I> f1)> ; (5.1.15)
. I

where the correlator is to be calculated at genus ¢ and a sum over the 229 spin
structures is understood. Correlation functions on an arbitrary genus g Riemann
surface have been studied, for instance, in [83, 135, B2]. Consider, an arbitrary
spin-A be-system ([CIZ3) which has a background charge Q = 2XA — 1. At genus
g, the Riemann-Roch theorem implies that the number of b zero-modes minus the
number of ¢ zero-modes is I, = (g — 1). Hence, a non-vanishing correlation
function of b,c fields is such that the number of b-insertions minus the number of
c-insertions is equal to I, . For a generic spin structure s, that is |83, 135]

N+IgQ N
< =1 k=1 > 93
Z Z Wy, — QA) « Hz<] E)\(l ) (ZZ7 Z]) Hk<l E)\(l » (wk wl) Hl O'Q(ZZ)
Zf/Q HM EX1=X) (2, wy,) sz o (wy) )
(5.1.16)

—~

8

where 9 is the genus ¢ theta function, E the prime form, o a g/2-differential,
7y the chiral determinant of the spin (1 0) system, which can be thought of as
the partltlon function of a chiral scalar ﬁeldﬁ and A the Riemann class, c.f. Ap-
pendix [CJl Using this identity, we calculate (E1.TH) by factorising the space-time,
internal and superghost correlators.

In the space-time directions, one obtains

H <ez¢z(z H e 2¢z(z1 —ige(z) H e—%¢z(yi)> _

=1,2
793 (5 Zz(ml T yi) +2z- w) % Hz<] El/z(xl x])El/2(yzayj) H E(xw )E(yiaw)

Zy IL,; BV (@i y;) E(z, w)? [1; E(xi, w) E(ys, 2)
(5.1.17)

3In fact, the partition function of a chiral scalar field is equal to Zy 1/2,
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5.1 TST Partition Function from Type II Amplitudes

whereas in the internal space, the contributions are
) ) 1. N
H H 0 50a(@) o 56aWi) p=idalrai) | — H Vsna (D 5T + i) — Tai)

[T, E¥*(xi,y5) [T, B¥* (s, x])E3/4(yZ, Yi) [aic; E(rais aj)
xH&X Tai) X ‘
HaHz’,jEl/ (%;Taj)E/ (yz','f’aj>

a

(5.1.18)
Finally, the superghost yield the correlation function
Z1/2
<H o 39(@i) o= 5o Heso(m)> _ 1
p A 195< Z.(xi+yi)—zlr1+2A)
[laiy B2 (i) B (yi, 7o) o Hio(xi)o(yi)
H VA (g, y) Tie; BV (i, 2) EVA(yis yi) To s B (rirs) 1L 0(m)
(5.1.19)

and the integral over the zero-modes of the space-time bosons gives

<}HaX€ > ﬁm) (5.1.20)

7 being the period matrix of the Riemann surface. Joining all contributions, the
effective coupling is

/ }Z —yi) + 2= w) [1, Vs, 3 (@i + i) — 7ai)
- 22 det IrnT)l(/1 (1Zi(xi+yi)—zlm+2A)
H¢<jE($i=$j)E(yz,yj)H-E(% 2)E(yi, w) [aicj E(rais 7aj)
E(Z w)* I, E(xi, w)E(y;, 2 )HI<J (7’1,721)

H yz

The last term stems from the b-ghost zero-modes, with p; being the Beltrami
differentials and h,, the quadratic differentials, and serves as a measure over the
moduli space M. In order to be able to perform the sum over the spin structures
using the Riemann summation identity (CIIH), it is convenient to fix the positions
of the PCOs such that

(5.1.21)

—ztw+ Y Y +20=D 1y, (5.1.22)
) I

and the theta function in the denominator cancels out. In addition, the theta
functions above are monodromy-invariant and one can readily perform the spin
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5 Topological Amplitudes and Higher Derivative Couplings

structure sum without any additional phaseﬂ:

5

Z 195(% Z:(xZ —yi)+2z—w) Hﬁs,ha(z %(Iz +Yi) — Tai)

s i a=3 i

le—l—z—w AH haZrm—A
. (5.1.23)

Furthermore, the amplitude can be further simplified using the bosonisation
identities of [83, 12, BH]. More specifically, we identify a superghost system with
background charge @) = 3,

Z1?
V(=22 rr +38) [y Ezr, 25) [T 03(r1)

and a be-system with @ = 1,

5 5
H Z_1/219_ha(z Tai — H E Taz; Taj H o T‘“ H Zy det w_h“’i(raj) ‘
a=3

1<j a=3
(5.1.25)

= Zy det ™ hy(zy), (5.1.24)

Similarly, the remaining parts of the amplitude can be recognised as the following
chiral determinants:

I i+ 2 —w— A) e, E@i, xj) []; E(i, 2)o ()

= Zl det wi(i"j), (5126)

211/2 E(Z7w> Hz E(Iivw)
U P — - A i< E i» Yj ZE i, W)O\Y; "
>y zl/—; w — A) [ic; E(i ) 11 E(yis w)o(ys) _ Za det wiliy) . (5.1.27)
Zl ( 2 )Hz E(ylaz)
Here, we have defined for simplicity
i’i =i 2, (5128)

The total amplitude can now be compactly expressed in terms of the chiral deter-
minants above:

/‘det wif@;) det wi(g;) [1a det(0Xa wpoi(re;)) €ay...a H/Mj'ha 2
det(Imr) det hy(ry) bt '

(5.1.30)

“Had we chosen the bosonic part of the graviton vertex operator, the result would have vanished after
performing the spin-structure sum due to the Riemann vanishing theorem.

80



5.2 Effective Field Theory
Using the definition of the period matrix, it is easy to show that

/det w;i(Z;) = g! det Imr . (5.1.31)

T

Moreover, summing over all the possible partitions of the positions r,; cancels the
remaining determinants, which leads to

P, = (g!)Q/M <)det/2 Ml-hjj2> = (g!)*F, . (5.1.32)

Hence, the coupling of two anti-self-dual gravitons and 2¢g—2 anti-self-dual gravipho-
tons in Type II computes the genus g topological string partition functiontl.

One can repeat the calculation above at higher genus by considering the same
scattering amplitude (with 2g — 2 graviphotons) at genus ¢’ > g. It is easy to show
that it vanishes identically due to a lack of fermionic zero-modes. In fact, in turns
out that this class of couplings is super-protected: it receives neither perturbative
nor non-perturbative corrections, as discussed in the following section.

5.2 Effective Field Theory

Following Gopakumar and Vafa [41, 42], the generating function of the A-model
partition function on a CYj is obtained by integrating out all massive BPS states
corresponding to D-branes wrapping two-cycles of the CY3 in the background of
a constant anti-self dual graviphoton field strength. Due to the anti-self duality,
the latter only couples to the spin of the D-brane states along a particular SU(2)
of the four-dimensional Lorentz group. Specifically, in terms of the (2-supergravity
background [67, 64], this means that the topological partition function only de-
pends on one deformation parameter, e_, that is identified with the topological
string coupling. Thus, from the point of view of the string effective action, we are
naturally led to study N = 2 higher derivative F-terms including the anti-self-dual
graviphoton field strength tensor.
Consider the following series of effective couplings in the standard four-dimensional

superspace R ~ {z# 6 09} [d]:

7,= / d*z / d*0 Fo(X) (W WE)I for g>1, (5.2.1)

which is a %—BPS F-term since it is invariant under half of the supercharges. In addi-
tion, W, is the supergravity multiplet and we have introduced (anti-symmetrised)

5In the last step, we have used the definition G~ = 8 X% 9 in the twisted theory and the bosonisation

identities of [83] in ETIH).

81



5 Topological Amplitudes and Higher Derivative Couplings

indices 7, j = 1,2 for the SU(2)g R-symmetry group. W/ contains the gravipho-
ton field-strength F'¢, the field strength tensor Bfw of an SU(2) doublet of gravitini
and the Riemann tensor:
ij _ Ghij i Jl i _pTpj

Wi = FCP, + 0Bl — (00" )R ) e + -+ (5.2.2)
The subscript (—) denotes the anti-self-dual part of the corresponding field strength
tensor. The coupling function F, in (B2ZT]) only depends on holomorphic vector
multiplets, which contain a complex scalar ¢, an SU (2)r doublet of chiral spinors
AL, as well as an anti-self-dual field-strength tensor of a space-time vector F(”_” ):

xI — ¢I + 91)\{ + %F(I_)Weij(é’ia‘“’@j) + - (523)

We have added an additional label I to indicate that there are several vector
multiplets. In fact one of them, denoted X, is not physical but rather serves as
a compensator of degrees of freedom in the formulation of NV = 2 supergravity
[25, 26]. The physical moduli are then the lowest components of the projective
multiplets:

X1 .— X!

=5 (5.2.4)

Upon explicitly performing the integral over the Grassmann variables, (21]) in-
duces a component term that was calculated in the previous section:

vpT o -1
7, = / d'x Fy(9) Ry o RIS [FE) 2 FETT 4+ (5.2.5)

Recall that the Weyl multiplet W has conformal weight 1. Since the integrand in
(EZT)) must have weight 2, the coupling F,(X) is a homogeneous function of degree
2 —2g. Moreover, upon fixing the superconformal gauge, the compensator field ¢°
can be expressed in terms of the Kahler potential K and the string coupling:

0 =g tek/? (5.2.6)

Therefore, the coupling function can be written in terms of the physical moduli
and, to the lowest order in the Grassmann variables,

Fy(¢) = (¢0)2_29‘7:g(¢3) = g2o= D elIm9)K fg(é) : (5.2.7)

The Kéahler potential depends only on vector multiplets and, in Type II, the dilaton
belongs to a hypermultiplet. Moreover, due to the absence of mixing between
vector and hypermultiplets in A/ = 2 supergravity, the Kahler potential cannot
depend on g,. Consequentlyﬁ, the couplings [}, calculated in the previous section

SRecall that string loops are counted by the power of gs.
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appear, as expected, at loop order g. In fact, they do not receive any further
perturbative or non-perturbative corrections.

One way to see this is to analyse the dependence of the gravitational fields on g,.
The term (22ZH) in the effective action is written in the string frame. One can reach
the Einstein frame by reabsorbing the dilaton dependence of the Einstein-Hilbert

term:
Vdet GRg;? — Vdet GR, (5.2.8)

which is obtained by rescaling the metric as G — G ¢g2. On the other hand, the
graviphoton, as a RR field, contains a single power of g, such that R? (F¢)29-2 has
a power of g2~2. Going to the Einstein frame, there are additional powers of the
dilaton arising from the metric factors that contract the Riemann tensors and the
graviphotons, leading to a power of 93(2_29). All in all, including the loop factor
of g2972, the total dilaton dependence vanishes and the couplings F, are indeed
super-protected.

5.3 Heterotic Dual

The gravitational couplings (EZH) can be used to test string dualities. For instance,
as discussed in Section [C4], Heterotic string theory on K3 x T2 is dual to Type
IT on a K3 fibration. Hence, in the latter case, it is interesting to calculate the
gravitational couplings above in the dual Heterotic theory. However, the non-
renormalisation theorem above does not carry over through the duality map since
the Heterotic dilaton belongs to a vector multipletﬁ. In fact, the Kahler potential
possesses a dilaton dependence of In g2 so that, using (B21), F, already appears
at genus ond]. Consequently, in the weak coupling regime,

FgHet|1-loop = FgType H‘ImS—»oo . (531)

One can check this explicitly by calculating the one-loop effective coupling of two
gravitons and two anti-self-dual graviphotons [4]. Notice that since this is a one-
loop amplitude, upon evaluating the correlation function of the vertex operators,
one can perform the integral over the fundamental domain of the torus, using, for
example, the techniques developed in [4, 5], and obtain an explicit expression for
the perturbative part of Fj,. The derivation of the F}’s in Heterotic is, however,
not shown in this section since the more general setup of ‘refined couplings’ is
discussed in detail in Section B

In a word, we have seen the TST partition function is calculated, in Type II, by
gravitational coupling which are super-protected due to N' = 2 supergravity, and
arise as higher derivative F-terms in the effective action. In addition, when the

"Under Heterotic-Type II duality, the heterotic dilaton is mapped to the volume modulus of the K3
fibration base.
8This is true for g > 1. For g = 0, 1, there are additional tree-level contributions.
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5 Topological Amplitudes and Higher Derivative Couplings

Type II compactification admits a Heterotic dual, these couplings start receiving
contributions at one-loop. This renders an explicit evaluation possible at the
perturbative level and gives a way to generalise them in a natural way as described
in Section

From the low energy field theory point of view, Fj is nothing but a generalisation
of the Seiberg-Witten prepotential in the presence of gravity. In addition, the
terms F,~o are R? corrections to the latter. In terms of the underlying N' = 2
gauge theory, they arise as a deformation of the Seiberg-Witten theory using the
-background and which we briefly present in the following section.
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6 N=2 Gauge Theory from String Theory

As mentioned previously, a full-fledged non-perturbative definition of superstring
theory is lacking. However, one can still probe some effects beyond perturbation
theory using D-branes. The latter can be used to describe field theory instantons
but also purely stringy, or exotic ones.

Recall that in field theory, instantons are finite action solutions of the equations
of motion. We are interested in four-dimensional gauge theories in which they are
given by gauge fields whose field strength is self—dualﬁ

Fo=06F)w=z6,""Fy. (6.0.1)

N —

Consider the (Euclidean) Yang-Mills action with gauge group G and a theta angle

1 6
Sya = — /Tr(F A*F) — 22 /Tr(F AF). (6.0.2)
g2 {72
A finite action solution is a pure gauge because the field strength must vanish at
infinity: -
A (z) ~U(z)0,U(x), (6.0.3)
with € S3. Since U defines a map from S® to G, non-trivial instanton configu-

rations are classified by the third homotopy group of G. In most cases of interest,
the latter is a simple group so that

m3(G) = 7. (6.0.4)

Therefore, an instanton is characterised by a topological quantity, its winding

number k € Z given byﬁ

1
k=— | FAF, (6.0.5)

871'2 R4

and the corresponding (positive) action is
8 2
Sy = <i2 + w) Ik|. (6.0.6)
9

Notice that the factor e=°F breaks the perturbative U(1) symmetry of the theta
angle to a discrete one.

! Anti-instantons are solutions with opposite self-duality.
2For instantons, k > 0, whereas for anti-instantons k < 0.
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6.1 D-brane bound states

String theory must also contain the same instanton configurations since its low
energy limit is a gauge/field theory. Intuitively, they correspond, from the four-
dimensional space-time point of view, to point-like objects that can be extended
in some internal dimensions. The simplest such objects are (Euclidean) strings
wrapping an internal two-cycle, but these are perturbative objects from the string
theory point of viewtl. In order to obtain stringy non-perturbative objects, we must
consider, instead, D-branes wrapping some cycles in the internal space, and they
are sometimes referred to as Euclidean branes (E-branes) or D-instantons. The
action of this configuration is given by the Dp-brane couplings and, in the absence
of background fields, that is

T = @/dp+1§\/5+mp/cp+l. (6.1.1)

s

The first term gives the volume of the cycle wrapped by the Dp-brane and T' can
be regarded as a complexified modulusd] generalising (B1L6). Moreover, the second
term breaks the continuous shift symmetry of the RR scalar a,1 ~ [ Cpiq to a
discrete subgroup generated by a,11 — a1 + 2.

The gauge theory can be realised in terms of a stack of D-branes extending in
the four-dimensional space-time and, possibly, in some internal dimensions. One
can show that gauge theory instantons arise as Dp-D(p+4) bound states [90, 131].
For more general brane configurations, one obtains exotic instantons. In fact, the
D(p+4)-brane effective action contains the following term:

s / Cooy ATE(F A F). (6.1.2)

Hence, an instanton configuration on a D(p+4)-brane carries a charge under Cj1:
it is a Dp-brane. Usually, one considers a stack of N D(p+4)-branes in order to
realise, for example, an (S)O(N) gauge theory (or a subgroup thereof), together
with k& Dp-branes to probe k-instantons. Of course, in a consistent string theory,
tadpole cancellation restricts N to a particular value and this is implicitly under-
stood throughout the manuscript. Moreover, as shown in [9(], the k& Dp-brane,
when collapsing to the same point, generate an Sp(k) gauge grouptl.

In the open string sector, there are different kind of states depending on the
location of the string endpoints. When the latter are on the D(p—i—ll)—braneﬂ7
the corresponding states are vector multiplets whose scalars X, 4 parametrise the
position of the branes in the transverse space. On the other hand, mixed states

3They are, however, non-perturbative in «'.

4In Type ITA/B, it is a complex structure/Kéahler modulus.

SFor U(N), Sp(N) gauge theories, the instanton group is U(k), O(k) respectively.
SWe focus on the N = 2 case.
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arising from open strings stretching between Dp- and D(p-+4)-branes belong to
hypermultiplets. If X, denotes the position of the Dp-branes in the transverse
space to the D(p+4)-branes, then X,.4 = X, is a configuration where the D-
instantons are ‘stuck’ to the gauge branes: this is the Higgs branch of the moduli
space, and the instanton has a finite size parametrised by the hypermultiplets. On
the other hand, X, 4 # X, is the Coulomb branch and the instanton is a point-like
configuration located away from the D(p+4)-branes.

6.2 ADHM instantons

In this section we briefly review the Atiyah-Drinfeld-Hitchin-Manin (ADHM) con-
struction [15] of gauge theory instantons and show, quantitavely, how the instan-
ton effective action arises, in string theory, from the degrees of freedom of a Dp-
D(p+4) system. In addition, for later purposes, we also implement a non-trivial
Q-background [72] as a U(1)?-deformation of the ADHM instantons. Our notation
follows [1] (see e.g. [30] for a review). At the core of the (undeformed) ADHM
construction is a specific ansatz for the gauge connection. Requiring this ansatz
to be a solution of the Yang-Mills equations of motion gives rise to a number of
constraints that can be encoded in an action principle. To obtain a deformation
of this ADHM action, we implement a particular space-time U(1)? rotation, with
parameters € 5 (the © background) [

To be more specific, consider the following ansatz for the SU(N) gauge connec-
tion

(A)uw = Uy 0uUus with U,y = Oy - (6.2.1)

Here we have introduced the ADHM index a =1,...,2k+ N and u,v=1...,N,
with k being the instanton number§ The ansatz (BZZT) is a solution of the Yang-
Mills equations, DF = 0, with D being the covariant derivative (with respect to
the gauge connection), if the corresponding field-strength is self-dual, i.e. F' = *xF.
This can most easily seen by using the Bianchi identity as follows:

0=DxF=DF=0. (6.2.2)

To find a solution for the matrix U which has this property, we first notice that
the operator P, = U, U" is a projector preserving U, i.e. P> = P and PU = U.
The field strength of A, can be written in terms of P as

F = 0,U0%(8," — P20, Uy . (6.2.3)

One is thus led to write the ansatz 1 — P = A f A, where the [N + 2k] x [2k]
matrix A is called the ADHM matriz, while f is an arbitrary Hermitian matrix.

"We also use the notation ey = 9E<2

8In the following we mostly suppress the indices u,v to keep the notation simple.
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If we assume that A is linear in the space-time coordinates,
Agia = Qaic, + b5 Tag (6.2.4)
and that the matrix f is ‘diagonalised’ as
fi%5 = fiid 4, (6.2.5)

then the field strength (G2Z3)) is self-dual, being proportional to the matrix oy, .
Here, the space-time coordinates x, are written with spinor indices, i.e. Toq =

x,(0")qq and we have introduced the instanton index ¢ = 1,..., k. Notice that f
can be written in terms of the ADHM matrix as
AA = 1. (6.2.6)

In this way, the construction of the ADHM solution is reduced to finding a con-
sistent set of matrices a and b. The symmetries of the problem allow us to write

fd
0
a= ("], p— ( NIxXEE) (6.2.7)
a Moy x (28]

where w and al, are [N] x [2k] and [2k] x [2k] matrices respectively. They are
usually parametrised as follows:

w = ( J I ) , (6.2.8)

_nf
a B =53 (6.2.9)
B, BI

Here B 5 are [k] x [k] and J, I are [N] x [k]. In terms of the symmetry group U (k)
of the instantons, I, J transform in the fundamental, anti-fundamental representa-
tion, whereas Bj» transform in the adjoint. The condition (G228) now translates
into the ADHM equations

pe =1J + By, By] =0,
pe =IT" = J'T+ > "[B, Bf] =0. (6.2.10)

1=1,2

The equations (GZZI0) are invariant under the action of U(k) x SU(n), where
SU(n) acts as a global gauge transformation and U (k) reflects the residual symme-
try of the ADHM data. In fact, it is important to quotient the space one obtains
after implementing (E210) by this U(k) in order to obtain the ADHM manifold
M, of dimension 4Nk:

My = —. (6.2.11)
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6.2 ADHM instantons

In addition, one can also include an equivariant U(1)? action parametrising rota-
tions in space-time with angles €; 5. The total resulting action can be written on
the ADHM data as

By — e Be e (6.2.12)
I —ePTe e (6.2.13)
J =t Je et (6.2.14)

where a = diag(ay,...,ay) is the U(1)N=! C SU(N) parameter of the gauge
transformation ¢, and, similarly, ¢’ € U(k). Physically, a corresponds to the vev
of the gauge theory vector multiplet and ¢ is the adjoint complex scalar (Higgs
field). In the context of N' = 2 gauge theory, the previous bosonic moduli are
supplemented with their fermionic superpartners appearing in the action below.
The ADHM instanton action can finally be written in the form of a total BRST
variation:

S=Q[x-m+ V- V(). (6.2.15)

Here x acts as a Lagrange multiplier reinforcing (G.2I0) as formulated with the
ansatz (E2Z7), while ¢ can be interpreted as a gauge connection implementing an
equivariant U(1)? action on the instantons. In addition, we have defined

m= ( Hi ) . (6.2.16)
Hc

The action of @ and the definition of the vector field V' are [72]

QB =Vg, QUp =[6,B]+eb;,
QI=V;, QU =¢l—Ila—e,l,
QI =V,;, QU,=—Jop+al—e.J,
Qxr = Hr, QHg=[¢,xr],

@xc = Hc, QHc=[¢,xc]+2€e4 xc,
Qp =0, Qo = [0, 9],

U-V(p) ="Tr [Zz:m Up,[6, Bf] + Up, (¢, Bl — V10l + 190 — Jo0; + T ;61|

6§ = ( Zi ) (6.2.17)
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6 N=2 Gauge Theory from String Theory

implements the fermionic constraints as a ‘superpartner’ of m. Moreover, the
corresponding ‘scalar product’ is

1
x-m="Tr [XR (x4 5(9&: pie + xe )| (6.2.18)

Finally, defining A = (By, I, J) and Gy, to be the instanton group, the path integral
leading to Nekrasov’s partition function is [72]

R, p—— / Dé Dé Dy Dy DH DA DU ¢=Qcm+ ¥V (@)+nlo.d])
(6.2.19)

6.3 String theory realisation of ADHM instantons

As discussed previously, a Dp-D(p+4) system is a string theory realisation of
gauge theory instantons. Hence, one should be able to reproduce the aforemen-
tioned ADHM action by identifying the relevant massless fields arising from such
a construction, at least in the absence of the Q-background (e; 2 = 0)d. For defi-
niteness, we focus on the D(-1)-D3 case [31], though it is easy to generalise it to
any Dp-D(p+4) system. For instance, the D5/D9 system used in Chapter [ is
related to the latter by T-duality.

Consider a system of N D3-branes and k£ D(-1)-branes in a Type IIB orientifold.
In the simplest case of toroidal compactification on 7, this leads to the maximally
supersymmetric case of N' = 4 SU(N) gauge theory. For a Z, orbifold as in
Chapter [[M, the amount of supersymmetry is reduces by half. In addition, we have
already seen that the D-brane charge is usually constrained, at the quantum level,
by tadpole cancellation, though for the purpose of classical dimensional reduction
this is not relevant. With this remark in mind, we keep N generic. The Euclidean
Lorentz group is broken,

SO(10) — SO(4) x SO(6) (6.3.1)

whose covering group is & = SU(2), x SU(2)g x SU(4). Here SU(4) plays the role
of the R-symmetry for the NV = 4 theory. The ten-dimensional index M € [0, 9] is
decomposed into longitudinal and transverse directions with respect to the space-
time-filling D3s:

M — (p,a) € [0,3] x [4,9] . (6.3.2)
The string coordinates obey Neumann boundary conditions only along the longi-

tudinal directions of the D3-branes. In particular, the boundary conditions for
an open string can be NN, ND or DD depending on the location of its endpoints.

9This case is studied in Chapter [
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6.3 String theory realisation of ADHM instantons

The ten-dimensional spin field preserved by the GSO projection is decomposed by

([B37T) as _
S — (S,54,54S%), (6.3.3)

where «, & denote chiral, anti-chiral spinors in four dimensions and the upper,
lower A index refers to fundamental, anti-fundamental representations of SO(6),
see Appendix [A] for more details. The vertex operators for the supersymmetry
currents are

Jaa =€ F5u5n,

joA = em5 5954 (6.3.4)
and similarly for the right-movers. The supercharges () are simply the integrals of
these currents. Each set of D-branes preserves different supercharges according to

(C3Z0). In particular, due to the left-right identifications, these are combinations
of the form

QaA + @CMA ) QdA + @dA . (635)

For Dp-branes, the boundary conditions for the spin fields is of the form
S=([rHs (6.3.6)

at the boundary (z = z). More precisely, for the D(-1)-branes, that is

SaSa = S.54, (6.3.7)
§igA = §agA (6.3.8)

so that the preserved supercharges are Qo4 — @a 4 and Q%4 — @dA. For the D3-
branes, the boundary conditions ar

SaSs = —5,54, (6.3.9)
5454 = 5454 (6.3.10)

Hence, the D3 boundary preserves Qui+Qaa and Q%4 —Q%A. Notice that only the
latter is preserved by both sets of branes. In other words, N = 4 supersymmetry
of the gauge theory is broken down to N = 2 by the instantons.

Let us now discuss the massless spectrum obtained from the open string sector
and which come from the reduction of the ten-dimensional A/ = 1 multiplets. The
endpoints of the open string can be located on the D3- or the D(-1)-branes, and
this leads to three different sectors denoted by 3-3, 3-(-1)/(-1)-3 and (-1)-(-1).

10Tn fact, one could choose the opposite sign with respect to the D(-1) boundary conditions, and this
configuration would correspond to anti-instantons.
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6 N=2 Gauge Theory from String Theory

1. 3-3 sector
The massless excitations consist of a number of N/ = 4 vector multiplets,
each of which containing a vector field A*, six real scalars ¢%, as well as two
gaugini (A®?, Ag44) which transform in the (2,1,4) @ (1,2, 4) representation
of &. The bosonic degrees of freedom stem from the NS sector, while the
fermionic ones from the R sector. This sector taken separately realises an
N = 4 super-Yang-Mills theory living on the four-dimensional space-time.

2. (-1)-(-1) sector

These states are moduli (i.e. non dynamical fields) from a string perspective,
due to the instantonic nature of the corresponding D(-1)-branes. Indeed, the
states in this sector cannot carry any momentum because of the Dirichlet
boundary conditions in all directions. From the NS sector, we have ten
bosonic moduli, which we write as a real vector a* and six scalars y®. From
the point of view of the gauge theory living on the world-volume of the D3-
branes, a* corresponds to the position of gauge theory instantons. In the
Ramond sector, there are sixteen fermionic moduli, which are conveniently
written as M4, Aga.

3. (-1)-3 and 3-(-1) sectors

Also this sector contains moduli from a string point of view. From the NS
sector, the fermionic coordinates have integer-moded expansions whose zero-
modes give rise to two Weyl spinors of SO(4) and are usually called (wg, ws)-
Notice that these fields all have the same chirality, which in our case is
anti-chiral, owing to the specific choice of boundary conditions above. The
opposite choice in order to describe anti-instantons would have lead to chiral
fields insteadt. In fact this can be derived by imposing locality of the OPE
of these fields with the conserved supersymmetry currents (see below). From
a SYM point of view, these fields control the size of the instanton [3(]. In the
R sector, fields are half-integer moded leading to two Weyl fermions (u?, i)
transforming in the fundamental representation of SO(6).

This field content is compiled in Table below.
The vertex operators for the fields in the 3-3 and (-1)-(-1) sectors can be obtained
by dimensional reduction. In the former, these are

Au(p) X () - ¢a(p) X () —
Va(z) = “_¢u(z) P X(2) o <p(Z)7 Vy(z) = W (2) e ) ¢ <p(z),
V2 v
(6.3.11)
. 1 . . 1
Va(2) = A48, (2)Sa(2) €7 X0 e72¢0) | Vi (2) = Aqu§%(2)4(2) XD e 290,
(6.3.12)

M Recall that instantons and anti-instantons have, by definition, opposite self-duality which translates
into an opposite chirality of the corresponding field strengths when expressed in a spinor basis using
sigma matrices.
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6.3 String theory realisation of ADHM instantons

Sector Field || Statistic | R / NS
3-3 A+ boson NS
AcA fermion R
Aga fermion R
ol boson NS
(-1)-(-1) at boson NS
x* boson NS
MeA fermion R
AaA fermion R
(-1)-3/3-(-1) || wa,wq boson NS
pu fermion R

Table 6.1: Overview of the massless spectrum of the D(-1)/D3 system. The last two
columns denote whether the field is bosonic or fermionic and the sector it
stems from.

whereas in the (-1)-(-1), we have

Va(2) = go @ (2)e %) Vi(2) = %wwe—@(” . (6.313)

Virle) = 25 M5, (2S48, Va(2) = haa §4(2)54(e) e 340,
(6.3.14)

Here, gg is the D(-1)-brane coupling constant. For a Dp-brane, it is defined as
Goyr = Am(2nVa )PP g, (6.3.15)

Moreover, we have set 2ra’ = 1. In order to recover the usual dimensions, one

must rescale the fields with (27ro/)¥ and, as usual, vgng = 0, % The vertex
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6 N=2 Gauge Theory from String Theory

operators for the mixed sectors contain the so-called twist operators that implement
a change in the coordinates boundary conditions from D to N and vice-versa. These
are bosonic fields denoted A, A and carry conformal dimension 1/4. The vertex
operators are [43]

V. (2) z% walA(2)SH(2)e™#) | Vo(z) =

Vile) = T AESA I () =

Consider the OPE of (&316) with the supersymmetry currents (E34]) which
can be easily derived as follows:

DA (2)5%(2)e ??) (6.3.16)

AA(2)Sa(2)e 293 (6.3.17)

wd

G (2) Vo (w) ~ SA(w) A(w) e 29 | (6.3.18)

Z—Ww
wd(o—ﬂ)aa

V2(z — w)>

Hence, the anti-chiral moduli w, @ are compatible with the preserved supersymme-
tries in the D(-1)/D3 system since the OPE (6318) of their vertex operators with
the corresponding supersymmetry currents are local. However, notice that the
OPE (63T19) is non-local because of the branch-cut, but this is not problematic
because the corresponding supercharges are broken. On the other hand, the situa-
tion is reversed for chiral mixed moduli: the OPE of the latter with the preserved
supersymmetry currents is non-local and, therefore, is inconsistent. This justifies
the fact that the mixed bosonic moduli have a definite chirality stemming from
the choice of boundary conditions for the spin fields.

We would like to describe the gauge theory interactions between the various
states arising in the construction above, and compare with the action obtained in
the ADHM construction. In the string theory language, these are tree-level open
string interactions and are described by disc amplitudes [43]. In addition, one
must take the limit o/ — 0 in order to project out the string theory corrections.
Let us first focus on 3-3 sector describing the perturbative gauge theory degrees
of freedom. The disc diagrams have their boundary lying on the D3-branes only.
Consider, for instance, the interaction term of two gaugini A*4 and a scalar field
¢, that is

Jan(2) Vo (w) ~ Sa(w) Aw) P (w) e 29®) (6.3.19)

Dagn = ((Va Ve Vi)

dztdz2dz3
_ N, / e Vale1) Vi(22) Vi) (6.3.20)
123

where N, is the normalisation for D3-branes disc amplitudes, dV,. is the volume
of the conformal Killing group (CT50) and (---) denotes a disc CFT correlator.
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6.3 String theory realisation of ADHM instantons

For a Dp-brane, the normalisation factor N, is [21]

1 1

212 2 )
2720”2 Cpi1 92

Nppy = (6.3.21)

with Cp4 being the Casimir invariant of the fundamental representation F of the
Dp-branes gauge group:
Trr(T*T") = Cpyy 6. (6.3.22)

In our current case, the generators are normalised such that Cy = 1 and Cy = %
At tree-level, the total superghost picture must be -2, and the vertex operators
[E3T10, E3T2) are already expressed in convenient pictures. Using the results
listed in Appendix Bl the correlator in [E320) can be evaluated, to the leading
order in o/, as

1 1 1
(VA(Zl) V¢(22) VA(ZS)> _ ﬁAaA ba AﬁB<e—§<p(Z1) e~ ¥(z2) e—w(%))

X <$a(21) Sp(23)){Sa(21) ¥ (22) Sp(23))
= %Ga@ (29 ap A g APB (219 213 203) 7. (6.3.23)

Including all the normalisation factors, this yields

%
Dagr = ?(Z“) ap N ¢y AP (6.3.24)
4

Finally, in order to obtain the full coupling, one must also calculate the inequiva-
lently ordered term ® 5,4 which gives through a similar calculation the same result
with the opposite sign due to the different ordering of the fields:
2 S\a aA B
Dapr = =5 (X)) ap A" A" ¢q . (6.3.25)

94
Hence, the term in the effective action is
2 @ aA B
?(2 )ap A ¢a, Ao (6.3.26)
4

Computing all possible tree-level diagrams involving the vector multiplet compo-
nents, taking the field theory limit and identifying g, with the Yang-Mills coupling
gym, one recovers the tree-level super-Yang-Mills (SYM) effective Lagrangian:

1 1 ~ —ap - 1
Lsyn =——Tr {—F2 — 205D Ap? + Do DGy — = [ba, 1)
IoM 2 2

+ 2i(S) P Asalta, A%] + 2i(E9) ap Ao, A} (6.3.27)
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6 N=2 Gauge Theory from String Theory

Therefore, the stack of D3-branes supports, as expected, an N' =4 SU(N) gauge
theory on their world-volume. We now show that, in this picture, the D-instantons
provide a good description of the corresponding gauge instantons.

The instanton effective action is obtained similarly by calculating all tree-level
disc diagrams involving the moduli above, and these reduce, in the field theory
limit, to three- and four-point amplitudes only. There are two types of disc dia-
grams as depicted in Fig. [l mixed and unmixed ones. The latter are the ones in
which the full boundary of the disc lies on the D(-1)-branes, whereas the former
correspond to the case where the disc boundary is split between the D3- and the
D(-1)-branes. This means that there are insertions of (-1)/3 and 3/(-1) moduli
which are responsible, through the twist fields, for the jump of the boundary con-
ditions from N to D and vice-versa. Consequently, mixed diagrams always contain
an even number of such moduli.

_IY(—l) ) V)
" -y . bl 7
"¢' §\ ‘s\
l' ‘\ ‘\
Ay L Vi, b
\ AEINEY ]
4 ’
. ’ 4
\‘ 'I &
\~~. . ¢¢ "l'
lv(-l) (-1) V( 1)-3

Figure 6.1: Mixed and unmixed disc diagrams with boundary insertions only. Diagram
(a) involves four boundary insertions from the (-1)-(-1) sector, whereas dia-
gram (b) two insertions from the 3-(-1) and (-1)-3 sectors. While the whole
boundary of diagram (a) lies on the D(-1)-branes, diagram (b) lies partly
on the D3- and partly on the D(-1)-branes. Notice that the latter mixed
boundary conditions are only relevant in the space-time directions.

Let us first focus on the cubic interactions in the (-1)-(-1) sector which, by
dimensional analysis, involve one NS and two R moduli. For instance, consider
the following correlation function:

Danemr = (Ve Vo Vi)
— N, / %(vM(zl)vx(zz)vM(23)>. (6.3.28)
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6.3 String theory realisation of ADHM instantons

This correlator has exactly the same structure as the one in ([E320) and leads,
similarly, to
;2

7 _
<VM(2’1) VX(ZQ) VM(23)> = &Eag (ZG)AB MaA Xa MﬁB (212 213 2’23)_1 s (6329)
4

so that the interaction term (E328) is
0
2

Including the other ordering of the polarisations (containing the CP degrees of
freedom) yields the term

QMXM = (ia)AB MaA Xa MozB . (6330)

i
5 (5" an M xa, M) (6.3.31)
All other three-point interactions can be derived similarly. Let us turn to the more
involved case of four-point diagrams in which one of the positions of the vertex

operators is integrated, and we focus on the amplitude

gaaaa = <<Va ‘/a Va ‘/a>>

17,374
~ N, / dzddﬂm(zl)va(@) Va(2s) Vi (24) (6.3.32)
Viga

where we choose the position 25 to be the integrated one. Naively, the zero-picture
vertex operator is 0X*. However, in order to regularise the worldsheet integrals,
we need to turn on some momenta in the internal directiondd. In principle, the
Dirichlet boundary conditions due to the D(-1)-branes forbid the presence of mo-
menta in any direction. Nevertheless, changing pictures for zero momentum vertex
operators is quite subtle and one may formally define this procedure by allowing
momenta in some directions and then taking the zero momentum limit [79]:

VO(p=0) = leij)l% Veco VD (p). (6.3.33)

Here, the superscript displays the picture of the vertex operator. The limit of
vanishing momenta is then taken after evaluating the correlation functions and
the worldsheet integrals. Alternatively, one may work in the dual D5/D9 system
which is obtained by performing a T-duality along all the internal directions. In
this case, the boundary conditions in the latter do not forbid any momentald.
Here, it is important to notice that momenta are never allowed in the space-time
directions (where the gauge theory lives). In general, the vertex operator at non-
zero momentum is of the form

(OX* —i(p-)p)e? . (6.3.34)

12See Section 2.5 of [91]] for a recent discussion of integrated vertex operators in string theory.
130ne must also take the decompactification limit of the T in order for this to be possible.
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6 N=2 Gauge Theory from String Theory

One of the zero-picture vertices in ([E332) is at fixed position, i.e. it has conformal
dimension zero, and this amounts to attaching to it a c-ghost. In fact, this naive
step is incorrect since the resulting vertex operator would not lie in the BRST
cohomology:

Qurst [ (OX" —i(p-)Y*)e? ] £0. (6.3.35)
The correct physical zero-picture vertex operator of dimension zero is
[c (0X" —i(p- )yh) — y ] e (6.3.36)

as one can readily check by evaluating the action of the BRST charge on (6330
(v is the superconformal ghost). (E332) now becomes

gaaaa — NO hm dz2<‘7a(0) (Zl>pl) Va(O) (Z2ap2) f/a(_l) (Z3>p3) ‘7:1(_1) (Z4ap4)> )
4

Pi—

(6.3.37)
where the tilded vertex operators are the unintegrated ones:
ViO(z,p) =goa, [c(0X" —i(pat*)e") — y "] €™ (2), (6.3.38)
VY (2,p) = g0 a, ce PPt e (z) (6.3.39)
VO (zp) =g a (OX" — i(pab®)pH)e X" (2) . (6.3.40)

Consider the contribution of v¢* to (E33Q) for which only the fermionic part of
(E30) can give rise to a non-trivial correlation function between the fermions
in the space-time directions. However, ¥* cannot contract with any other field,
and this yields a vanishing contrlbutlon. Similarly, the terms 0X*, (p,u®)Y* in
E33]) can only contract with the corresponding ones in (G340) resultmg in the
two following terms:

Ay = X @)OX N 1)) =~

Ay = —p1a p2b<¢a(z1)¢b(22)><¢“(Z1)¢y(22)¢p(23)¢A(Z4)>
_ pupa [0MEPY GreamA N 5*”6”9} | (6.3.42)

212 212234 213724 214723

(6.3.41)

Both A; and A, are multiplied by the contributions of the c-ghost, superghosts
and the exponentials in the momenta:

4

Ay = (e(ar)e(zs)e(za) e ?E0) eote) (T e

=1

= 213214 H (zij)PiPa . (6.3.43)

1<i<j<4
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6.3 String theory realisation of ADHM instantons

Focusing on the ordering 1234, the total correlation function is

(VA (21, p1) VO (22, p2) VTV (23, p3) Vi (20, 00)) = 96 Tr[ay ay a, ax] Ao(Ar+Ay) .
(6.3.44)
In this case, the range of integration of 2y is |21, z3[. Notice that only the prod-
uct pi-pe appears above and we can already set p3 and ps to zero. The term
proportional to A; yields
_ 2 g gox (6.3.45)
234
This contribution cancels against the same one coming from the ordering 4321 so
that only the term proportional to A can lead to a non-trivial result. This occurs
when the integral over zy gives a pole in p;- py. Clearly, the first term in (E342)
cannot result in such a pole. Integrating the other two terms over z, and taking
the limit of vanishing momenta, one obtains

— GHPEVA - GHASVP (6.3.46)
Including the polarisations, the final result, after some simple manipulations, can

be recast as

92
Daaaa = _Zo[a;u au]2 . (6347)

Summarising the above results, the total instanton effective action in the (-1)-(-1)
sector 1s

- , & 1 PR .

Shpin =i Tr {m[a % M5+ (B Asala A 5] + 5 () a5 M e MQB]}
gg 2 1 2 1 2

—Tr Z[alﬂ al/] + 5 [CL“, Xa] + 4—98 [Xa, Xb] 5 (6348)

where we have used the notation a®® = a,(6#)*". Notice that for instanton num-
ber k = 1, this action vanishes and, as we show below, only the effective action
involving the moduli of the mixed sectors survives.

As explained above, the mixed disc diagrams contain an even number of twist
fields. Thus, by dimensional analysis, the only mixed diagrams surviving the field
theory limit are the ones involving two mixed moduli and either a (-1)-(-1) modulus
or an NS field from the 3-3 sector. In the latter case, it corresponds to a vacuum
expectation value (vev) for the scalars ¢, of the vector multiplet. Consider, for
example, the following amplitude:

Dpor = ((Va Vo a))

- N, / %WM(@)VM(@)VA(%». (6.3.49)
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6 N=2 Gauge Theory from String Theory

Notice that the normalisation is the same as in the unmixed sector. The correlator
in (E329) can be evaluated as before:

(Va(z1) Voo (22) Va(z3)) = —%0 i wa )\53<A(21)A(22)><Sd(22)56(23)><5A(21)SB(Z3)>

X (e 39 eme(22) o= 5el(e))

2 .
= —1950 ﬂA Wa )\ﬁB Eaﬁ (5BA (212 213 223)_1 . (6350)
Hence, this disc amplitude yields the following effective coupling:
Dor = 1 1 wa N5 (6.3.51)

Finally, calculating all the other mixed diagrams including the vev for the gauge
multiplet, we obtain the instanton effective action for the mixed moduli:

. — — e} 1 A — c 2 — a
SXIDHM:ZTY{(:UJAWd‘i‘WdMA))‘ A+ s (Eas 1P xa = DeWE + - xa @ wi X } :

2 2
(6.3.52)
and the total action for the instanton moduli is

In ([E352), we have introduced W¢ = wqa(7°)% @”, together with a set of three
auxiliary fields D, (¢ = 1,2, 3). In fact, integrating out the latter yields the ADHM

equations (E2ZT0) as shown e.g. in [21].

In order to compare with the instanton effective action used in gauge theory, we
need to define a clear mapping between the ADHM moduli and the ones arising
from the brane construction. We merely perform this for the bosonic moduli since
the rest follows by supersymmetry. Furthermore, we focus in this manuscript
on N = 2 theories which can be obtained, in the string theory construction, by
compactifying on a T? x T%/Z, orbifold. In this case, some of the states are
projected out from the spectrum. In particular, only two of the bosonic moduli
Xq are preserved, namely Y4, x5. The latter are complexified and readily identified

with the ADHM moduli ¢, ¢:

X4 — IX5 - XaTiXs
== = 6.3.54
¢ V2 ¢ V2 ( )
In addition, the moduli a, and B; are mapped to each other as follows:

By = (=) ag 1 —iay 5, with [ =1,2, (6.3.55)

with the inverse map being

1 1
azi-2 = 5(=)'(Bi+ BY). az-1= 5(B— B)). (6.3.56)
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6.4 N=2 gauge theory in the ()-background

We then plug these identifications in (3248) or (E2Z1H), for example

r Z[(b, B¢, Bf] = Tr Z ([¢, a2i-1][9, az1] + [¢, az—2][¢, azi—o))

1=1,2 1=1,2

1 , ,
= 5 Tr [X4 — X5, au] [X4 + X5, aﬂ]

1
= o T [ X o), (6.3.57)

which appears in (348). Hence, to the leading order in the coupling constant,
the terms of the effective action (E34F) precisely match the ones coupling the
moduli B; and their fermionic superpartners in (G2ZT5).
We now turn to the mixed sector in which the identifications are
I=wi, I'=,, (6.3.58)
J=w;, Ji=ws, (6.3.59)
which are used to map ([E352) to the terms of (EZIH) involving the moduli 7, J

and their fermionic superpartners. As an illustration, recalling that spinor indices
are raised and lowered using the Levi-Civita symbol, we obtain

Tr [Xa 0% wy, X“} ="Tr [¢@é‘wd b+ P wg (b}
=Tr[¢pI'I¢+¢JJ ¢+he]. (6.3.60)

Consequently, the Dp-D(p+4) brane setup is a consistent string theory description
of the gauge theory instantons. Moreover, one can show that the BRST symmetry
@ appearing in (E217) arises as a common supercharge preserved by the D-branes.

6.4 N=2 gauge theory in the (2-background

In this section, we briefly present the classical description of the gauge theory in
the 2-background, whose instanton corrections were discussed above. A standard
way of obtaining the action for a pure N' = 2 gauge theory in four dimensions is
to start from an N = 1 theory in six dimensions whose action is

_ 1 1 | 0
S = ) /Tl" {_ZFMNFMN + %‘I’AV‘I’A} + @/Tr (FAF), (6.4.1)

with ¥ = v™V,,, and dimensionally reduce it on RY3 x T? with a flat metric
dsg = gdatdz” + dzdz . (6.4.2)

Here, z is a complex coordinate for 72. Upon shrinking the cycles of the torus to
zero, one recovers a four dimensional gauge theory with eight supercharges since
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6 N=2 Gauge Theory from String Theory

the reduction on the torus is maximally supersymmetric. The four dimensional
action is reached as follows. Consider the bosonic terms in (EZ1]) and reduce it

on (EZ2) :
1 1 1 1

— —FynFM"N = ——F, ,F" — —F, F", — ~F_.F*. 6.4.3
4 MN 4 12 4 2 4 ( )

The z, Z components of the field strength define a complex scalar ¢ such that
Fuz = 2vu¢ and F.; = \/§[¢7 Q_S] : (644)

One can perform the same analysis for the symplectic Majorana spinor ¥ and this
leads to the N/ = 2 Yang-Mills action in four dimensions

L1 1 ) 1
S\Zl(f/fN 2 - g_i/Tr{_ZFuuFu - ‘VMQSP_ §[¢7 ¢]2

+ iV - %1@4 (6, %] + %@A[@ ¢A]}

+ a Tr(FAF). (6.4.5)
872

This is the unique renormalisable A/ = 2 action in four dimensions up to two

derivatives. However, we are interested in studying the gauge theory deformed by

the (2-background. For this, instead of the flat metric (G.42), we choose the torus

to be fibered over space-time:

ds? = gy (da" + QP dz + O 2P dz)(da” + Q¥ aPdz + O, 2°dZ) + dzdz, (6.4.6)

such that going around the cycles of the torus is accompanied with a rotation in
space-time parametrised by the matrices {2 and €:

0 €1 0 0 51 0 0
— 0 0 O - —€ 0 O
Qw = | L o= | 9 . (6.4.7)
0 0 0 €9 0 0 Eg
0 0 —e O 0 0 —e O

Since the background is now curved, all supersymmetries are broken. Neverthe-
less, one can preserve a fraction of the latter by using the SU(2) R-symmetry of the
N = 2 algebra. This procedure is similar to the topological twist [72] introduced
in Section B2 In addition, it is essential in order to define a nilpotent charge () as
in (B2I19) and calculate the corresponding partition function using localisation.

Similarly to the pure gauge theory case, the partition function of the NV = 2
gauge theory in the (2-background factorises as

ZNK = Z5e X I3, (6.4.8)
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6.4 N=2 gauge theory in the ()-background

with ZD¢k arising at one-loop only as in the Seiberg-Witten theory. Moreover, the
non-perturbative part is a sum over the instanton sectors labelled by the instanton
number k,

k>0

with Z3 defined in (EZTI9). Using localisation [64, 167, [72, [73], it was shown that
the leading order expansion of the Q2-deformed prepotential

FNK (e, €9,a,q) = log ZN* (6.4.10)

matches the Seiberg-Witten prepotential:

1
FNK (e, e9,a,q) = —FW(a,q) + O(1) . (6.4.11)
€1€2
In the case €, = —ey, the higher order corrections in €; 5 can be interpreted as

gravitational corrections and arise as the field theory limit of the topological string
partition function

Zggg_zfg|ﬁe1d theory = fNek(€+ = 0, €_ = gs) y (6412)
g=0
with the parameter €, = —ey identified with the topological string coupling gs.

Hence, they encode the class of higher derivative couplings in the string effective
action presented in Section [ The case of a general 2-background is analysed in
the following sections.

Finally, for future reference, the perturbative part of the Nekrasov partition
function in the case of an SU(2) gauge theory is

1

. o dt cos (2e4t
fyerlz (6_,€+,CL) = _5/ ( - )
0

1 sin(e. —e, )t sin(e_ +ey)t

e (6.4.13)

where a is the vev of the scalar of the gauge multiplet and a proper regularisation
of the Schwinger integral around zero is understood. It is important to mention
that the partition function of the N/ = 2 gauge theory in the Q-background is
holomorphic, 4.e. it does not depend on {2 since & 5 deformations are Q-exact [72].

Hence, in the subsequent discussions, we only consider (2-deformations and set 2
to zero.
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Refined Amplitudes as Generalized
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In the last decade, our understanding of topological string theory has dramati-
cally increased both from a physical and a mathematical point of view. A more
recent development, inspired through the work on the partition function of super-
symmetric gauge theories [67, 164, (72, [73], is the realisation that an interesting
one-parameter extension exists, known as the refined topological string. Indeed,
the field theory limit of the genus g topological string partition function fgft for
a Calabi-Yau manifold X is related to Nekrasov’s partition function of a gauge
theory on R* x S through [72, 165, 73, 52, 53):

Zggg—Qfgft —log ZY%(e, = 0,e_ = g,), (6.4.14)
g=0

where €4 are equivariant rotation parameters of C? ~ R* (see Section ). Thus, the
‘unrefined’ topological string only captures one parameter, ¢_, which is identified
with the topological string coupling g,. The refinement then consists in adding a
deformation that also captures the second parameter, €, .

Most descriptions of the refinement do not follow along with the lines of the
worldsheet approach towards the topological string (see e.g. [86,[19]). For instance,
the refined A-model is defined via a lift to M-theory on X x S! x TN, where
the Taub-NUT space TN is twisted along S! to give rise to the two parameters
€+. The refined partition function is related to the BPS spectrum of M-theory
on X [41, 42, 146] and is equivalent to the BPS index of M2-branes wrapping 2-
cycles of the Calabi-Yau manifold X [28]. Explicitly it can be computed using
a generalisation of the topological vertex formalism [16, b4]. Moreover, a non-
perturbative definition of the refined topological string was recently proposed in
[63]. However, what is still lacking is a convincing worldsheet description in terms
of some twisted two-dimensional theory. There is a number of properties one would
expect from such a description:

(i) Unrefined limit: Upon switching off the deformation, one expects to recover
the worldsheet description of the ‘unrefined’ topological string theory.

(11) (Ezact) o-model description: We expect the refined topological string to be
described by an exactly solvable o-model. Strictly speaking, such a model is
not guaranteed to exist, however, it is strongly desirable for purely practical
purposes.

107



(111) Field theory limit: Near a point of enhanced gauge symmetry the worldsheet
expression should precisely reduce to the Nekrasov partition function of N' =
2 gauge theories.

To date, attempts to formulate a worldsheet description that possesses these prop-
erties have been inspired by the connection of the unrefined topological string to
BPS-saturated amplitudes in string theory [6-§]. Indeed, it has been proposed to
consider perturbative string theory amplitudes as a definition of the worldsheet par-
tition function of the refined topological string. Two different proposals have been
brought forward so far [L1, [7(0]. Both consider one-loop BPS-saturated amplitudes
in Heterotic string theory compactified on K3 x T? (and their dual incarnations
in Type II theory compactified on K 3-fibered Calabi-Yau manifolds) of the form:

Fgn ~ (R (FE)?2VE) with g>1, (6.4.15)

where R stands for insertions of graviton vertices and F¢ for vertices of the
graviphoton field strength tensor. For both fields the (—) subscript indicates that
only the anti-self-dual part of these tensors is used. To be precise, upon writing
the four-dimensional Lorentz group as SO(4) ~ SU(2) x SU(2), these insertions
are only sensitive to one of the SU(2) Lorentz subgroups which, from the point of
view of the {2-background, implies that they only couple to one of the deformation
parameters, say e_. In fact, in the absence of self-dual insertions V{4, i.e. for
n = 0, the amplitude F,, in (GZTH) reduces to the class of amplitudes presented
in Section [ Thereby, property (i) above is automatically manifest in all ampli-
tudes of the form (EZTH). Coupling to the second deformation parameter (or
sensitivity to the second SU(2)) is achieved through the additional insertions V{,.
The main difference between the works [11] and [70] lies precisely in the choice of
the V{4 insertions. In [11], based on the work [6§], it was proposed to use inser-
tions of the self-dual field-strength of the vector partner of the Heterotic dilaton,
whereas the authors of [7(] instead considered insertions of the field strengths of
the vector partners of the Kahler and complex structure moduli of the internal 72
as well as the U(1) current of the superconformal algebra. Unfortunately, neither
of these two proposals satisfies all of the properties outlined above, with each of
them only meeting two out of the three requirements. More specifically, while the
amplitudes in [11] fail to exactly reproduce the Nekrasov partition function — the
match is exact up to an e;-dependent phase factor — the ones in [7(] cannot be
exactly evaluated at the string level due to higher order corrections in the o-model.
Conversely, while the former can be computed exactly as string amplitudes, the
latter reproduce the correct phase factor of the Nekrasov partition function in the
field theory limit.

In the following, we consider a class of N = 2 scattering amplitudes in Heterotic
and Type I string theory compactified on K3 x T2, involving the vector super-
partner of the Kihler modulus T of the T2 torus as the additional insertions Vo
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introduced in (GZTH):
Fom ~ (RE(FE)22(FL)™ with g>1,n>0. (6.4.16)

We show that these amplitudes can be calculated exactl within string perturba-
tion theory. Moreover, they precisely reproduce the expected gauge theory result
of Nekrasov in the field theory limit around a point of enhanced gauge symme-
try in the moduli space of the Heterotic compactification, where the torus Wilson
lines take special values. We emphasise, however, that unlike [70], exact agreement
with Nekrasov’s partition function is achieved despite the fact that we do not turn
on any R-symmetry current. In particular, we show that the additional vertices
V(+) correspond to insertions of an N' = 2 chiral superfield T, defined as a chiral
projection of the anti-chiral vector superfield 7.

After introducing a series of generalised F-terms defining a class of higher deriva-
tive couplings, we compute the latter at the one-loop level in a Heterotic theory
compactified on K3 x T2. In particular, we show that, in the field theory limit
around an SU(2) gauge group enhancement point, they reproduce the pertur-
bative part of the Nekrasov partition function and the radius deformation of the
Nekrasov-Okounkov formula [73], associated to the Q-background. Finally, we pro-
vide a further check of the universality of our ansatz by computing the couplings
[EZTd) at the one-loop level in the context of Type I superstring theory compact-
ified on K3 x T2 and reproduce the same results in the field theory limit. In fact,
the Type I setup is a natural framework to study non-perturbative corrections to
the refined couplings and this is discussed in detail in Section

MThe term ‘exact’ is used here to stress that these particular one-loop couplings are evaluated exactly
to all orders in .
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7 Generalised Supersymmetric Effective
Couplings

In order to achieve a refinement corresponding to the second parameter ¢, of the
-background (i.e. a coupling to the spin of the second SU(2) in the Gopakumar-
Vafa picture), it is necessary to generalise (LZJl) by including self-dual field
strength tensors of vector multiplet fields. To this end, we introduce the fol-
lowing superfields which are defined as chiral projections of an arbitrary function
h(XT, (XT)T) of (anti-chiral) vector superfields:

WX, (XD
(X0)
The projection operator II is defined in terms of the spinor derivatives of the NV = 2

superconformal algebra:

YT =11 (7.0.1)

II .= (EijDia'w,Dj)2, (702)
such that we have the following action on the vector superfields:
X’ =0 and (X)) = 960X . (7.0.3)

In terms of the T superfields, the following effective coupling was considered in
[68]:

Tyn = / d*x / d*0 Fyn(X) (WaWE I, (7.0.4)

where fg,n is a function of chiral vector multiplets. Once expressed in components,
Z,, contains particularly the terms

. 2
Ig,n = /d4l’fg7n(30,g0j[) |:<R(—)uupTRélz;)T> (F(Ci))\UFCi?U) + <BEE)MVB€E)ZO¢> :|

x [FC, o FEN)" [F(+) paF{fJ +.. (7.0.5)
Here, we have explicitly displayed a term involving two Riemann tensors as well as
the (supersymmetrically related) term with four gravitino field-strengthsfl Con-
cerning the precise nature of the vector field F(,) appearing in (L), there are a
priori several different possibilities. As we have already mentioned in (GZTH), we
identify F(,) with the vector superpartner of the T-modulus of the T2 compactifi-
cation.

"We implicitly assume g > 2, even though we expect our results to remain valid also for g = 1.
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8 Heterotic Realisation of the Refinement

In this section we compute the coupling ([ZLH) in Heterotic string theory compact-
ified on K3 x T? in the presence of a Wilson line. Since our one-loop Heterotic
calculations only capture the perturbative part of the refined amplitudes, we keep
in mind that a study of the dual Type II theory would eventually be required in
order to probe non-perturbative effects. On the other hand, our results are exact
to all orders in ', which we henceforth conveniently set to o = 1.

As mentioned in the previous section, instead of directly computing (GZ2T6),
we consider the amplitude obtained by replacing two Riemann tensors and two
graviphotons with four gravitini insertions (for simplicity, we omit all indices)

(RE(FE) 2 (FE)™) o0 — (B ES) M (FE) M ) Seop - (8.0.1)
In the following, we first introduce our notation and setup of the relevant vertex
operator insertions and proceed to evaluate the one-loop amplitude (BILTl), using
an exact CFT realisation of K3 in terms of a T*/Z, orbifold. In order to make
contact with gauge theory, we then expand around a point of SU(2) gauge sym-
metry enhancement, parametrised by Wilson lines wrapping the 7. This should
be contrasted with [11], where the amplitude is expanded around the SU(2) en-
hancement point at 7' = U. In Section B3, we show that our ansatz (BIL1]) indeed
reproduces the expected singularity structure, which is characterised by two BPS
states becoming massless at the enhancement point (defined in (B331])), and then
proceed to discuss radius deformations in Section B4l

8.1 Setup and Generating Functions

In addition to the worldsheet coordinates (o,t), we introduce a ten-dimensional
basis of complex bosonic coordinates (Z!, Z2, X, Z*, Z°) for the target spacdl. Here
Z12, X and Z*% parametrise the four-dimensional space-time, the torus 72 and
K3 of the Eg x Eg Heterotic string compactification, respectively. The (left-moving)
superpartners of the coordinates mentioned above are denoted by (x*, x2, ¥, x*, x°).
We can realise K3 as a T%/Z;, orbifold with k = 2,3, 4,6 and standard embedding,

IThe reason for using a notation that singles out the T2 super-coordinates (X, ) lies in the fact that,
for the special amplitudes we consider and with our chosen kinematics, (X, 1) turns out to contribute
to the correlators only through their zero modes.
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8 Heterotic Realisation of the Refinement

acting on K3 coordinates as:

(Z47X4) _ 62i7rg/k(z4’x4)’ (811)
(Z5>X5) SN 6_2i7rg/k(Z5,X5), (8.1.2)

where g € Zj,. For simplicity, we explicitly work with the Z, realisation, even
though our results are valid for general Z, orbifold realisations and are even ex-
pected to hold for generic K3 compactifications. It is convenient to bosonise the
fermions in terms of free chiral bosons ¢; by writing

) = e and Y =e€%  for j=1,24,5. (8.1.3)

In a similar fashion, the superghost is also bosonised via a free boson .

We now present the vertex operators relevant to our amplitude. It is important
to separate these into self-dual and anti-self-dual parts with respect to the four-
dimensional space-time. Indeed, anti-self-dual gauge fields carry U(1) R-charge
+1 and their charges with respect to the two SU(2) subgroups of the Lorentz
group acting on the two planes are (+1,41). Similarly, the vertices for self-dual
vector partners carry U(1) R-charge +1 and Lorentz charges (+1, —1). Using these
conventions, the gravitino vertex operator in the (—3)-picture is given by

Vit (Epas D) = Epae #1282 03/25% g 7102 (8.1.4)
and is parametrised by a four-momentum p and a polarisation tensor §,,. Here
S and ¥F are the space-time and internal spin fields respectively:

Gl ild1+e)/2 G2 _ pild1+62)/2 NE = Fiatds)/2 - (81.5)

Y Y

The vertex operators of the graviphotons and T-vectors are respectively given by
VE(p,€) = €. (0X —i(p-x)v) 02"e™? .
VI(p,e) = €, (02" —i(p- x)X") 0X W7 | (8.1.6)

where p is the four-momentum and ¢, the polarisation vector, satisfying € -p = 0.
As in |11}, we choose a convenient kinematic configuration such that the amplitude
can be written as

<(Vw+($1) Vi (22)) (V- (1) - Vip= (y2)) (VE (1, p2)VE (€1, p3)) ™ (VT(EMPQ)VT(ELP2))M> :

We consider the case where 2m < 2M of the VT vertex operators contribute the
fermion-bilinear piece and the structure of the different vertices is conveniently
summarised in Table The bosonic part of the amplitude takes the form:

(Z0Z)N*(Z' 022N (Z'02°) M- ™(Z102%) M- (X PV (DX)PM) . (8.1.7)
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This correlator can be computed with the help of the generating function

GbOS(E_,E+) _ <6Xp[—€_/d22’ aX(Z15Z2+Z2521) _€+/d2z (ZlaZQ—i-ZQaZl)éX

> |

(8.1.8)
Field Pos. | Number | ¢ ®2 ¢3 G4 ®s5 Bosonic
gravitino | 1 1 e B EE S 71972
2 Loz | ~s |tz ||*3 |f3 | 207
w1 s b e | ] 22
R T T P
FG 2 N 0 0 0 0 0 || 0x 702>
2 N 0 0 0 0 0 || ox 219622
FT u m +1 | -1 0 0 0 X
u m -1 | +1 0 0 0 0X
t M—m 0 0 0 0 0 || 0x Z'02>
t M—m 0 0 0 0 0 || 0x Z'0z>
PCO P 2 0 0 | -1 0 0 0X

Table 8.1: Overview of the vertex contributions for the Heterotic amplitude.

Notice that since no X appears in the correlator, the T2 currents 0X and 0X
only contribute zero-modes. On the other hand, it is straightforward to perform
the fermionic contractions and the corresponding correlator is expressed in terms
of prime forms, ¢f. Appendix [C

es(acl—m-;yl—m Y- u/) es(ml—xg-zi-yl—yg —u4+ u/) E2(U,U)E2(Ul, u/)
E('Tla y2)E(x2a yl)E2(u7 U,)

« eh’s(% + ;?Jl - y2) 9_h75($1 + ;?Jl - y2) ’ (8.1.9)

ferm __
Gs,(m) -

where we have already cancelled the contribution of the superghosts against the
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8 Heterotic Realisation of the Refinement

contribution of the torus fermions. Moreover, we use the shorthand

mi mo mi1 m2
E(u,u) ::HE(ui,uj), E(u' ) ::HE(u;,u;-), E(u,u') :HHE(uZ,u;)
s i i=1 j=1

(8.1.10)

The sum over spin structures can now be performed using the Riemann summation
identity (CITH) and the result can be further recast as a product of correlators:

(1 — ya) 01 (w2 — 1) On(u — ') O_p(u —v') E*(u,u) E*(u'v)
E(x1,y2) E(z2, y1) £ (u, v)

= (X (21X (w2) X2 (22) X (1)) <H X4x5(ui)x4xs(u;)> . (8.1.11)

h

ferm __
Glmy =

with both correlators evaluated in the odd spin structure. The first correlator
involving x2, Y2 yields a factor of n*, since all fermions simply soak up the
space-time zero modes. On the other hand, the fermionic correlators associated to
K3 can be evaluated through the generating function

Gferm [h] (€+) — <6—€+ f(X4X5_>_<4>_<5)5X> . (8112)
g

h,g

Summing the full correlator over h,g € Zsy gives the contribution of the orbifold
sectors and enforces the orbifold projections, respectively. In what follows, the
bosonic and fermionic correlators (BI8) and (BITJ) are calculated by directly
evaluating the corresponding path integrals.

8.2 Evaluation of the Couplings
We are now ready to evaluate the generating functions ([8LF) and (BITZ) using a

worldsheet path integral approach. In the case of the bosonic space-time directions,
the worldsheet action receives a deformation of the form:

S — ¢ / Pz (2'02% + 2°97") + & / P22 (20927 + 2202'),  (8.2.1)

where we have absorbed the zero-mode contribution of the 72 currents into the
deformation parameters

gi5<8X>€i:)\i(M—|—7_'N)i6i , éiE<5X>€i:5\i(M+TN)i€i.
(8.2.2)
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8.2 Evaluation of the Couplings

Here, A = (1,U)/(U — U) is the appropriate moduli-dependent vector picking
the direction associated to X. One needs to keep in mind that in the path inte-
gral derivation, the T?-lattice originally appears in its Lagrangian representation,
with winding numbers M*, N* € Z. Upon Poisson resummation, \;(M + 7N)*

and \;(M +7N)" are effectively replaced by T2PL/\/(T ~T)Y(U-U) - %(}7 — }_;)2

and TQPR/\/(T ~-TYU-U) — %(}7 - }_7')2, respectively, with P, and Pg being the
lattice momenta of the Heterotic K3 x T? compactification:

P m2—Um1—?-@+Tn1+(TU—%?2)n2
L:

(8.2.3)

) —
+ (T +

3
!
<
3
|

! )2
2
%07 V) Yim + (TU+ 3(Y = V) - Yo — 3V - V)ny

(8.2.4)

Here, Y = 17'2 -U }71 is the complexified Wilson line. This observation is important,
in order to properly check modular invariance at each stage of the calculation.
Hence, under 7 — —%, the effective deformation parameters transform as

3 ¢
&y — — : Er — — . (8.2.5)
T T
The path integral over the bosonic modes Z', Z', Z?, Z? can be straightforwardly
performed and the resulting generating function can be conveniently factorised
into an (almost) anti-holomorphic and a non-holomorphic piece:

G (e_,e4) = Ganor(€—, 1) X Gronnot(€—,€4) (8.2.6)

where the explicit expressions for the functional determinants Gano and Gron-hol
are given in Appendix [D.2]l Using standard (-function regularisation techniques
[7, 1] as explained in Appendix [D.] the almost anti-holomorphic factor is simply
given by

(2m)%(e> — €7)n(7)° _x @)
Ganol (€—, e 2 8.2.7
hot(—r €4) = O1(6- —&;7)01(e- +é57) ’ ( )

Moreover, as shown in Appendix [D-2.J] the non-holomorphic factor Gphonner Of
(RZH) also admits a well-defined regularisation and, in fact, becomes trivial in the
Ty — 00 limit at a pomtﬁ where P;, = Pg :

Gnon-hol(€—> E-I—) Tﬂo 1

(8.2.8)

2Note that in the next section we expand around a Wilson line enhancement point, where Pr, = Pr — 0.
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8 Heterotic Realisation of the Refinement

We can now treat the fermionic generating function (RITZ) in a similar fashion
by directly performing the path integral and using {-function regularisation:

O TI(Ers )L 0 (ExsT) e

772

Gl (es) = (8.2.9)
The full amplitude can then be written by including also the internal and gauge
degrees of freedom:

Fleie) = 3 s,

g,n>0

0S8 1 erm
:/f el (€-,€4) g Z G M(e1) Z[2] Tao48) (T, U,Y)
(8.2.10)

where the explicit expressions for the gauge and internal lattices are given in the
following section. The overall holomorphic Dedekind n~* factor in (B2ZI0) is the
result of a factor n~* arising from the bosons in the space-time directions, a factor
n~2 from the T2 bosons, a factor % from the K3 bosons, a factor of n* from the
correlator of the fermions in the space-time direction (in the odd spin structure)
and, finally, a contribution of n? by the bosonic be - ghost system. The superghost
cancels the relevant n-contribution of the T2 fermions. This counting is consistent
with the definitions of the K3 and T? lattices (B33)), (834) of the following
section. Expanding the various functional determinants in €. and extracting the

2
power /e yields

d*t T2PL)2g_2 (72P3)2n 2 2,1 a_yapiy2
fﬁn:/_gﬁ "7 ( PR\ pe g S@e vy |
= f Gl 2, (7 é

m;,nt, Q€L
(8.2.11)

Here, G, is a modular series of weights (2n,2g — 2). The latter can be expressed

by using (D-2ZTH) and the lattices in (BZI0).

As a check, notice that upon taking the limit ¢, = 0, the non-holomorphic
generating function trivialises, Gponnol(€—,0) = 1, the fermionic correlator Glerm
cancels against the twisted K3 lattice and one readily recovers the result of [1].

8.3 Field Theory Limit and the Nekrasov Partition Function

In order to make contact with N' = 2 gauge theory, we now turn to the field
theory limit of the Heterotic amplitude (BILT]). We first recall that Nekrasov’s
partition function ([EZIJ) was derived by starting from an N' = 1 theory in six
dimensions and compactifying it on a two-torus fibered over space-time with the
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8.3 Field Theory Limit and the Nekrasov Partition Function

Q-twist. In particular, the latter is accompanied by an R-symmetry rotation which
is necessary in order to preserve a fraction of supersymmetry. In the limit where
the volume of the two-torus goes to zero, one reaches a four-dimensional N’ = 2
gauge theory in the Q-background. In this section, we start by considering the
four-dimensional field theory limit of our amplitude at a point of enhanced gauge
symmetry, where the contribution of the BPS states becoming massless dominates,
and we recover Nekrasov’s partition function. Then, in Section B4, we provide a
higher dimensional extension of the latter, by keeping track of the contribution of
the full tower of Kaluza-Klein states, thus obtaining a (3-deformation thereof.

We now focus on the contribution of the full amplitude in the field theory limit
75 — oo at a Wilson line enhancement point. We recall the modular invariant
partition function of the Heterotic string compactified on K3 x T? at the orbifold
point:

1 1 1 a a a a—
Z= s X |5 2 (O CRORLIE | 20 Tasn (T UY)

h,g=0,1 a,b=0,1

(8.3.1)

where

Z[}) = Trsly) Z 1005510151 (8.3.2)
2 S0

is the orbifold block of the K3-lattice together with the partition function of F; x
SU(2), as a result of the breaking of one of the Eg-group factors by the Zs-orbifold
action. Furthermore, the K3-lattice is given explicitly by

h F(474)(Ci> B) 5 (h> g) = (070)
Crsly] = { (g £ (0.0) (8.3.3)

Notice that we have combined the T?- and Fg- latticed] into I'(2,248), as this is
convenient for incorporating non-trivial Wilson lines:

1 a__ ani
Toors) = Z qlPL\Qq—IPR\QJrgZ(Q Y; )2’ (8.3.4)

my;,ntQrEZ

2173
o 1g)

with the sum running over the momenta m;, the windings n’ and the U(1) Cartan
charge vectors Q® of Es. The index i = 1,2 parametrises the two T?-directions,

while a = 1,...,8 runs over the Cartan subalgebra of Fg. We now expand the full
amplitude (BZI0) around an SU(2) Wilson line enhancement point Y — Y™

Y Ya*—(2727y7"'7y8) ) (mhni)*zo ) Qa*::t(l,—l,(],...,()),
(8.3.5)

3 Conventionally, we do not include Dedekind 7-function factors corresponding to oscillator contributions
in the definition of the lattices.
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8 Heterotic Realisation of the Refinement

at which both left- and right- moving momenta vanish:

P,=Pp=P= @ — Yu — 0. (8.3.6)

— =

V(@ = T)U - 0) =LV - VP

Here we have used the shorthand notation a; = )7265 It is easy to see that only the
untwisted sector is relevant for the enhancement, so that it is sufficient to focus on
h = 0. Furthermore, since Z[J)] = 1+ O(e™>"™) we can effectively replace Z[)] — 1
in (RZTI0). Using the behaviour of Jacobi theta functions in the large-7 limit
([C213), we extract the g-expansion of the Zs-projected fermionic K3 correlator
Gferm .

1
2 Z 9[1Jlrg](é+§7) ‘9[1£g](5+57) = =2 cos(27ré+)ql/4 + 0(95/4) ) (8.3.7)
9=0,1

where ¢ = €™, We now take the 75 — oo limit of the bosonic correlator:

b T2 — 00 7T2(~2_ - 63_) 2
G ,e,) = ————————+0( ™). (8.3.8)
sin(é_ — é,)sin(é_ + €,)
Adding all pieces together and, taking into account the remaining =% factor, the

field theory limit of (RZZT0) at the Wilson-line enhancement point (P, = Pr =
P ~0)is:

< dt —2cos (2et) _
) (2 2 at + pt 8.3.9
F(e-re4) (€2 E+)/0 t sin(e- —ep)t sin(e- +e)t SO )

after an appropriate rescaling by the BPS mass parameter:

MN\/(T—T)(U—U)—%(?—1‘?)215:@2—0@1, (8.3.10)

in order to exhibit the singularity behaviour of the amplitude. The leading singu-
larity for the F, ,-term, which is given by the coefficient of ¥ €2" in the expansion
of (B3J), is parametrised by p?~272". Hence, the Heterotic amplitude (BILT])
around the SU(2) enhancement point (B33) reproduces precisely the perturbative
part of Nekrasov’s partition function for an SU(2) gauge theory without flavours,
given in (A.7) of [73].

Notice that, similarly to [L1], (33) is still anti-holomorphic in the relevant
modulus, which is here identified with the complexified Wilson line Y, even though
our vertices for the graviphoton and T field strengths involve both dX and 90X
and, hence, contribute both P; and Py to the correlation functions. This is to
be expected, since at the Wilson line enhancement point, P, = Pr = P. In
addition, the invariance under e, — —ey is a consequence of the fact that e_ and
e, couple to anti-self-dual and self-dual field strengths and Lorentz invariance of
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8.4 Radius Deformations and the Nekrasov-Okounkov Formula

the string effective action requires the presence of even numbers of self-dual and
anti-self-dual tensors. On the other hand, contrary to [L1], the generating function
[®33) is not symmetric under the exchange e < €., due to the presence of the
e,-dependent phase. This asymmetry can be traced back to the fact that our setup
for the vertex operators involving graviphotons and T-vectors breaks the exchange
symmetry between the two Lorentz SU(2)’s.

8.4 Radius Deformations and the Nekrasov-Okounkov Formula

Let us now compare our amplitude with the partition function of a five-dimensional
gauge theory with eight supercharges, compactified on a circle of radius # with
an {)-twist in the four non-compact dimensions, which is derived in Section 7 of
[73]. To exhibit the connection, we first decouple the winding modes by taking
the T?-volume to be sufficiently larger than the string scale, Ty = Vol(T?) > 1.
In this case, the Kaluza-Klein spectrum is dense and we have to retain the sum
over the momentum modes. However, it is interesting to first consider the case
where the modulus U of the two-torus is held fixed and obtain a deformed version
of Nekrasov’s (four-dimensional) partition function (EZT3):

—2773| P|?

dry —€1€9 €
4 / 7'—2 W;Z sin(me; o P/&) sin(meao P/€)

6—7L7r(61'|‘62)7'2p/é + (Ei — _Ei) ’

(8.4.1)
— 9 1 7\ 2
where & = 21\/T2U2 — 5(ImY")? and
1
P = g<m2 +ay —U(my + a1)> ) (8.4.2)

Note that the second exponential of the cosine ([B3) has been taken care of in
®ZT) by symmetrising with respect to ¢; — —¢;. Expanding in the ¢;-parameters,
Poisson resumming the momenta m; and performing the m-integral, the volume
dependence T, drops out and the result can be expressed as

' —2
F 2 : By, By, 911 92_1<27r>gl+g2

IR J il
€1€2 91!92! Us

91,9220
91+92=0(mod 2)

« Z,€2m'(a-m) (ml + Um2)91+92—2

m;

I — -
2 |m1
m;

+ Um2|2 <ei7r61(m1+Um2)/U2 _ 1) <€i7r62(m1+Um2)/U2 _ 1)

U
|my1 + Umg|?

27rz'(a1 mi-+az mg)

+ (Ei — _Ei) .

(8.4.3)
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8 Heterotic Realisation of the Refinement

Notice that F/(ei€2) is invariant under the T-duality transformation U — —1/U
and Y — Y/U, provided one also assigns an appropriate transformation to the e
parameters, ¢; — ¢;/U. Hence, (8243) is a U-deformation of the Nekrasov partition
function (EZT3), describing a compactification of a six-dimensional theory on T2

In order to recover the result of [73] as arising from a circle compactification of
a five-dimensional theory, we choose a rectangular torus 7' = iR Ry, U = iRy / Ry
and send one of the radii to zeroﬂ, Ry — 0, ay/Ry — 0. In this limit, the sum
over msy can be approximated by an integral and one easily recovers the partition
functio

Ver,e0 (T ZE (i (eﬁw = (8.4.4)

n=1

appearing in (A.12) of [73], arising from the compactification of a five-dimensional
theory on a circle of circumference = 2w Ry, with the identifications (i/Ry)e; — ¢€;
and z = —ia; /Ry.

4Since we have already taken the limit o/ — 0, we are implicitly assuming Vo' < Rz < Ry.
SHere we are only concerned with the cut-off independent finite part.
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9 Type | Refined Amplitudes

In this section, we calculate the coupling ([ZILH) at the one-loop level in Type I
string theory compactified on K3 x T?. We first outline our conventions (which
essentially follow [39]) and introduce the vertex operators for all relevant fields. In
Section we then evaluate a particular amplitude involving insertions V() of
vector superpartners of the T? torus T-moduli.

As before, we realise K3 as a T*/Z, orientifold, admitting both D9- and D5-
branes. The starting point, in the absence of Wilson lines along the T2, is the
U(16) x U(16) BSGP model [20], obtained by setting all D5-branes to one of the
T*/Z, fixed points. The first U(16) factor, associated to the D9-branes, can be
further broken down to U(1) x U(1) x U(14) by turning on appropriate Wilson
lines for the D9-brane charges:

aos 0 0
Y = 0 bO’g 0 ) (901)
0 0 co3® 1y

where o3 is the Pauli matrix. We can now continuously vary the Wilson line to
a point a — b # ¢ where a U(1) gauge symmetry is enhanced to SU(2) C U(2).
Similarly to the Heterotic calculation of Section ], we are interested in studying
the field theory limit of the amplitude ([ZIIH) around this SU(2) enhancement
pointﬁ. There, the BPS states becoming massless belong to vector multiplets only
and, hence, the dominant contribution arises from the 9-9 sector of the annulus
amplitude.

9.1 Vertex Operators
Following the discussion of the previous paragraph, we restrict our attention to

the 9-9 sector of the annulus diagram. We represent the cylinder as a torus acted
upon by the Z, involution

Q: (0,t) — (—o,t). (9.1.1)

LOf course, one may consider more general constructions and expand around different enhancement
points, as discussed above eq.([@32I]). We refer to [8(], [20], 4] for further details on the construction
of consistent orientifold models.
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9 Type I Refined Amplitudes

A point on the worldsheet is then parametrised by z = o + 7t, with the worldsheet
modulus 7 = iy being purely imaginary. The Z, image of z is accordingly given
by 2 = —o + 7t. By choosing this coordinate system we have fixed the analytic
transformations of z up to rigid translations and, hence, the formulae we obtain
are not manifestly invariant under analytic transformations.

We employ the same notation for the worldsheet super-coordinates as in Section
J. Using the ‘doubled picture’ of a toroidal worldsheet, the right-moving super-
partners are denoted by a tilde (x', ¥, 4, ¥*, X*). They correspond to the images
of the worldsheet fermions (¢, x*) under © and, in a similar fashion, we bosonise
the superghost via a free boson ¢, its mirror being ¢.

We are now ready to discuss the worldsheet emission vertex operators of physical
fields in the N' = 2 Type I compactification. In particular, we focus only on those
states that are relevant for later explicit computations, namely gravitini (V&2),
graviphotons (V') as well as the vector partners of the dilaton (V*), the complex
structure modulus of 72 (VV) and the D5-gauge coupling (V%) respectively, see
Table [Tl Using similar conventions as in the Heterotic case, the anti-self-dual
vertex operators for the graviphoton and the vector partner of the U-modulus
take the form:

VY(p,e) =V(a= +1;p,e¢) , Ve p,e) =V(a=—1;p,e), (9.1.2)
where V' (a; p, €) is given by:

V(a;p,e) = | (0X +i(p- X)) (02" +i(p - V)X")

1 N P ’ s i
tae 29Tp, 5% (o), S5 20249 S| 7 [left s right] .
(9.1.3)

They are parametrised by a momentum vector p, and a polarisation vector ¢,
satisfying the transversality condition € -p = 0. Moreover, we have introduced the
space-time spin fields, for which we choose the explicit representation:

S%(012), 785 = ex@1492) x o3(1462)

Sa(o_ié)aﬁgﬁ _ 6—%(¢1+¢2) % e—%(&ﬁ-&z) : (914)
and, similarly, for the spin fields of the internal K3:

Sk S (6at6s) ’ S = et3(0a—¢s) (9.1.5)
The two terms in the square bracket of (LI3)) come with different powers of
the superghosts e#*% and correspond to the NS and R contributions, respectively.
Notice that the difference between V¢ and V'V lies in the relative sign between
these two contributions, labeled by the parameter a = +1.

2Note that this convention is compatible with space-time supersymmetry (or Heterotic/Type I duality).
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9.2 Amplitude and Spin-Structure Sum

Similarly, the vertices for self-dual vector partners of S and S’ are

V(o) =V(b=41;p,¢) , VS(pe)=V(b=-1;p,c),  (9.1.6)
where we have introduced

V(bipe) =€, | (0X +i(p-x)¢) (02" +i(p- X)X")

1 ~ PR TN oA R B
+be 20Ty, S, (a4 )0 5§ €3 (@9 SHD | P 4 [left « right],

(9.1.7)
with the following convention for the space-time spin fields:
Sd(ﬁlé)dﬁ,gﬁ. _ 6%(451—@52) % 6%(431—552) 7
Sa(612)8 587 = em3l0r=02) 5 mil01=02) (9.1.8)

Once again, the relative sign between the NS and R sectors distinguishes between
the two fields. To make this distinction more visible in explicit calculations, we
denoted this relative sign through a parameter b = +1, where b = 1 corresponds
to Fg and b = —1 corresponds to Fj.

At a technical level, fixing the relative signs between different spin structures
turns out to be a non-trivial problem, even at the one-loop level since the absence
of modular invariance does not allow one to fix all signs unambiguously. We
circumvent this problem by inserting at least one fermion vertex operator into our
amplitude. In this case monodromy invariance of the final answer allows us to fix
all relative signs. Hence, as in Section B instead of two gravitons — as written
schematically in (GZTH) — we use four gravitini. As discussed in Section [ this
is possible since both of these fields are part of the supergravity multiplet and the
two terms ([LILH) in the string effective action are related by supersymmetry. The
vertex operator for the gravitino can be written as:

:l:g ,LLOHp 5/.10&6 6' 1 p : X X 6' . € Ilg )
‘/ (é‘ ) 4)0/2504 i /QE:I: 92” ( ) :| 1P [] E . ] ]

which is parametrised by the four-momentum p* and the polarisation tensor §,q.
9.2 Amplitude and Spin-Structure Sum

We are now ready to compute the effective coupling (ZILH). To simplify the com-
putation, we choose a particular kinematic configuration for all external fields.
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9 Type I Refined Amplitudes

Specifically, we consider a setting of the form (N = g — 2):

fM,N = <Vfrav(§21,p1) V—grav(gilupl) Vfrav(§22,pi) V_grav(gémpi)

x [V (e2, p1 )V ez, p1)] " [vg’ﬂ(e@, PV 5 (e, pl)]M>, (9.2.1)

where, for the moment, we consider inserting vector partners of either S or S'.
A major difficulty in computing this amplitude lies in the fact that all vertices
contribute in all possible ways, some of them providing the R-R part while the rest
the NS-NS part and, out of the NS-NS part, some contribute the bosonic Lorentz
current and the others the fermionic one. To see this, let us consider a typical term
with (n1, ne, my, mg) numbers of fermionic Lorentz currents at positions (z, 2/, u, u’)
with kinematics (€3, p1), (€3,p1), (€3,p1), (€2, 1), respectively, and (ng, ng, ms, my)
R-R vertices at positions (w,w’,v,v") with kinematics (e2,p1), (€3,p1), (€3,p1),
(€2, p1) respectively. The positions have indices, e.g. z; where i = 1,...,ny etc.,
but we suppress these in the following to simplify the notation. Concerning the
gravitini, we have to consider two different possibilities:

(i) the gravitini only contribute bosonic Lorentz currents,
(i) the gravitini also contribute fermionic currents A

which we discuss in parallel and denote their worldsheet positions by (1, 2, y1,Y2).
For convenience, we have compiled an overview of the vertex operators in Tables
and @2 respectively. In both cases Lorentz charge conservation implies

ny—ng+n3—ny =0 , my —mo +mg—my =0 . (9.2.2)

As mentioned above, we have used the trick of doubling the cylinder and the right-
moving part of the vertex at the image point is indicated through hatted variablesH
To balance the ghost charges, we also insert mpco = (ng + ng + ms + my + 2)
picture-changing operators (PCO) at some positions P. Moreover, we note that
the total (i.e. left plus right) U(1) charge in the 7 fermion sector (1,) can only
be cancelled if all PCOs contribute the supercurrent of 72,

Voco = e?0X 0 + ePOXt) + ... | (9.2.3)

as indicated in Tables Bl and @2 Since in the vertices of the physical states,
as well as in the PCOs, only the holomorphic torus coordinate X (but not X)

3We only discuss in detail the case where all of them contribute the fermionic currents.

4Note for example that an R-R vertex of the type Sz, x Sk (w) is the same as Sr.(w) x S7 (). Since our
vertices are symmetrised between left and right sectors this amounts to integrating the worldsheet
coordinates over the entire doubled cylinder (ie. o € [-1/2,1/2]).
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9.2 Amplitude and Spin-Structure Sum

appears, the latter only contributes momentum zero modes:

T

Py = (mz—Um1+?-@) . (9.2.4)

T =T - 0) = §(V -V

Here, Y = Y, — UY} is the (complexified) Wilson line vector associated to the D9-
brane gauge group along the two directions of 72 and @ is the associated charge

vector of the open string states. Since we do not turn on a Ramond-Ramond B
field on the T2, the modulus T is purely imaginary, 7' = iVol(T?).

Field | Pos. 7* 1 ¢2 3 P4 Ps o1 ba b3 b4 b5 Bosonic
grav. | &1 Lo l+z |+z |+3 |+3 |+3 0 0 0 0 0 71972
z2 |1 |4y |+3 |43 |3 |-z | 0L oo o] 0| 29z
i | 1 | =3 | =5 |43 |+5 |t5 | o Lo o | o] 0| 292
v | L =5 =5 +5 -z -5 0o 0o o] 0| 292
FGU | 2 np || +1 | +1 0 0 0 0 0 0 0 0 0X
2 ny || -1 | -1 0 0 0 0 0 0 0 0 0X
w ng || +% [+3 |43 |[+3 |+: |+% |+3 |[+3 -3 | -3 0x
w | ome [ bbb b |e ] E e ] ex
FSS | u my || +1 | -1 0 0 0 0 0 0 0 0 0X
o | ome || =1 | +1 0 0 0 0 0 0 0 0 0X
B =N N EUN PO IO U SO OO I PR
o | oma [ b [eb b e [h ] E e e ] e
PCO P | mpco 0 0 -1 0 0 0 0 0 0 0 0X

Table 9.1: Overview of the vertex contributions for the Type I amplitude in case (i), i.e.
the gravitini only contribute bosonic Lorentz currents.

Having fixed the precise setup of vertex operators, we now proceed to compute
all possible contractions. Since this is a rather technical and tedious task, we
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9 Type I Refined Amplitudes

only point out the salient features. First of all, one can check that the spin-
structure dependent part of the T?-contribution of (1, 1)) precisely cancels that of
the superghosts. Therefore, the positions of the picture-changing operators P drop
out of the expression, as expected from physical consistency, and the contribution
of the fermions takes the form:

=0, (1t -y —ptw—w - +o—V+0-0)+z— 2 +u—1)
0, (31 +zo—y1—pptw—w+d -0 —v+0 —04+0)+2z—2 —u+d)

><9hs(%(931—x2+y1—y2+w+w—w W' +v+0 -0 —1))

Xﬁ_hs( (v — Tty —ptw+w ——w —v—1 —|—v+v))

/ / / oA Al A A
X By (w1, T2, y1, Y2, u, v, v, 0" w,w', 2, 2w, 0", 0,07) (9.2.5)

Gunls| =031+ 22—y —pp+w—w 4+ -0 +v—0 +0—-0)+2—2
Fu—u 421+ 22— 1 — U)
XOs(3(x1+T0—th —pptw—w+0—0 v+ —0+0)+2 -2
— w1+ T — 1 — G)

><9hs((x1—$2+y1—y2+w+w— —w'+v+v —0—10)
><9—hs(—(551—$2+y1—y2+w+w— —' —v—0v +0+7))
X By (21, T2, Y1, Yo, u, ', 0,0 w v, 2, 2w, W', 0,0) (9.2.6)

where B is independent of the spin structures and is essentially a quotient of
prime forms, depending on the various worldsheet positions. In order to keep the
discussion simple, we refrain from displaying their explicit expression.

Summing over all different spin structures and using various bosonisation iden-
tities (cf. [83]) the result becomes:

2 12 7112(

(r2)x"X*(2) X' X*(2) X' X (w) X'X

1
() XX

Gy =(x"(z1) X*(22) X* (1) X
X X () X () X

Gy ="YX (1) X2

X (2) XXX (1) X'X
x X' (w) XX (w X

X' X
I (") x () XX (W) X R (0) XX (V) odd (9.2.8)

which is to be evaluated in the odd-spin structure. Some more details on how to
perform this sum can be found in Appendix [C.3

128



9.2 Amplitude and Spin-Structure Sum

Field | Pos. | # Gr | b2 || b3 || P4 | b5 || 1 | b2 || &3 || 4 | &5 || Bosonic
grav | 21 1 | +35 |[+5 |+3 |+3 |[+3 |+1 |+1 0 0| 0 —
o 1|+ |[+3 [+3 ||-5 | -5 |[+1 [+1 0 0 0 —
n Lol =3 | =3 |45 ||+3 |+3 | -1 |-1 | o | o | o —
Yo Lo =5 | =5 |+3 ||-3 |5 | -1 |-1]| o 0| 0 —
FGU | 2 ni || 4+1 | +1 0 0 0 0 0 0 0 0 0X
2 | me || -1 -11] o0 0] o 0| O 0 0| O X
w | |45y |3 |*3 |3 |*3 |3 [+ | 3| -3 | 0X
w | m bbb
FSS | mi ||+1 | =1 | 0 0| 0 0| 0 0 0] 0 0X
o | oma || -1 |+l 0 0| 0 0| 0 0 0| O X
o | me +b bbb b b e
v m A s s ] e
PCO P | mpco 0 0 -1 0 0 0 0 0 0 0 0X

Table 9.2: Overview of the vertex contributions for the Type I amplitude in case (ii), i.e.
the gravitini contribute fermionic currents.

Thus, summarising the above computation, after putting together all the combi-
nations the result is equivalent to computing the correlation function in the odd
spin structure with the following identification of operators:

VY (e, p1)
VY (e, pr)
Vgl’g(‘fi, p1)
VS/S(Ez, 1)

[ A

PlJE, + (X" +ax) (¢ + ax?)]
Py[JP 4+ (X + aX")(X° + ax?)],
PylJP 4 (X" + b¢) (0 + b3X°)]
PolJE, + (X" + XD (X + X)) (9.2.9)

We remind that a = 1 and b = £1 correspond to the two relative signs in V&Y
and V5% respectively. JP are the total (i.e. left- plus right- moving) bosonic
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9 Type I Refined Amplitudes

Lorentz currentd] with appropriate charges:
JB. =7'07% + (left « right) , JB_ = 7'0Z% + (left « right) ,
JB =7'077 + (left < right) ,  JB = Z'0Z + (left « right) , (9.2.10)

and Py is the complex T?-momentum, defined in [IZA). For convenience, we
introduce

JOM=J0 + (¢ =xXHE =X, I =T (- XD - XD
(9.2.11)

Similarly, the gravitini vertices can be recast in a convenient form. Indeed, as we

can see from (2Z7) and [@ZF), the vertices are replaced by:

VEY (G, pis01) — X (G g+ XX X UL+ 1)
= XlJer,R + XIJEJF,L - xX'X'0¢ - X%,

VE (&G, pis02) — (P g+ X)X L+ ')
= XIL R+ I X =X,
VE™(&onpriyn) — X (JE m+ X' + TP+ X'

XQJJ_B—,R + )ZCQJE)—,L + X - XY,
VE™Y (&, pisye) — X g+ XN) + X (P L+ X')
= YJE g+ XVE - N (P -XY), (9212
where the subscripts L and R in J? denote the left- and right- moving parts of the
bosonic Lorentz current. Notice that the zero modes of (x1, X2, X1, X2) can only

be soaked up by the operators at (21, T2, Y2, y1) respectively. We denote this by
putting a superscript zero (x*)? as follows:

Vfrav(lejpl; 931) - (Xl)ot]fial ) V;grav(fébpls 552) - (X2)Ojioial>
VEY (&aa,pisn) — ()T VE (G priye) — (X)L (9.2.13)

Now using the replacement rules (ZZ9) and (ZZT3) we can write the following
generating function for the correlation functions introduced in eq. ([@ZTI):

dr T2 eim ‘Pﬁ@ P? /
f(ﬁ_,ﬁ_i_) = / _< Z [€P3SI 1= —362_ Jtotal Jiojal]> :
Merooq T P? T2 o
cylinder P3
(9.2.14)
5For a = —1, corresponding to graviphoton insertions, we see that the combinations that enter in the
first two lines in (LZIM) are x' — X' and x> — %> These combinations cannot soak the fermion

zero modes in the odd spin structure, since for the zero modes one has x = x. This is consistent with
the fact that the graviphoton is the lowest component of the Weyl multiplet. On the other hand for
a = +1 the vertices VU represent a higher component of the vector multiplet.
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9.3 Path Integral Evaluation of The Amplitudes

where the prime ( )’ denotes the soaking of the space-time fermionic zero modes.
Moreover, the T2 correlators as well as the ghosts have disappeared as their non-
zero mode determinants cancel each other. Hence, only the zero mode part of 7?2
appears in the lattice sum above. The action deformation Sy is given by:

€_

SI — 7 (J_ti_otal + Jtotal) - /(JB —|—J§+ +JbKS), (9215)

where the integral is over the worldsheet cylinder and

Ty = (¢ +0xM) (¢ + 0x7) + (X" + 0 (X + 0x) - (9.2.16)

Before proceeding with the actual computation of the generating function, let us
make a few remarks. First of all, the operators in S; do not have a well-defined
conformal dimension but are to be computed in a specific worldsheet coordinate
system where conformal transformations are completely fixed, modulo rigid trans-
lations. Secondly, the right-hand side of (ZZI4]) starts at order PZ. This is to be
expected since for N = M = 0 the correlation function behaves as P due to the
two picture-changing operators needed to balance the ghost charges of the four
gravitini vertices. Finally, only even powers of e_ and e, survive in (LZT4) as a
result of the structure of the non-zero mode correlators, i.e. X' has a non-zero
correlator only with ¥! and similarly for the rest.

9.3 Path Integral Evaluation of The Amplitudes

In this section, we explicitly evaluate the generating function (ZI4) using a
worldsheet path integral approach. The path integrals can be performed exactly,
since every term in S; in (LZIH) is quadratic in the field variables. There are
three major contributions, namely the bosonic and fermionic space-time parts as
well as the contribution of the K3 fermions. In what follows, we separately deal
with all three. We begin with the contribution of the space-time bosons:

<@P331>bos = <exp [67_ /d2a (2" 0—0)2*+ Z'(0 - 0)2%)

>, (9.3.1)

where we defined €, = ein/\/(T ~T)U-U) - %(}7 — }:})2 Plugging in the
appropriate mode expansions:

A

+3/fdzw—wﬁ+iw—mﬁ)

T

Z ., cos(2mno)e*™mt | Z 1 COS(2mna)e?™ Mt (9.3.2)
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9 Type I Refined Amplitudes

with ¢ = 1,2, corresponding to NN boundary conditions 0y Z |Ul:0 1 = 0 and care-
2

fully performing the path integral over the modes, we can express the space-time

bosonic correlator in the form:

_ 2(~ ~ ~ ~
i (0 5) ()| e e
bos sinm(é_ —ép) sinm(é_ +ép)

(9.3.3)

where the function H(z; §;7) is defined as:

Hy(29:7) bulz+ §7) —1I (1— z ) L (9.34)

2p(t)sinmw(z +§) 11 m +§ +z —nr|*
n>0
and is normalised such that H,(0;0;7) = 1 In Appendix [D.2.72, it is shown that,
in the full correlator, the functions H,(z; 4;7) trivialise in the limit 7 — oo, so
that the contribution surviving in the field theory limit comes precisely from the
integration of the n = 0 mode%

<6P35[> 7—2__’0)0 7T2(é— - é+)(€_ + é+> (9 3 5)
bos sinm(é_ —éy) sinm(é_ +¢ép) o

Let us now compute the correlators of space-time fermions x!?, Y2, generated by

(e = <xp[ o lo0 =90 =)+ (2 - V) - 58)]]> .
(9.3.6)

The relevant mode expansions are those for complex fermions in the Ramond sector
with NN boundary conditions:

Xz' _ Z X;,m 627ri(ncr+mt) ’ )ZZ _ Z Xf@ m 627ri(—ncr+mt) ’ (937)
si_ Z X;;Lm 62m’(na+mt) ’ Z Xn me 27r7, (—no+mt) ) (938)

Notice that the n = 0 modes cancel out in the deformation (@36 and, hence,
their contribution is e_-independent. Path integration over the n # 0 modes,
on the other hand, yields a non-trivial contribution so that the correlator of the
space-time fermions can be compactly written as:

< fasi ferm [Hl(%70’%>:|2 Tﬂo L. (939)

5The fact that the n = 0 mode in (@32) corresponds to the field theory limit is natural from a physical
point of view, since it is precisely associated to the vibrations of the open string stretched between
the two boundaries of the annulus.
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9.3 Path Integral Evaluation of The Amplitudes

Hence, the net effect of the absence of e_-dependent n = 0 mode contributions in
the deformed action is to render the space-time fermionic correlator trivial in the
field theory limit.

Finally, we turn to the contribution of the worldsheet fermions in the K3 direc-
tions y*?, ¥*° which are sensitive to the sign parameter b = £1:

(ePasr) K50 _ <exp [%* / do [(X" + 0% (X* + bX%) + (>‘<4+b>?4>(>z5+b>?5>]]> :
(9.3.10)

Using similar mode expansions as previously for the fermions in the K3 direction,
the path integral can be readily computed and the result cast in the following
form:

. K30 . ¢
(€ ) e = A8 (G HL (53 45 3

(1+b)/2
) <0052 méy — cot*(ZL) sin’ 7ré+>

(9.3.11)

JH\(F5 -3

Here g € Z, is the orbifold projection parameter that twists the K3 fermions.
When 7 — o0, the function Hy, — 1 and therefore

<€P3SI K3,b=—1 =T q (9.3.12)

ferm

This is consistent with the fact that — as for the correlators involving the fermions
in the space-time directions x'2, ¥!? — setting b = —1 results in a cancellation
of the n = 0 modes in ((I3I0) which leads to a trivial field theory limit. The
case b = +1, however, is much more interesting, since the n = 0 modes give rise

to a non-trivial g-dependent contribution that survives in the field theory limit.
Indeed, from (L3TT)) we find

(e gifzﬂ i 4<sin2(%) cos” ey — cos® (%) sin® 7Té+> . (9.3.13)

Putting all the pieces together, the full correlator becomes:

0 2 mg 2 A~ 2/mg 2 A (1+)/2 0
Aly] = (—4sin” 5 )(cos méy — cot*(%E) sin 7re+> Zrcsly)
i 2
L me e +e)  [BGOD]HGED BG4
sinm(é_ — éy) sinm(é_ + €4) Hl(é‘j*;() ) H, (6 i, 3) :
(9.3.14)

where Zs|[)] is the bosonic K3 lattice partition function, with Zgs[{] = 4n°(%)/65(3).
Since its g-expansion begins with a constant term, Z Kg[(g)] =1+ O(q), and since
we are interested in extracting the field theory limit around a point of enhanced
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9 Type I Refined Amplitudes

gauge symmetry, the Zg3 lattice does not play any substantial role in our subse-
quent analysis and, henceforth, we omit it.

The correlator (3T should now be weighted by appropriate Chan-Paton fac-
tors, together with the T%-lattice accordingly Poisson-resummed to its Hamiltonian
representation and with its momentum quantum numbers properly shifted by the
Wilson line insertions, a;. An overall factor of 1/4 is also required from the in-
sertion of the orientifold projections into the traces. Furthermore, this should be
supplemented by the 5-5 and 9-5 correlators of the annulus and the 9-9 and 5-5
correlators of the Mobius diagram. However, as argued above, only the 9-9 sector
of the annulus diagram is relevant for the field theory limit in the vicinity of the
SU(2) enhancement point we consider, where the only extra massless states belong
to vector multiplets. It is then straightforward to show that the net contribution
of the extra massless vectors is:

AR+ AR —ernsy

2 )
where ny is the number of extra vectors becoming massless at the enhancement
point and M?, is their (physical) BPS mass squared.

Before extracting the field theory limit, it is useful to consider the case ¢, = 0
in ([@3TH). Indeed, independently of the choice of sign b, the non-zero mode n # 0
contributions of the fermionic and bosonic determinants cancel each other and one
obtains:

ny (9.3.15)

_ 2 >
/@ {ﬂ] e lnlPre Z MBz €% (9.3.16)
Ty | sin(e_pams) g=1 29 o |

where B,y are the Bernoulli numbers and
o~ ay—Uay , (9.3.17)

is the BPS mass parameter of the extra massless charged states. Indeed, (310
agrees with the singularity structure of the higher derivative F-terms F,1W?9 near
a conifold singularity, which were computed in a similar setup in [39] by consid-
ering the solitonic state becoming massless as an open string stretched between
intersecting D5-branes. Notice, however, that in our setup, the singularity arises
at a Wilson line enhancement point, y — 0.

Now we resume our analysis of the refined case e, # 0. First recall that the
case b = —1 corresponds to a scattering of vector partners of S-moduli so that
one expects to reproduce the results of [11], where the corresponding amplitude
involving S-vectors was computed in a Heterotic setup. Indeed, it is easy to show
that in the field theory limit (@31H) reduces to

ARl + AL e o T —E)  m(e té)

2 o sin(é- —éy) sinm(é- + éy)

: (9.3.18)
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9.3 Path Integral Evaluation of The Amplitudes

in perfect agreement with [L1]. Turning to the more interesting case b = +1, cor-
responding to scattering vector partners of S-moduli, the non-trivial n = 0 mode
contributions play an important role. Extracting the field theory limit around an
SU(2) enhancement point yields:

Alol + A[
2

v (é_ — é+> T (é_ + é+>
sin(é_ —éy) sinm(é_ +€y)

T2 —00
_—

— 2cos(2mey) . (9.3.19)

b=—+1

After the appropriate rescaling, the field theory limit of our Type I amplitude
around the SU(2) Wilson-line enhancement point permits one to extract the lead-
ing singularity for Fy s as the ¢2Ve* term in the expansion of the generating
function:

4 —2cos (2¢e,t) -
e N 2 2 / dt + - 9.3.20
(€ eq) ~ny(eZ — ) o t sin(e.—e )t sin(e_+ep)t ’ | )

This precisely reproduces the perturbative part of the free energy of the pure
N =2, SU(2) Yang-Mills theory in the Q-background (EZTI3). Notice that both
([@3T18) and ([@I3IY) are symmetric with respect to ex — —ey. Unlike ([L3IX),
however, the generating function ([I3TI9) is no longer symmetric with respect to
the exchange e_ < ¢,. This asymmetry can be traced back to the different choice
of vertices a = —1, b = +1, selecting the graviphotons and S’-vectors, respectively.
Finally, let us mention that the above discussion generalises in a straightforward
fashion when expansions around more general enhancement points are considered.
In particular, if there are ny, ny extra massless vector multiplets and hypermulti-
plets, respectively, the dominant contribution in the field theory limit becomes:

*dt 2 — 2¢,t
F o~ (& - ei)/ dt_ 2nu—nveos(Pet)) , (9.3.21)
o ¢ sin(e. —ey )t sin(e_ +ey)t

in accordance with the results of |42, h4]. It is worth noting that the relative
coefficient between hyper- and vector multiplets agrees with the fact that in the
unrefined limit e, = 0, in the N' = 4 theory, where ny = ny, the amplitude must
vanish.

Before ending this section, we give an alternative, more physical, derivation of
the contributions —2ny cos(2¢4t) and 2ny of vectors and hypers in the numerator
of (B321)) using the operator formalismfl We first discuss the case where the end
points of the open string are lying on two D9-branes or two D5-branes and restrict
our attention to the field theory limit, hence keeping only the constant modes of
the K3 fermions xg, x8, Xa, Xo With respect to the o-direction. For zero modes,
there is no difference between left- and right- movers (yo = Xo) and, thus, only for

"Beyond the field theory limit, the operator formalism becomes rather complicated and it is actually
simpler to use the path-integral approach as described above.
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9 Type I Refined Amplitudes

b = +1 does the deformation (ZTI0) survive. Neglecting the oscillator part of the
deformed Hamiltonian

H = e, (xoxg + c.c.) + osc. , (9.3.22)
we are led to evaluate
Ty (—)F e 2 (9.3.23)

over the finite-dimensional Hilbert space ‘H of the periodic K3-fermion zero modes
(corresponding to the odd spin structure in the doubled annulus picture), which
satisfy the standard anti-commutation relations. One may pick the vacuum |0)
to be annihilated by xg3 and x§. The Hilbert space H is spanned by exactly four
states, which can be chosen as follows:

State Z.,-action
10) 1
1) = x4/0) e—2mi/n (9.3.24)
2=x) | e
13) = xox310) 1

where the second column displays their transformation under the Z,-orbifold ac-
tion. It is then easy to see that H can be decomposed into subspaces according to
their Z,,-action:

H=Ho®H_®H, (9.3.25)

where Hy is the Z,-invariant subspace spanned by |0) and |3), whereas one-
dimensional subspaces H_ and H. are spanned by vectors |1) and |2), respectively.
N = 2 vector multiplets are built by fermionic oscillators invariant under Z, and
lie in Hy, whereas hypermultiplets, whose oscillators transform with e*2™/™ under
Zy,, belong to H_ & H.. While the Hamiltonian (L322 annihilates states |1) and
|2), it mixes the two states of Hy, namely |0) and |3). Diagonalising the Hamilto-
nian in each subspace and taking the trace, immediately yields the contributions
of vectors and hypers appearing in the numerator of ([L321]). The relative minus
sign in the latter comes from the fact that we are evaluating the trace with the
(—=1)¥ insertion, whose eigenvalues are +1 on Hgy and —1 on H..

For the case where the two end points of the open string lie on D9- and D5-
branes respectively, the massless states are hypermultiplets. In this case there is a
half integer shift in the moding of the worldsheet bosonic and fermionic fields along
the K3 directions. This implies that in the Ramond sector, the massless space-
time fermions are singlets under the SO(4) tangent group of K3 and, therefore,
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9.3 Path Integral Evaluation of The Amplitudes

the Hamiltonian obtained from the deformation (3I0) (which now involves half-
integer mode oscillators) annihilates the ground state. Consequently, we see that
the contribution of hypers appears without an e, -dependent phase.

We would like to emphasise that in this computation, we have not inserted any
R-symmetry currents, yet the result correctly reproduces the Nekrasov-Okounkov
partition function. This may seem surprising, since one usually attributes different
phase factors for hypers and vectors to the fact that they transform as different
SU(2) g-representations (while gauginos are doublets, hyperinos are singlets). Even
though in our amplitudes all vertices are SU(2)g neutral, after the spin structure
sum one effectively finds an SU(2)g current in the Hamiltonian H (Z322). This
is also the case in the Heterotic computation as can be seen from ([BIT2).
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10 Deformed ADHM Instantons and the
Topological String

As discussed in Section Bl gauge theory instantons have a natural description as
bound states of D-branes in string theory |90, 31]. For instance, four-dimensional
super-Yang-Mills theory can be realised on a stack of D3-branes in Type IIB string
theory, with additional D(—1)-branes playing the role of instantons. Their correc-
tions to the Yang-Mills action are captured by string disc diagrams with boundary
field insertions. In [22], the effect of a non-trivial constant string background in
this setup was considered, by including additional bulk vertices in the tree-level
amplitudes. It was shown that the insertion of anti-self-dual graviphoton field
strength tensors, in the point particle limit, correctly reproduces the ADHM ac-
tion on an -background with one of its deformation parameters switched off (e.g.
e, = 0). Using localisation techniques [67, 64, [72, 73, 165, 52, 53] this allows one
to compute the non-perturbative Nekrasov partition function ZNk(e, = 0,¢_).

Obtaining the partition function for a gauge theory on a generic {2-background
(with ey # 0) from string theory remains an interesting question. Phrased dif-
ferently, one would like to find a modification of the anti-self-dual graviphoton
background, considered in [22], giving rise to the fully deformed ADHM action
in the point-particle limit of the appropriate disc diagrams. A hint for answering
this question comes from the series of higher derivative one-loop couplings in the
effective action of the Heterotic string compactified on K3 x T2, considered in
Section B In the field theory limit, these one-loop amplitudes precisely reproduce
the perturbative contribution of the A' = 2 gauge theory partition function on the
full Q-background, i.e. with e€_, e, # 0. We therefore expect that, including F(:Cr)
also as a background field in the instanton computation described above, allows us
to extract the fully deformed ADHM action from string theory. In what follows,
we show that this is indeed the case.

We work in Type I string theory compactified on K3 x7T? and consider D9-branes
together with D5-instantons wrapping K3 x T?. As discussed in Section [, this
setting is dual to Heterotic string theory on K3 x T? and the corresponding back-
ground is given by anti-self-dual graviphotons and self-dual field strength tensors
of the vector partner of S/, which we refer to as S’-vectors in the remainder of this
section. We compute all tree-level diagrams with boundary insertions in this back-
ground which, in the field theory limit, correctly reproduce the fully 2-deformed
version of the ADHM action, which was used to compute Nekrasov’s partition
function [72, [73].

139



10 Deformed ADHM Instantons and the Topological String

This result can also be interpreted as computing gauge theory instanton correc-
tions to the higher derivative couplings discussed in Section @ The fact that we
reproduce precisely the full Nekrasov partition function can also be seen as further
evidence for the proposal that these couplings furnish a worldsheet description of
the refined topological string. Indeed, our results show that the background intro-
duced in [12] can be understood as a physical realisation of the Q-background in
string theory.

We would like to mention that various RR backgrounds were discussed in [53,
56] where the Q-deformed ADHM action was recovered using the language of D-
instantons. However, contrary to our present work, the instanton calculation is
performed without NS-NS field strengths. In addition, the interpretation in terms
of a string effective coupling was lacking.

In what follows, we calculate the tree-level (disc) diagrams with bulk insertions
of S’-vectors. Contrary to |55, b6, 43, 21, 22], we do not use auxiliary fields
since correlation functions involving the latter are in general not well-definedl.
In addition, we show that, in a particular factorisation limit corresponding to
a specific choice of ghost pictures, the OPE of two physical operators can be
effectively interpreted in terms of an auxiliary field.

10.1 String Theory Setup

Gauge instantons in a theory living on a Conﬁgurationﬁ of N D9-branes are the
D5-instantons wrapping K3 x T2. For concreteness, we summarise the brane setup
in the following table.

| brane || num. | x0 | x| x2 [ x3 [ x| x5 [ xo | x7| x2 | x|

D9 N ° ° ° ° ° ° ° . . .
D5 k ° ° ° . . .
N J/ N J/
vV vV vV
space-time ~ R4 T2 K3~T%/Zs

This configuration describes instantons of winding number £ in a gauge theory with
SU(N) gauge group. In order to see this, let us describe the massless spectrum of
the theory. The notation used here is summarised in Appendix [Al More precisely,
it is natural to decompose the ten-dimensional Lorentz group into

50(10) — SO(4)ST X SO(6)int — SO(4)ST X SO(Q)TQ X 50(4)[{3, (1011)

! Auxiliary fields are not BRST-closed objects.

2Before considering the effect of D5 instantons, one may start from a consistent string vacuum, e.g.
the model discussed in [2(] with gauge group U(16) x U(16), where the total number of D5 branes
(wrapping the space-time and T2 directions) and D9 branes is fixed to be 16 by tadpole cancellation.
The stack of 16 D9 branes may be further higgsed to N < 16 by turning on appropriate Wilson lines
along T2, so that one may keep N generic for the purposes of our analysis.
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10.1 String Theory Setup

reflecting the product structure of our geometry. In this way I,J = 1,...,10
denote indices of the full SO(10), p, v are indices of the space-time SO(4)sr,
with a, 8 (&, ﬁ) the corresponding (anti-)chiral spinor indices, while a,b denote
internal SO(6)iy indices. For SO(4) k3 ~ SU(2); x SU(2)-, we introduce indices
A, B = 1,2 for fields transforming in the (2, 1) representation (positive chirality)
and A, B = 3,4 for fields in the (1, 2) representation (negative chirality). Following
43, 22], we associate upstairs indices of SU(2) (resp. SU(2)_) with charge +1/2
(resp. —1/2) of SO(2)72 and downstairs indices with charge —1/2 (resp. +1/2)
respectively. In this way, internal indices cannot be raised and lowered with the
help of e-tensors, but we have to keep track of their position.

In this setting, there are three kinds of open string sectors which are relevant for
our subsequent discussion. They can be characterised according to the location of
their endpoints and are very similar to the ones studied in the Section Bl

1. 9-9 sector

The massless excitations consist of a number of N' = 2 vector multiplets,
each of which containing a vector field A*, a complex scalar ¢ as well as four
gaugini (A%, A44) in the (2,1) representation of SU(2), x SU(2)_ with
SO(2)72 charges (1/2,—1/2) respectively. The bosonic degrees of freedom
stem from the NS sector, while the fermionic ones from the R sector. These
fields separately realise a Yang-Mills theory living on the four-dimensional
space-time.

2. 5-5 sector

These states are moduli (i.e. non dynamical fields) from a string perspective,
due to the instantonic nature of the corresponding D5-branes. Indeed, the
states in this sector cannot carry any momentum because of the Dirichlet
boundary conditions in all directions except along K3 x T?. From the Neveu-
Schwarz (NS) sector, we have six bosonic moduli, which we write as a real
vector a* and a complex scalar y. From the point of view of the SYM theory
living on the world-volume of the D9-branes, a* corresponds to the position
of gauge theory instantons. From the Ramond sector, we have eight fermionic
moduli, which we denote as M%4, A4a.

3. 5-9 and 9-5 sectors

Also this sector contains moduli from a string point of view. From the NS
sector, the fermionic coordinates have integer modes giving rise to two Weyl
spinors of SO(4)sr which we call (wg,ws). Notice that, as in the D(-1)/D3
case, these fields all have the same chirality, which in our case is anti-chiral.
From a SYM point of view, these fields control the size of the instanton.
In the R sector, fields are half-integer moded giving rise to two fermions
(u?, i) transforming in the (2,1) representation of SU(2), with positive
charge under SO(2)r2.
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10 Deformed ADHM Instantons and the Topological String

For the reader’s convenience, the field content is compiled in Table [Tl A similar

‘ sector H field H SO(4)st ‘ cr2 ‘ SU(2)4+ x SU(2)— ‘ statistic ‘ R / NS ‘

9-9 Ar )l (1/2,1/2) 0 (1,1) boson NS
A*A | (1/2,0) | 1/2 (2,1) fermion R

Asa (0,1/2) | —1/2 (2,1) fermion R

0] (0,0) -1 (1,1) boson NS

5-5 at (1/2,1/2) 0 (1,1) boson NS
X (0,0) -1 (1,1) boson NS

MeA | (1/2,0) | 1/2 (2,1) fermion R

AaA (0,1/2) | —1/2 (2,1) fermion R

5-9 We (0,1/2) 0 (1,1) boson NS
p (0,0) 1/2 (2,1) fermion R

Table 10.1: Overview of the massless open string spectrum relevant for the disc am-
plitude computation. We display the transformation properties under the
groups SO(4)sr x SU(2);+ x SU(2)_, while the column cp2 denotes the
charge under SO(2)r2. The last two columns denote whether the field is
bosonic or fermionic and the sector it stems from.

analysis to the one in Section [ shows that the string tree-level effective action
involving only the vector multiplets of the 9-9 sector exactly reproduces, in the
field theory limit, the pure N' = 2 super-Yang-Mills theory with SU(N) gauge
group. Inclusion of the remaining moduli fields gives rise to the ADHM action
describing instantonic corrections with instantont] number k.

Furthermore, by coupling the theory to a constant anti-self-dual graviphoton
background [22], the resulting effective action coincides with the ADHM action in
the Q-background used in [72] in the case where one of the deformation parameters
vanishes (say, e, = 0). While the ADHM action is exact under a nilpotent Q-
symmetry, the latter is still present after the deformation with ¢, . Hence, one can
use localisation techniques in order to compute the instanton partition function
[72].

From a practical perspective, this deformation is obtained by computing string
disc diagrams with bulk insertions of the anti-self-dual graviphoton. Due to its
anti-self-duality, the only instanton contributions come from the diagrams with

3When taking the field theory limit, one should pay attention to the dimensionality of the various fields.
In particular, a rescaling of the ADHM moduli is necessary in order for the field theory limit to be
well-defined as an appropriate double scaling limit in which gywm is held fixed.
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insertions from the 5-5 sector and no mixed diagramﬂ contribute.
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Figure 10.1: Four-point disc diagrams with graviphoton bulk-insertion. Diagram (a) in-
volves two boundary insertions from the 5-5 sector, whereas diagram (b)
two insertions from the 5-9 sector. While the whole boundary of diagram
(a) lies on the D5-branes, diagram (b) lies partly on the D9- and partly
on the D5-branes. The latter mixed boundary diagrams vanish due to the
anti-self-duality of the graviphoton.

In the following section, we generalise this construction to the case where the
background includes, in addition to the anti-self-dual graviphoton field strength,
the self-dual field strength of the S’-vector. We show that this generalised back-
ground, discussed in Section [ as a string theory uplift of the (2-background in
Type I, reproduces the ADHM action in the presence of a general (2-background,
therefore providing a non-perturbative check of the latter proposal.

10.2 Refined Instanton Effective Action

10.2.1 Vertex Operators

We denote the ten-dimensional bosonic and fermionic worldsheet fields collectively
as X1 and ¢! respectively, with I = 1,...,10. More precisely, we use (X*, "),
(Z,¥) and (Y, x*) for worldsheet fields along the four-dimensional space-time, 7
and K3 directions respectively. In the following, for simplicity, we consider an
orbifold representation of K3 as T%/Z,. However, we expect our results to be
valid also for a generic (compact) K3. The vertex operators relevant for the disc
amplitudes involve the ADHM moduli appearing in the massless spectrum. From

4Recall that by mixed diagrams we refer to disc diagrams whose boundary lies on both D9- and D5-
branes.
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the 5-5 sector, we need

Va(2) = g auyp(2)e ), (10.2.1)
2) = X F(n)e vk 9
Virlz) = J5 MoAS, (2)Sa(2)e 290 (10.2.3)

V2

From the 5-9 and 9-5 sectors, we use

— 95 LA A(2)S%(2)e P 2.
VW(Z)—ﬁ «A(2)5% (2)e ) (10.2.4)
Vo(2) =25 04 A(2)S%(2)e) . (10.2.5)

V2

Here A(z), A(z) are twist and anti-twist fields with conformal weight 1/4, which
act by changing the boundary conditions and gg is the Db-instanton coupling
constant. Finally, we turn to the closed string background defined in Section
The vertex operator of the anti-self-dual graviphoton in the (—1)-ghost picture at
zero momentum is given by:

VE(00) = s F [ e D) + B )
—3 e WD) S, (1) () S5(7) € Say)Sp(@)| . (10.2.6)

The vertex operator for the self-dual field strength tensor of the S’-vector in the
(—1)-ghost picture and at zero momentum is given as a sum of an NS-NS part
(first line) and a R-R part (second line):

VE (y, ) = W (y)e P DT (g) + e PO T (y) 0 (7)

8\/5“”

25, (4)(0m) 5 (5) €45 SAw)SP ()| (10.27)

The disc diagrams involving the bulk insertions of the RR part of the anti-self-dual
graviphoton ([ILZH) have already been extensively studied in the literature (see,
for example, [22]). Following the analysis performed below, one can show that the
NS-NS part also gives the same contribution leading to the e_-dependent part of
the Q-deformed ADHM action. Here, we focus on the more interesting case of the
self-dual insertions of S’-field strengths. The relevant disc diagrams correspond
to the following correlators and involve the bosonic instanton moduli onlyﬁ and

®One can show that the insertions of fermionic moduli leads to vanishing disc amplitudes.
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10.2 Refined Instanton Effective Action

these are

Dyayirs' (1,02, 3,2, 2) = (Va(21) Valwa) Vit (23) Vst (2, 2) ) e » - (10.2.8)
Doyt ps (1, 2,23, 2, 2) = (Vip(21) Vis(2) Vit (3) Vipsr (2, 2) ) o - (10.2.9)

We emphasise that a crucial requirement for all our scattering amplitudes is that
the external fields involved be physical, i.e. that they be annihilated by the BRST
operator Qprst = ¢ Jprst (CZZI). This turns out to be important in order to
determine the precise structure of the various vertex operators in different pic-
tures. In addition, as we show below, these amplitudes take the form of contact
terms p;.p;/pi.p; where p; are the momenta of the various vertex operator inser-
tions. These contact terms give non-trivial results in the limit p; — 0. To be
able to compute them in a well-defined manner, we keep p; generic in all inter-
mediate steps, which also acts as a regularisation of the worldsheet integrals, and
take the limit only at the end of the calculation. However, due to the nature of
our vertex insertions, we cannot switch on momenta in an arbitrary fashion: since
the four-dimensional space-time corresponds to directions with Dirichlet boundary
conditions for the D5-instantons, none of the ADHM moduli can carry momenta
along X*. Similarly, the S’-vector insertions cannot carry momenta along 7% once
we impose BRST invariance (i.e. transversality and decoupling of longitudinal
modes). As a way out, we take all vertices to carry momenta along the K3 di-
rections and complexify them, if necessary, to make all integrals well-defined. In
fact, technically, we first replace K3 by R* and compute an effective action term
on the D-instanton world-volume 72 x R*. Since the relevant fields that appear
in these couplings survive the orbifold projection (or more generally on a smooth
K3 manifold they give rise to zero-modes), the corresponding couplings exist also
in the case where R* is replaced by K3.

10.2.2 D5 — Dj disc diagrams

We start by evaluating the amplitude (LZR), depicted in Fig. M2 corresponding
to a disc diagram whose boundary lies entirely on the stack of D5-branes and with
the S’-modulus inserted in its bulk. Since the vertex operator for F*' consists of
two parts (NS and R), we can split the correlator ([ILZF) accordingly

D yips (1, T2, 23,2, 2) = DaNaSXTFg, (21,79, 23,2,Z) + Di{axwg, (21,19, 23,2,2),
(10.2.10)
with
DS o = (VO )V @)V () Vis ™ (2 ) Vocoy) (10211
DR por = VO VD (@) VO (@) Vit ™2 (2, 2)) (10.2.12)
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10 Deformed ADHM Instantons and the Topological String

Figure 10.2: Four-point disc diagram with bulk-insertion of the S’ field strength tensor
and three boundary insertions stemming from the 5-5 sector of the string
setup.

Here vp(g}"” is the NS-NS part of the closed string F5 field strength tensor

11
introduced in ([27), VISSF’ 2 s its R-R part and Vpeo is the picture changing

operator, recall (CZ3AL233)),
Vpco = @rst§ - (10.2.13)

In ([OZTT) we have kept the PCO insertion at a fixed position y, even though the
final result should not depend on y [38]. Setting y to z, Z or xq, converts the ghost
picture of the corresponding vertex operators to

e rre | = (VO @)V @)V (@) ViV (2, 2)), (10.2.14)
DS s, = (VO ) VD @)V (@) V7 (2,2)) (10.2.15)
DY | ey = (VO (@) VO () V. (@) VG2, 2)), (10.2.16)

respectively. Using the doubling trick, we can convert the disc into the full plane
with a Zs-involution, and the four-point amplitude ([ILZX) becomes a five-point
function with vertices at (x1, xo, 3, 2, Z). Here we split

VG (2,2) = Vs (2) Vst (7). (10.2.17)
where the left-right symmetrisation is implicit. SL(2,R) invariance implies that
we can fix three real positions, which is related to the existence of three c-ghost

zero modes on the sphere. The latter are soaked up by attaching ¢ to three
dimension one vertices such that the resulting operators are BRST closed. The

n ([IZR) an insertion of & at an arbitrary position is understood, in order to soak up the & zero
mode.
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10.2 Refined Instanton Effective Action

dimension of these vertices becomes zero and they remain unintegrated. Since the
last two terms in (([CZZT)) annihilate any operator in the (—1)-picture, any physical
operator with dimension one and negative ghost picture becomes BRST invariant
in this mannerl However, recall from (B:330) that for a zero-picture operator, the
correct dimension zero BRST invariant combination is ¢V + ~V (=1 Therefore,
for simplicity, we choose the zero-picture vertices to be of dimension one (such that
their positions are integrated), and all the (—1)-picture vertices to be of dimension
zero (such that their positions remain unintegrated).

Let us first consider the NS-NS contributions ([ILZTT), for which the vertex
operators are

Va(ry) = g6a,(0X" — 2ip; - x p")e* Y (1), (10.2.18)
Va(ze) = gsay ce” PP e Y (1) (10.2.19)
Vi(xs) = \’;—; (0Z — 2ips - x W)Y (x3) (10.2.20)
Vies (2) = ce PUl X" TPY) () (10.2.21)
Vs (%) 10 ey RN EPY) (5) (10.2.22)

a 87/2

with F fy/ = €, P}, and the only relevant terms in Vpco are (since the total back-
ground charge of the superghost is —2)

e? Tr(y) = ie? (Y*0X, + VOZ + VOZ + x'0Y ") (y) . (10.2.23)

Here, Y € {X% X7 X® X9} parametrise the internal R* (which we eventually
replace by K3). The momenta p; are along these directions, while the momentum
of Vs is written as (P,, P), where P, is the space-time part and P is along the
Y? directions. Note that after using the doubling trick, the Neumann directions
(Z,Z,Y") are mapped onto themselves, whereas the Dirichlet ones pick an addi-
tional minus sign X* — —X*. This is consistent with the fact that the momenta
along Neumann directions are conserved ) . p; + P = 0, which follows from inte-
grating the zero modes of Y*. On the other hand, integrating over the zero modes
of the Dirichlet directions X* does not give any conservation law for P,.

The three open string vertices contain Chan-Paton labels which need to be suit-
ably ordered. For instance, if we are interested in computing the term Tr(a, a, X",
the range of integration is the following:

{for Ty > T, T3 €|wg, ], (10.2.24)

for xo > 21, x3 €] — 00, x1[U]xs, 00].

"Indeed, the first two terms in ([CZZI) combined together annihilate ¢V for any V' corresponding to a
dimension one Virasoro primary operator, irrespective of the ghost picture of V.
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10 Deformed ADHM Instantons and the Topological String

For the other inequivalent ordering Tr(a, x' a,), the range of the z3-integration is
opposite. It is easy to show that the sum of these two orderings vanishes so that
the amplitude is of the form Tr(a,[x',a,]).

For definiteness, let us focus on the term Tr(a, a, x'). The contraction of ¢ and
¢ and the contraction of the exponentials in momenta yield

igg 1 2
Ay = ——Tl"(%au Jex ¢ ly — 27 (y — x2)

< [ @i-a= 4%1‘[\@ 2| PPy — Z)" PP PP (10.2.25)

1<i<j<3

This is a common factor that multiplies each of the remaining contractions. Now
let us consider the contribution of 0Z(x3) to the amplitude. This must contract
with 0Z(y) in Vpco and then W(y) contracts with W(z). Then ¥*(Z) necessarily
contracts with 9" (x2) and from z; only 0X*(x;) can contribute. The result is

iAPH(z — %)
(v —23)2(y — 2) (2 — 2)[71 — 2>

Next consider the contribution of the second term in ([ILZ20). Here, there are
two separate contributions. If ps - x(z3) contracts with py - x(x1), then #*(xy),
V¥ (x9), P*(Z) and a space-time fermion 17 (y) from the picture changing operator
must contract, leaving 0X7(y) which can only contract with the momentum parts
of vertices at z and Z resulting in a term proportional to P,. Notice that the term
arising from the contraction of ¥* with " is killed by the transversality condition
(a necessary condition for the operator to be in the kernel of Qgrst). The total
result is

A = (10.2.26)

A — 4ipy - p3 (2 — 2) [ ovA pr B HA pPY }
T —w)ly— 2P L@ -2y —m) (31— 2)(y —w)
(10.2.27)
On the other hand, if p3 - x(x3) contracts with x(y) in Vpco, then 0Y (y) contracts
with momentum dependent parts of the vertices. Thus, 1*(2) must contract with

" (x2) and only OX* at x; can contribute so that one obtains

Ay = 4i6" PH(z — Zz) {P3'p1+P3'p2+ ps - P " ps - P }
(x5 —2)(y —x3)(xe — 2)|z1 — 22 ly—21  y—a2 2(y—2) 2(y—2)
(10.2.28)
The total correlation function is thus
DaNf;ng, = Ag(A; + Ay + A3) (10.2.29)

which must be integrated over x; and x3. Note that all the terms in A;, Ay and
Az come with one power of space-time momentum P* which is exactly what is
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10.2 Refined Instanton Effective Action

required to obtain a coupling to the field strength of the closed string gauge field.
However, both A, and Az are quadratic in the momenta along the Y directions
and they can only contribute to the amplitude in the zero-momentum limit if the
integration over x; and x5 gives a pole of the form 1/(p,- py). Clearly, Ap- A3 cannot
provide such a pole (we are assuming a generic value of y in the complex plane
i.e. Im(y) # 0). On the other hand, the integral over z3 for Ay- Ay gives a pole of
the form 1/(p;- p3). Performing the 3 integral in both the regions ([ILZ24) yields
precisely the same result, hence, the z; integral over the entire real line reads

2 [ — _

_ Ys t (z—2) (21 — 2)(y — x2) VA v spA

Aoy = B Ty [0, a, d PrEvA — prok
10.2.30

where we have set all the momenta along the Y directions to zero since there are
no singularities in the remaining z; integral. Notice that Agy- As alone does not
lead to a gauge invariant answer. As for the AgA; term the z3 and x; integrals
have no singularities and therefore the momenta along the Y directions can be
set to zero. The resulting x3 integral for both regions ([ILZ24]) gives precisely the
same result:

2

AgA = _g_fr Tr [aﬂ a, XT] /

— 00 |ZE1 —Z|2

[e.e]

(z=2) (=2 (@1 =) 0n
dxy €x (12— 2)(y = xl)P . (10.2.31)

Adding the two terms ([L230) and (II%, we see that the result is gauge
on yield

invariant. Performing the z; integrati
(Vo Vg Vi) = S [ D5
= —22 Tr [a, a, '] ex(P*6" — P31 (10.2.32)

Here, we have used 2/(27a’gs)? = 872 /g%, and restored the dimensionality of the
fields in terms of 27a/.

Finally, let us consider the R-R contributions ([ILZTJ). The vertex operators
are the same as above, except for the S’-vector part which is given by

VP (z,2) =

e Fg ce 25 SA z(PX-l—PY)()

16mf S

% €45(Tm)% 5 ceE 9 ST PNV (7, (10.2.33)

Since the total superghost charge of the vertices is —2, there is no need for a picture
changing operator. The total charge in the torus plane implies that only ps-y ¥(z3)

in (CZ20) contributes so that only p; - x ¥*(z1) in (LZIF)) contributes. This
term is proportional to p;- p3. Once again the integral over x3 gives a pole 1/(p;- ps3)

8Notice the additional factor of 2 due to the left-right symmetrisation in the closed string vertex.
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10 Deformed ADHM Instantons and the Topological String

in the channel x3 — x;. Performing the integrals over x; and x3 as above leads to
the same result:
(Vo Vo Ve VEEY) = ((Va Vo Ve VD) (10.2.34)
Summing over the inequivalent orderings of the open vertex operators yields
((VaVa Vi Vipsr)) = —4i Tr [x', a,] @, FEY . (10.2.35)

In [68, [11], a different string background was studied, which involved the self-
dual field strength of the vector partner of the dilaton S. However, repeating the
computation of the above disc diagrams with the insertion of the latter leads to a
vanishing result. This indicates that the background [68, [11] does not give rise to
the deformed ADHM action on a general 2-background.

10.2.3 D5 — Dy disc diagrams

2 )
/’ K

’ ‘

1 A
1 1
1 1
: Q. i
\ Fy ;!

M
V(TJ V(A)

Figure 10.3: Four-point disc diagram with bulk-insertion of the S’ field strength tensor
and three boundary insertions stemming from the 5-9, 9-5 and 5-5 sectors
of the string setup.

Let us consider the RR part of the physical amplitude depicted in Fig.

<Vw(0) () VD ) VO () V72, 2)> (10.2.36)
The vertex operators for the 5-9 and 9-5 states are
V(1) = % wi (A (5,)% 85 +ip1 - x ASY)e ™Y (1),
Vi V(@) = Lo e ASTeY (), (10.2.37)

V2

where A# are dimension 3/4 operators defined as

AF(z1) = lim (z — 21)2 OX*(2)A(z1) (10.2.38)

T—T
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Finally, we recall the vertex operator for the 5-5 state:

T )
Vi (2) = % (0Z — 2ips - x V)Y (z5) . (10.2.39)

Once again ¢3 charge conservation implies that only ps - x ¥(z3) term contributes

from Vi” (x3) and can only contract with p; - x(z1) in the vertex at z;. Thus, after
taking the limit of vanishing K3 momenta, we obtain

(z — 2)(zy — z3)tPr P!

|z — z||xs — 2| pi=0

P1-DP3

(Vo VoV Vos)) = — wa @y X! FO / dzydas
i - 3
= Jwaly X FSY (10.2.40)

where we have used the notation F& = (5, )% Fm.
We now turn to the NS-NS part of the bulk vertex operator which we choose to
be in the (—1,0)-picture:

Vﬁgsf(z, z) = A e e XAPY) (N (XA —i(P-tp— Py P XHPY)(7)
87T\/§
(10.2.41)

Here, we are using the D5-brane map for the right-moving part of the vertex
operators to the lower half plane (X* ") — (—X*(2), —¢*(2)). Recall that, in
the present case, the boundary between x; and xo where x3 sits, is on a D5-brane
while the remaining part of the boundary is on a D9-brane. The above choice
means that we are taking the branch cut (due to the twist fields at z; and xs) to
be on the D9 part of the boundary.

Once again W¥(z) can only contract with the ps - x U(z3) part of the vertex at
x3. However, ps - x(z3) can either contract with p; - x(z1) from vertex at z; or
with P - x¢*(2). In the first case, from the operator at z, 9X*(Z) cannot con-
tribute. Indeed, since (A(z1) A(z2) 9X*(2)) = 0, the only possibility is to bring
down a P - X term from the momentum part of the vertex at z or z. In this
case (A(z1) A(z2) 0X*(2) P- X (2, 2)) o P* and, hence, vanishes by the transver-
sality conditionfl. Consequently, only the fermionic part of the operator at z can
contribute, leading to

(z — 2)(zy — z3)tPr P!

(x5 —2)(x1 —2)  Ipi=0

FS’

(VL Vo Vg VR = p14' B3 ey Fﬁ,"‘/dxldxg
s

— L@y R 10.2.42

- ZwawBX 54, . ( e )

where only the term P - ¢ 4*(2) in (ZZA) contribute. Notice the additional
factor of 2 due to the left-right symmetrisation in the NS-NS vertex operator.

9We only consider a single power in P as required by the structure of the coupling we are evaluating.
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10 Deformed ADHM Instantons and the Topological String

In the second case, the resulting term vanishes as we now show. Such a term
is proportional to ﬁ:—i. The correlator of the space-time fermion ¥*(z) with
S(x1)SY(z) gives a kinematic factor (0,)%7. Finally, as above, bringing down
a single power of P.X from e (z) or e7*7¥(z) yields the total correlation func-
tion (apart from the contraction of the momentum parts of the vertex):

_ \1
272 (w2 (Ar(@)P - X(2)A () )+ (A2 P X(2)A ()] |
w3 — 2[* (2, — 2)2

(10.2.43)

where we have used the transversality condition, and the + sign depends on the
choice of the branch cut [d. In order to obtain a non-zero result in the limit of
vanishing K3 momenta, we need a 1/p - p pole. Since there is no singularity in

ps-P (5;0\)6&

xg integral, the amplitude is non-vanishing only if <A”(m1)P - X (z, E)A(x2)> has
a first order pole in (x; — x3) which can be deduced from the OPE of A*(zy)
and A(zy). The right hand side of the OPE can only have untwisted operators,
i.e. operators involving products of derivatives of d.X, with X being the spatial
coordinates. These operators are of non-negative integer dimensions. Since the
dimensions of A#(z;) and A(wy) are 3/4 and 1/4 respectively, the OPE must be

A1) A(2) ~ Y (w1 — 22)" " ¢ O (x2) (10.2.44)
n=0
where n denotes the dimension, ¢ counts the degeneracy of the operators O and
¢ are the structure constants. Notice that (A*(z1)A(zs)) =0 implied] that the
term n = 0 is absent in (ZZ4]). In addition, the n = 1 term is non-vanishing
and corresponds to O; = 0X*. This can be more explicitly seen by considering
the four-point correlation function

Floyy,w,z2) = (Ae)0X"(y)0X" (w)A(w2))

_ 1 (y—a)(w =) + (y — ) (w — 1) 7
2 (21— @9)7 (y — w)? ((y — 1) (y — z2)(w — 1) (w — 22)) 2
(10.2.45)

which can be easily deduced from the OPEs
1

A(zy)A(z9) ~ NTETT (10.2.46)
and
OXH ()XY (w) ~ _(yiiw)? . (10.2.47)

0The + sign, which corresponds to D9 boundary conditions, means that the branch cut is on the D5
boundary, the — sign means that the branch cut lies on the D9 one.
"For n = 0 there is a unique ground state in the untwisted sector.
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Using the definition ([L244), we find that

1
. (10.2.48)

(w — xg)%(w I

(A% (@0)0X (w)A(22) ) =
Consequently, in the limit 21 — 5, A#(21)A(x5) — 0X*(25), and

(B (a)P - X(w)A(2)) — ~P*—

T1—T2 To — W

(10.2.49)

Hence, the absence of poles in (z1 — z3) implies that, in the limit of vanishing K3
momenta, this contribution is zero.

Summarising our result, the D5-D9 diagram in the presence of the S’-vector
leads to the following coupling in the instanton effective action:

(Voo Vo Vit Vipsr)) = % Tr{@d ! wﬁ-(aW)dBFfV’} (10.2.50)

These diagrams are sufficient to compute the tree-level string effective action
involving D5-instanton. In the following section, we consider the field theory limit
and compare the result to the ADHM action on a general {2-background.

10.2.4 ADHM Action and Nekrasov Partition Function

In this section we compare our results with the deformed ADHM action appearing
in (E2ZT9). The latter describes instantons in a gauge theory with SU(N) gauge
group on a general (2-background. Recall that the ADHM instanton action can be
expressed as

Sapam = —Tr {[XT, aaﬁ-] <[X, aﬁo‘] + E_(aTg)ﬁa> —x' @, (wd‘x — &wé‘) — (W — W4 @) w® T
e [ agg) (130)™ — €4 @ (r) s 1t} (10.2.51)

where we only display the part relevant for our discussion. Here, we have intro-

duced the vev a of the N' = 2 vector multiplet that higgses the SU(N) gauge

group. The terms in the second line correspond to the e, -dependent deformation

of the ADHM action and which we want to compare to the effective couplings of

F5 to the ADHM moduli. To this end, we parametrise the vev of the S’ field
strength using the self-dual 't Hooft symbols (see (ALI0)):

o s e
Foy = T B = 03, 030 (10.2.52)
The contribution of the diagram ([[ILZ3H) becomes

<<Va Vo Vit VF§/>> = —44 Tr{ [XT, a“] a, Fg}j} = —¢, Tr{ [XT, aaﬁ-] a’® (7’3)6‘#} )
(10.2.53)
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10 Deformed ADHM Instantons and the Topological String

Similarly, the contribution ([ILZA0) of the mixed diagrams can be recast as

(Vi Vi Vit Vipsr)) = % Tr{(ud N w5(6“”)dBF5;} — e, Tr{(ud X ()% wﬁ'} .
(10.2.54)

Therefore, the D5-instanton world-volume theory in our background gives a six-
dimensional field theory on K3 x T? that contains the deformed ADHM couplings.
In the limit where the world-volume of the D5-instantons becomes small (i.e. of
order o or smaller), we can reduce the six-dimensional field theory to a zero-
dimensional one which exactly reproduces the deformed ADHM action for the
four-dimensional gauge theory.

The ADHM action is a key ingredient to compute the non-perturbative part
[EZTA) of the Nekrasov partition function ZN° of the supersymmetric gauge the-
ory. Recall that it can be factorised in the following form:

ZN(eq e ) = Zpller};(6+> €) Zﬁfﬁ‘(% €). (10.2.55)
While the perturbative piece ZJS§ does not receive contributions beyond the one-

loop order, the non-perturbative part ZJ¢* is defined as a path integral over the
instanton moduli space, with the integral measure given by the deformed ADHM
action SADHM [72, 73]

10.3 Channel Factorisation and Auxiliary Fields

In this section, we show that the same results derived above can be recovered by
using auxiliary fields which linearise the superalgebra. These are given by

Vi (2) = V296 Y, U (2)0H(2) Vit (2) = V2 g YJ\II(Z)WL(Z) ) (10.3.1)
Vx(2) = g6 XaA(2)SV(2), Vxi(2) = g6 X;EA(Z)SQ\I/(Z , (10.3.2)
Vi(2) = g6 XaA(2)S4U(2) Vit (2) = g6 XL A(2) 590 (z) . (10.3.3)

~— —
~—  —

Of course, auxiliary fields are not BRST-closed and inserting them in a correlation
function does not lead, in general, to a sensible result. For instance, as discussed
n [13], changing the ghost pictures of the vertex operators in the presence of
auxiliary fields leads to different results, hence rendering the correlation function
ambiguous. However, here, we prove that in a particular factorisation limit, the
result can be understood as a correlator involving an auxiliary field. This gives a
rigorous justification to the use of auxiliary fields in |54, |56, 43, 21, 22]. Similar
arguments, though in a different context, have been made in [14]. Consider the
NS-NS contribution ([[LZT]]) and take the limit where y goes to the points z, z
and s, respectively, corresponding to using different pictures for the associated
operators. The three cases below are illustrated in Fig. [{L4l
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l.y— 2z
In this case Ay A; = 0, whereas Ag Az still cannot produce any pole in the
momenta. On the other hand, Ay Ay simplifies to

4ipy - p3 z—Z
3 — 21 (23 — 2) (11 — 2)

("APH — §HA P (10.3.4)

Notice that the longitudinal mode manifestly decouples. Looking at the
vertices (IZZTY) and (LZZ0), we recognise that ps - p1/(x3 — x1) appears
from contracting p; - x(z1) with ps - x(z3). The pole 1/p; - ps appears from
x3 — x1. Therefore, in this limit, the result is effectively reproduced by
the OPE of the vertices at x; and x3, resulting in an effective vertex W y#
at xp. This is why in the (—1,0)-picture for the NS-NS part of Vs, the
auxiliary vertex ([L3JI) gives the correct effective coupling calculated as the
three-point function ((Vy+ V, Vies)).

2.y — 29

In this case again Ay A; vanishes. From Ay As, only the kinematic structure
§MA P survives, with the same answer as above. However the ps - py /(23 — 2)
factor in AyAs contributes to the other kinematic structure, 6**P*. The
final result is of course the same but the total result comes from two different
factorisation limits z3 — x; and x3 — 9 for the two different kinematic
structures.

3.y —=z

In this case Ay Az vanishes, but both the remaining terms contribute. In
particular it is not clear if the Ag A; term can even be thought of as a contact
term.

Hence, only for y — Z can the result be understood as the factorisation in a single
channel, such that it can be effectively reproduced by replacing V,(z1) and V, (z3)
by thelr OPE, which is simply the auxiliary vertex ([IL31]).

Finally, in the R-R contributions ([ILZT2), the ‘contact term’ appears only from
the channel x3 — x; and the result can be obtained by a three-point function
involving the vertices at xs, z, Z and an auxiliary vertex W " at x;. The analysis
of the mixed D5-D9 diagrams is very similar and leads to the same conclusion,
that is, in the (—1, 0)-picture for the NS-NS part and (—1/2, —1/2)-picture for the
RR part of Vs, the entire result comes from contact terms in a single channel
and the result can be reproduced by a three-point function involving the auxiliary
vertex ([L333).

As mentioned above, even though the calculations are performed on the target
space R*xT?xRR*, the couplings we have obtained are non-vanishing for non-trivial
momenta only along the first R* (space-time). When we compactify R*xT?xR* —
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R*xT?x K3, these couplings are unchanged up to possible o’ corrections. However,
the latter are irrelevant in the field theory limit that we take in order to compare
with the non-perturbative part of the (2-deformed gauge theory partition function.
In addition, we have focused on the gauge theory coming from D9-branes for which
the relevant D-instanton is the D5-brane wrapping the internal space. However, it
is straightforward to extend our calculation to other setups by applying T-duality.
For example, for a gauge theory realised by D5-branes wrapping 72, the relevant
D-instanton is the D1-brane wrapped on T2. The corresponding couplings can be
obtained from the above calculations by performing four T-dualities along the Y
directions.

156



10.3 Channel Factorisation and Auxiliary Fields
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Figure 10.4: Factorisation channels of the disc. The diagram at the top illustrates the
four-point function of physical vertices with an insertion of a PCO. The
diagrams at the bottom depict various choices for the position of the latter.
In case (1), the result takes the form of a contact term, leading to an
effective auxiliary field vertex operator insertion on the boundary of the
disc. Similarly, case (2) can be re-expressed as a sum of two contact terms,
while in case (3) no such interpretation is possible.
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10.4 Interpretation and the Refined Topological String

In Section B we have put forward a promising proposal in terms of a particular
class of higher derivative terms in the string effective action. At the component
level, it involves terms of the form

vpT o -1 o "
Zyn = /d4x}—g,n R(—)uueréL_f [F(Ci)kcr]:’(i)A }g [F(Jr)pon ] ) (10'4'1)

+)

for g > 1and n > 0. Here, R_) denotes the anti-self-dual Riemann tensor, F| (Ci) the
anti-self-dual field strength tensor of the graviphoton and Fi,) the self-dual field
strength tensor of an additional vector multiplet gauge field. In Heterotic N = 2
compactifications on K3 x T2, the latter is identified with the super-partner of the
Kahler modulus of 7?2, while in the dual Type I setting, it is mapped to the vector
partner of the S’ modulus.

For n =0, the Z,,, in ([LZT]) are BPS-saturated and were first discussed in [6].
The F, = F,,—0 are exact at the g-loop level in Type II string theory compacti-
fied on an elliptically fibered Calabi-Yau threefold and compute the corresponding
genus ¢ partition function of topological string theory, see Section Bl In the dual
heterotic theory, Fj starts receiving contributions at the one-loop level [1] and,
in the point particle limit, is related to the perturbative part of Nekrasov’s par-
tition function for a gauge theory on an {2-background with only one non-trivial
deformation parameter. The latter is then identified with the topological string
coupling.

For n > 0 the leading contribution to F,, is still given by a one-loop amplitude
in the heterotic theory and was computed to all orders in o’ in Section B The
coupling functions F,,, in ([LZJ]) can be compactly expressed in the form of a
generating functional

Fle_,eq) = Z 9 Fon. (10.4.2)

g:n=>0

In the point particle limit, the one-loop contribution to F(e_,e;) captures the
perturbative part of the Nekrasov partition function ([IZZ5H) on a generic -
background, whose deformation parameters are identified with the expansion pa-
rameters ey in ([0Z2). Thus, the F,,, are one-parameter extensions of the topo-
logical amplitudes Fj, which are (perturbatively) compatible with a refinement in
the gauge theory limit.

The instanton computations performed in the previous sections are indeed evi-
dence for this proposal. As we showed, also the non-perturbative contributions to
the F,,, in the point particle limit are compatible with the structure expected from
gauge theory and capture precisely the non-perturbative part of the full Nekrasov
partition function Zrlfgl_‘(q, e¢_). This proves that the couplings ({LZT]) indeed pro-
vide a string theoretic realisation of the full {2-background in gauge theory. This
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10.4 Interpretation and the Refined Topological String

is precisely what one would expect from a worldsheet realisation of the refined
topological string.
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Part IV

Towards a Worldsheet Definition of
the Refined Topological String

161






11 Concluding Remarks

In this work, we analysed some of the intricate connections between topological
string theory, the string effective action and supersymmetric gauge theories in the
)-background.

In the first part of the manuscript, we briefly reviewed the basics of string theory
and the underlying conformal field theory. In particular, we discussed some aspects
of the compactification of superstring theory and its dualities.

In a second part, we recalled the construction of topological string theory through
the topological twist on the superconformal algebra. This leads to a theory pos-
sessing a topological symmetry and which can be viewed as a sub-sector of string
theory. For instance, the genus ¢ partition function of the topological string is
calculated by a coupling Fj in the string effective action involving, at genus g in
Type 11, two anti-self-dual gravitons and 2g — 2 anti-self-dual graviphotons. The
topological nature of these quantities manifests itself through the fact that they
receive contributions from BPS states only. Moreover, when the Type II com-
pactification admits a Heterotic dual, this coupling starts receiving corrections at
genus one in Heterotic. Hence, this renders possible an explicit calculation of the
coupling at the perturbative level. On the other hand, the field limit of the latter
is given by the partition function of the A/ = 2 gauge theory in the Q-background,
in the limit where one of the parameters of the ()-background, €., is set to zero.
The other parameter, e_, is identified with the constant background of the anti-
self-dual graviphoton. Thus, the natural question is to identify, in string theory,
the signification of the parameter e,. Alternatively, the gauge theory in the -
background suggests the existence of the refined topological string whose partition
function reduces to the gauge theory one in the field theory limit. A worldsheet
definition of the refined topological string using string amplitudes was a central
question in this work.

The third part of the manuscript was dedicated to answering the first question.
Namely, we showed that the parameter ¢, can be identified with the self-dual back-
ground of a particular vector multiplet. In Heterotic string theory compactified
on K3 x T?, it is given by the self-dual vector partner of the T-modulus. We
calculated the coupling Fj,, of two anti-self-dual gravitons, 2¢g — 2 anti-self-dual
graviphotons and 2n self-dual T field strengths exactly at one loop. In the field
theory limit around a Wilson line enhancement point, it precisely reduces to the
perturbative part of the Nekrasov partition function. On the other hand, the same
conclusion was reached in the dual Type I theory in which the additional inser-
tion corresponds to the self-dual field strength of the S’-vector. Furthermore, by
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11 Concluding Remarks

realising gauge instantons in Type I using D-brane bound states, we computed
non-perturbative corrections to the couplings Fj,,. More precisely, we derived the
instanton effective action in the presence of the anti-self-dual graviphotons and
self-dual S’-vectors by calculating all disc diagrams with boundary insertions of
the instanton moduli. The resulting action matched the instanton measure of
the path integral leading to the Nekrasov partition function. Therefore, we proved
that the couplings F} ,, agree with the latter perturbatively and non-perturbatively,
and the proposed background is a good string theory uplift of the {2-background.
Even though the topological nature of our background is not yet fully understood,
our findings provide promising perspectives towards a worldsheet definition of the
refined topological string.

From the space-time point of view, our A-model understanding of the refined
topological string relies on a definition of its partition function in terms of an
index counting BPS states. In particular, by going to M-theory, the latter are M2-
branes carrying left and right spins with respect to the SO(4) Lorentz group [46,
28]. The refined partition function can be calculated using the refined topological
vertex which extends the topological vertex techniques. However, similarly to
the instanton calculus in gauge theory, this formalism is applicable only in the
asymptotic region of the moduli space. In this context, a worldsheet, B-model
realisation of the refined topological string is crucial in order for it to be defined
at any point in the moduli space.

On the other hand, since the refined partition function is an index, one might
expect it to be calculated by some string amplitude. Our findings suggest that
this is indeed possible since the amplitude studied in this manuscript reproduces
the only independent explicit result, namely the partition function of the N' = 2
gauge theory in the Q-background. Nevertheless, its BPS, topological properties
remain to be unveiled. In order to achieve this, one can study the dual Type
IT theory compactified on an elliptically fibered Calabi-Yau, in which the refined
partition function is expected to be captured by a higher genus amplitude. By
identifiying the additional insertion in the dual setup, one can write down the
Type II amplitude and, using the methods described in Section B, re-express the
amplitude in terms of a correlation function in the twisted, topological theory. This
would provide a worldsheet definition of the refined topological string partition
function.

It is worth mentioning that, in this work, the string theory setup was based on
a compact Calabi-Yau threefold, even though it is widely believed that the refined
topological string makes sense only on a non-compact Calabi-Yau manifold. More
specifically, the latter is necessary in order to turn on an SU(2) R-symmetry
current and define a refined BPS index. However, our setup should be viewed as
a convenient framework in which we successfully interpreted the (2-background in
terms of physical fields. In addition, we did not introduce any R-symmetry current
but rather generated it effectively in the path integral. Hence, one might take
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an appropriate non-compact limit of the internal space and analyse the possible
topological properties that our refined couplings might acquire.

Besides, it would be interesting to analyse the holomorphicity properties of the
refined couplings studied above. Indeed, the refined topological string partition
function is expected to satisfy a recursion relation |61, 49] generalising the holo-
morphic anomaly equation presented in Section EE2 A possible agreement would
then furnish additional evidence in favour of the generalised holomorphic anomaly
equations and also of our proposal for the refinement.

Exploring these ideas would increase our understanding of the interesting con-
nections between topological amplitudes and supersymmetric gauge theories and,
I believe, shed light on the deep structure of the refined topological string
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A Spinors, Gamma Matrices

Let us begin by discussing our conventions for various index structures. Raising
and lowering of SO(4)sr spinor indices is achieved with the help of the epsilon-

tensors €2 = 15 = +1, and €2 = ;5 = —1, ie.
Y=y, Yo =gt YT ==y, g = e’ (A0
Furthermore we introduce the o-matrices (0#)44 and (6#)% of SO(4)sr
(O—M)ad = (Ha —iO’) ) (5_u)da = (]17 —|—20’) ) (AOQ)
which are related to one-another by raising and lowering of the spinor indices
(0" = 7 (0")aae™ = (6", (6")4 = €44 (6") "ap = (0")g5.  (A.0.3)

In addition, we introduce the Lorentz generators o*”, " of SO(4)sr

1 @
)a” (5,00 — 5,0,) 4 (A.0.4)

(Ow)a = 5(0“5,, — U,ﬁﬂ)aﬁ, (@w)dﬁ- =
which are symmetric in the spinor indices (04 )ap = +(0w)pa and (Gu)ss =

+(0u)s- They are (anti-)self-dual in the sense

N | —

v 1 vV po — v 1 Voo [ —
(0" )ap = +§€“ P7(0po)ap » (") = —56“ 7 (G po) e - (A.0.5)

Therefore, we can use them to define (anti-)self-dual tensors. In particular we

write for the self-dual F,E;r) and anti-self-dual F,E;) part of the field strength tensor
of a given gauge field

pyo o «a

FY = (") FL) FG) = (0™)usF) . (A.0.6)

since, indeed, F,Sf) = Fi€uwpo(FH)P7. Also, note the following identities:

(Uuu)aﬁ(apa)aﬁ — 2(5upéua _ gHosve 4 E;wpa) 7 (AO?)
(69)45(877)% = 2(8706"° — 54057 — 77 A0.8)

—~

Using the above relations, one may invert ((A0.0) to obtain
1 1

ES) = 20u) ) F) = Slow) FL) (A.0.9)
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Finally, we define the (anti-)self-dual 't Hooft symbols by decomposing the sigma-
matrices:

(G5 = 75, ()%, (Ow)a” =15, (7)o" . (A.0.10)

The notation we use closely follows [22]. Self-dual spin-fields of SO(4)gr are de-
noted S; and the anti-self-dual ones S,. In this notation, the graviphoton field G
is anti-self-dual and the S’ field strength is self-dual.

Concerning the convention for the internal manifold, we denote spin fields by
Sa, 84,54, S4. As already mentioned, while indices (4, /1) are indices of SO(2)+
respectively, covariant and contravariant indices also reflect charges £1/2 with
respect to SO(2)72 according to the decomposition (CLT). Thus, indices (A, A)
cannot be raised or lowered, but care has to be taken regarding their position. Our
conventions for internal spin fields are summarised below.

Spin field | SO(2) SO(4)
Sa — (=), (++)
g4 + | (), (=) (A.0.11)
Sa + (=), ()
st = ()
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B OPEs and CFT Correlators

We start by recalling the OPEs of fermionic fields using the notation explained in
the previous section. In the general case of an O(2N) current algebra, the OPEs
of the fermions 1™ and the spin fields S4 are

1 (IM)4 S5 (w)

M ()54 (w) ~ B o) (B.0.1)
i (TMNYA  gB (4
JMN ()84 (w) ~ _i(F Z)_Bj ( ), (B.0.2)
B cAr L @)%y (w) i (YY) By (w)
SA(Z)S (w) Nm ﬁ(z—w)N/‘l_lﬂ 92 (z — w)N/A-T d
(B.0.3)

where C45 is the charge conjugation matrix and JMY = ¢[MyN Applying these
formulas to the ten-dimensional case of interest and decomposing the spinor indices
as in the previous sections, we obtain the OPEs for the fermionic fields in the space-
time directions

S%(2)Sp(w) N%(ﬁ“)%%(w% Sa(2)SP(w) ~ %(U“)aﬁ Yu(w), (B.0.4)
_ ) Eozﬁ' €,
542)8%(w) ~ — e Sa(2)Ss(w) ~ (2_75)1/2 (B.0.5)
by g L (@)*Ss(w) 1 (0,55 (w)
PH(2)S% (w) Nﬁm> PH(2)Sa(w) V2 (2 —w)i2 (B.0.6)
. oM o 'Sﬁ w oH B8 w
I (2)S% (w) ~ —%—( Z)_ﬂw( L p()a(w) ~ . N
and in the internal ones
A Z(SAB B i(SAB
SA(2)Sp(w) ~ EmmE Sa(2)SB(w) ~ EEEG (B.0.8)
A B (w NL(Zm)ABWn . w) ~ b (EM)aBtm
S (Z)S ( ) \/5 (f_w>1/4 ) SA( )SB( ) \/5 (z—w)1/4 ’ (Bog)
m 1 (Z™)apSPw) 1 (Z™)*PSp(w)
Y™ (2)Sa(w) N_2 (z—w)i/z (8 (Z)SA(w) ~ __QW(’ |
B.0.10
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B OPEs and CFT Correlators
1 (Zmm)4 58P (w) 1(2m) 47 Sp(w)
mn A B mn
~ = J S ~ = . (B.0.11
T (25 (w) e g B )8 () o AP (3 0.01)
Using the above relations and further decomposing the internal index m, e.g
with respect to a K3 xT? compactification, we obtain the following disc correlation

functions:
(W) () =,
<\I/(21)SA(22)SB(23)> — _jAB 21_21/2,21_31/2,22_31/4 ,
(W ()0 ()0 ()0 (20) ) =070 23 23] — 97007 233 23
—1,_-1

1o Svp
+ 010" 21y 2o

Eaﬂéw(; 21472923 — Eaééﬂ7 212734

(2’122’132’142’232’242’34)1/2
I 213294 + 223214 PR

2 212(213214223 224.234) /2

1 24" ¥
— A B.0.12
2 (213214223224) /2 ) ( )

(8%(21)5%(22)57(25) 5% (24) )

(v ()0 (22)8%(23) 8 (24) ) =

In addition, we give the useful correlators of twist fields and superghosts:

<A(ZI)A(Z2)> = —2;"%,
<6_¢(n>6—%¢(m>6—%w(%>> = MM A (B.0.13)
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C Modular forms

C.1 Theta Functions and Prime Forms

Consider a (closed) Riemann surface ¥, of genus g and define the canonical basis
for the homology cycles 6; = a;, b;:

aiﬂaj :O, (Cll)
b;Nb; =0, (C.1.2)
a; N bj = 5ij s (013)
with ¢ = 1,...,g and I = 1,...,2g. In addition, one can choose a basis of one-

forms w; such that

f Wy = 61’]’7 ﬁ Wy = Tij - (014)

(3 7

Here, 7 is a symmetric matrix with positive definite imaginary part called the
period matriz of the Riemann surface. The periods II; € CY defined as

m, = </§ wj)j:1 g (C.15)

.....

are linearly independent vectors and, thus, form a lattice A in C9. It can be used
to construct the Jacobian variety J(X,) of ¥,

J(Z,) = CI/A = C9/(Z9 + 719) . (C.1.6)

Coordinates on a genus g Riemann surface are naturally defined as follows. Choose
a base point py on X, and cut the latter open along its homology cycles. The
coordinates of a point p different than pg is given by the Jacobi map

Yy — j(zg)

L p e (/ppw) o (C.17)

1=

More generally, the Jacobi map can be defined on a degree zero divisor on ¥, as

DiVO(Eg) - j(zg)

Mo Zpi —q— (Z/p Wj) ) (C.1.8)

.....
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with Y- [ qp w being the Abelian sums. In most cases, we drop the distinction

between points on a Riemann surface and its coordinates via the Jacobi map.
The Riemann (or genus g) theta function on ¥, is

19(2,’7_) _ Z eiwnT7n+2i7rnTz’ (Clg)
nez9

with z € J(X,). It satisfies
Wz +1n+m,7)=e T TN 1) (C.1.10)

under shifts in the lattice A. One of the important results in the theory of Riemann
theta functions is the Riemann vanishing theorem. It states that there exists a
vector A € CY such that for all z € C9, J(z,7) = 0 if and only if there exist g — 1
points pi,...,pgs—1 on X, such that

z:A—Zpk. (C.1.11)

A is called the Riemann class and is an equivalence class of divisors of degree
g — 1 for ¥,. The Riemann theta function can be generalised by including a spin
structure s = (s1, s2) € (3Z/7)%:

198(27 7—) = eiw(slT751+281T(z+52))19(Z + 7S1 + So, 7') . (6112)

Consider the function fs(z,w) = ¥4(z — w, 7) which has a simple zero at z = w.
Differentiating with respect to w around the latter defines a one-form called g,(z)
whose ‘square-root’ is a holomorphic %—differential denoted hy(z). The prime form
E(z,w) is then defined as

_fs(zw)
hs(2)hs(w)

One can show that the prime form is independent of the spin structure and that
it has a simple zero at z = w:

E(z,w)=z—w+0O(1). (C.1.14)

E(z,w) = (C.1.13)

Most of the identities derived for theta functions are deduced from Riemann
theta identities [69]. Here, we only state the specific Riemann identity of interest:

279 "9, (u)d, (0)0s () 04(y) =
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C.2 The Genus One Case

In this section, we focus on the modular forms appearing at genus one which are
relevant for the various one-loop amplitudes considered in this manuscript.
From ((CI.I2), the genus one ¥-function with characteristics is given by

(2, 7) = Y e il i) (C.2.1)

nel

with a,b € R and 7 € C*. Equivalently, we also use the following notation:

191(2’ 7—) = 19[%](277_) 7192(Z’ 7—) = 19[(%](277_) )
V3(z,7) = I)(2,7), Va2, 7) = I[9(2, 7). (C.2.2)

From the definition (C2]), it is easy to derive the z-periodicity property (see also

C110))
D)(z + a7 + B,7) = e o) ke glaie(; 7). (C.23)
Moreover, for a,b € Z,

Iz 7) = I](=, 7)., Wpial(z7) = ()" 0f](2,7) (C.2.4)
5z 1) = Ip)(=2,7), I)(=2,7) = ()"0 (= 7). (C.2.5)

In order to check modular invariance, we use the behaviour of ¢ under the S- and
T-modular transformations

Tir—7+1, (C.2.6)
1
ST — ——, (C.2.7)
T
that is,
Iz, 7+ 1) =" TP 9,5 (2, 7), (C.2.8)
I3z, —1) =y =i eF @2y b1 (2 1), (C.2.9)

The z-derivative of the ¥-function is related to another function, the Dedekind
n-function

n(r)=q= [J1—q"), (C.2.10)

n>1

through
OV (z,7)

P =27 (7). (C.2.11)

z=0

175



C Modular forms

Here, we have defined ¢ = €. The n-function transforms under S and T as

n(—7)
n(t+1)

—iTn(7), (C.2.12)
n(T). (C.2.13)

The ¥-function satisfy a useful identity known as the product formula (a,b € Zs):

V[;)(z,7) =(1 + a) cosma(z — %)

a2 a— 3 a— .
X qF H(l —q")(1+ q"+716227f(z—%))(1 + qn+716—2z7r(z—%)) ’
n>1

(C.2.14)

from which one can extract the asymptotic limit 7, — oo, known as the C-identity:

[

a

I (z,7) =" (14 a)cosma(z — %) g~ . (C.2.15)

An important Riemann theta identity satisfied by a product of four ¥-functions is
the Abstrusa identity

1
: Z a—‘rbHﬂZj:{/; 2, 7) = emimh Hﬁii’; %,7), (C.2.16)

a,beZs2

with > h; = 0. The tilded quantities are defined via the matrix

1 1 1 1
1 1 -1 -1
1 -1 1 -1 | (C.2.17)
1 -1 -1 1
using the change of basis (X = z, h, g)
~ 1
X = JMX. (C.2.18)

A modular form F(7) of weight w is a holomorphic function on the upper-half
plane such that it is holomorphic at the cusp z — i0o and transforms under the
modular group

SL(Q,Z):{(CCL Z),a,b,c,dEZ,ad—bc:l} (C.2.19)
as
F(&) = (et 4+ d)" F(7). (C.2.20)
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A typical example is the holomorphic Eisenstein series which is a modular form
of weight 2k:

Eoy, = Z (m +n7)"%F, (C.2.21)

(m,n)e(Z?)*

with k£ > 1. For k = 1, one defines the quasi-modular formil

Ey=FEy— 3 (C.2.22)
Ty
The real analytic Eisenstein series
1 Ty
E == —2 C.2.23
(7—, 3) 2 (%;l |C’7' + d|25 ( )

is invariant under modular transformations. However, it is rather a Maass form
since it is not holomorphic. It is defined for Re(s) > 1 and admits an analytic
continuation in s to a meromorphic function on the full complex plane with a
unique pole at s = 1.

One can define modular series of weight (w,w), w being the modular weight
under 7. For instance, the more general Eisenstein series used in this manuscript,

,7_04
P 5(1,7) = 2 , C.2.24
HB(T T) ( %;(O ) |m+n7_|2a(m+n7—)ﬁ—2a ( )

carries weight (3—2c, 0). In particular, for 5 = 2a, it reduces to the real Eisenstein
series:

D00 = 20(20)E(1, ). (C.2.25)

Finally, many useful properties of modular series can be derived using the Pois-
son summation formula

Z e—ﬂAijmz‘m]‘-‘rﬂBimi _ (det A)—l/2 Z e—w(mi+iBi/2)(A—1)ij(mj+iBj/2)’ (C226)

m;EZ m;EZL

which can be obtained by applying the identity

> fm) =" Flfln) (C.2.27)

nez neZ

relating a function f to its Fourier transform F[f], to a Gaussian function.

!There are no non-trivial modular forms of weight 2.
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C.3 Application of Theta Function ldentities

Modular invariance puts stringent constraints on one-loop amplitudes in (closed)
string theory. However, some quantities like the sign between the odd and even
spin structures remain independent of this property. This is important in order to
perform the sum over the spin structures. In Section [, in order to fix that sign, we
inserted a number of fermionic vertices and then imposed monodoromy invariance
of the resulting amplitude. We now present the details of this derivation using the
properties of the ¥-functions.

For simplicity, we mostly suppress the 7-dependence in the argument of the 9-
functions. The latter satisfy the following shift identities under + — =z + 1 as a

consequence of (C2.3):

V1(5 +y) — 925 +y) , Vao(5 +y) = —01(5 +y),
GG +y) =G +y) Y +y) =05 +y). (C.3.1)

On the other hand, under x — x + 7 one obtains:

D3(2 +y) — +q 8e @M 9,2 4y,
D +y) = +q 5 TEVD (24 y),
Va2 +y) — +q 8e in(5+y) U3(%+y),
(5 +y) — T P %’194(%+y),

T
Dz —y) —» —q 2 2@V 9 (z—vy). (C.3.2)

We can use these identities to explicitly perform the sum over spin structures in
@Z3) and [@2ZF). The idea is to impose monodromy invariance under the shift
of one of the insertion points. For instance, if we are interested in the monodromy
properties with respect to just one of the gravitini — say, the one at position xy,
the relevant contribution of the prime forms with argument x; to B; is of the form:

[T2, 91 (21— z) G2, (21 — wy)
Vi(ar = o) [1i2y D1y — 2) [T Ou(n — ay)
Here we have put back the indices for the positions, since we need to know how
many prime forms involve z;. Using the constraint (.22)), we see that there is one

extra prime form in the denominator. Using the theta-function identities above,
we can now show that the combination

G=G3 -Gl - G2+ G, (C.3.4)

(C.3.3)

is invariant under monodromies z; — 1 + 1 and x; — x; + 7. This combination
corresponds to taking the difference between the SO(8) Vector and Spinor conju-
gacy classes, with the weights (k1, ko, k3, k4) of the Vector class determined by the
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C.3 Application of Theta Function Identities

condition
4
ki €L, with > ki € Zoaa - (C.3.5)
i=1
Similarly, the Spinor class is defined by the condition:
2

4
1
ki€ Z+ -, with > ki € Zoaa - (C.3.6)
=1

The triality map leaving the Spinor class invariant while exchanging Vector and
Conjugate Spinor classes is:

Y Y

(kb ]{?2, k?” k4) — (k1+k2;k3+k4’ k1+k2§k3_k4 kl—k2—5k3—k4 kl—kggk3+k4) ' (037)

Therefore, we can express the result of the spin structure sum in (LZ6) in the
following form:

Guoy=th(r1 —yp+z—2 Fw—w)h(zs—y+2—2 —w' +0)

X Ip(u—u +v—0)0_p(u—u —0v +0)Bg, (C.3.8)
Guiy =01(r1 —yo+2— 2 +w—0' 4+ 1+ T2 — 1 — U2)

X0 (xg—yp+z2—2 —w +0+ Ty + 32— G1 — J2)

X Up(u—u' +v—20)0_p(u—u —v +0)By. (C.3.9)

Taking into account B as well as the bosonisation identities of [83], these can then
be re-written in terms of fermionic correlators, as in (ZF).
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D On Regularisation of Functional
Determinants

D.1 Zeta-Function Regularisation

In this section, we present the regularisation method used in order to compute some
of the functional determinants. For definiteness, we focus on the case Ay = AL A_
with

Ay = H (m —nt) (m — nt F 2ie) | (D.1.1)
(m,n)#(0,0)

7 being an arbitrary complex number.
Using (-function regularisation and a Sommerfeld-Watson transformation, we
rewrite A, as

log A, =— % Z [(m —nT) (M — nT — 2i€) + M]°
(m,n)#(0,0)

s,M=0
0 —s
== S (m— ) (m— 2]+ log M
(m,n)eZ? s,M=0
A jf A2 (2) (2 — 20) (2 — 22)]* + log M (D.1.2)
88 I
neL s,M=0
where we have added an infrared regulator M and defined
z+EnT+2@e+2—+O(M)Enﬁ+zt+, (D.1.3)
€
M
ZOEW—ZQ—H)(M) = n7 + ity (D.1.4)
€

Also, we choose € to be real and positive and M to be real and negative (and of
course smaller than €). The contour C goes all around the real axis from —oo™ to
oo™ then from co™ to —oco™, and the interpolating function I (z) is defined as

T2 6—i7rz

e

) . — (D.1.5)

1
einz _ p—imz 5 e—inz _ pimz 5
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D On Regularisation of Functional Determinants

For this choice, we have two different branch cut structures. First notice that

[(z=20) (z = 2)] " (D.1.6)

has three branch points so that we need to link all of them (having thus two branch
cuts). Moreover, we have to avoid crossing the real axis with the branch cuts in
our case. Hence, for n > 0, because both roots are in the upper half-plane, we
choose to have a branch cut going from 2y up to z; and then from z, to ico. One
important thing to keep in mind is that when we go from a point above z, at
the right of the branch cut to a point above z, but on the other side, we pick up
a double phase e*™ instead of only one (you can see this easily by choosing one
branch cut from z, to ioo and the other one from z_ to ioo by slightly going at the
left of the first branch cut, and then look at the monodromies of the integrand). For
n < 0, both are in the lower half-plane and we choose similar branch cuts going to
—100. Now the standard procedure is to deform the contour all the way to complex
infinity avoiding the branch cuts so that the only remaining contributions are the
line integrals over the branch cuts (see Fig. [D.TI).

A

Figure D.1: Contour deformation for A, with n > 0. The dots represent poles and
the dashed line is a choice of branch cut, with the dots on the latter being
branch points.

Taking into account this branch cut structure, (OLI2) becomes

9
log A =2 sin (1) 3 / dtT (nmy + i) [(E — to) (£ — £2)]

n>0

+2—51n (s Z/ QT (nmy + it) [(t — to) (£ — £,)]~°

n<—1
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D.1 Zeta-Function Regularisation

+ 2% sin (7rs) Z; /00 dtl (nm +it) [(t —to) (t —t4)]°

+ 2% sin (rs) Z /_ dtl (nmy +it) [(t — to) (t — t4)]° + log M
n<—1+to

s,M=0

(D.1.7)

For the non-constant part of the interpolating function, the result converges for
s > 0 and gives a non zero result only if the derivative hits the sine function. Thus,
we rewrite the determinant as

0 . b+ .0 . to .
log Ay = ——sin (s) S odr[t—to) (t—t )]+ 55 5 (7s) S dt[(t—to) (t—ty)]
5 n>0 v 10 5 n<—17t+
d s
— o sin (27s) Z/ dt[(t —to) (t —t4)]° + 5 Sin (27s) ) > / [(t —to) (t —t)]
n>0 n<-—1
ty 6271'117'1 —7t to e —imnTi+nt
+ 27T ;/to dt emm-l —7t __ e—mrm-l—i-mf o 27T HZ:I dte—iwnn—i-wt _ 6i7rm-1—7rt
o] 6i7rm-1 —mt —00 6—z'7rn7—1 +mt
+ 47T nz;() /t+ dt eiwnﬂ'l—wt _ e—iwnn +mt o 471' n;1 /to dte—iwnﬁ—i-ﬂt _ eiwnﬂ'l—wt
+log M (D.1.8)
s,M=0

Performing the integrals yields

log A, = —% sin (ws) B (25 — 1,1 —s) (1 — (=)"7%) [Z (to—t) 7 = ) (ts — to)l_2S]

n>0 n<-—1

_ % sin (27s) B(2s — 1,1 — s) [Z (to—t) ™ = > (ty - t0)1_2S]

n20 n<—1
+ IOg 2z7rm-1 27rt+) (1 - 62i7rn7—1—27rt0)
+ Z lOg (1 _ 6—27L7m7’1+27rt+> (1 o e—2i7rn7'1+27rt0)
n<—1
+log M ‘ (D.1.9)
s,M=0

B (z,y) denotes the Euler integral of the first kind. The n = 0 term in the
denominator of the first logarithm cancels the regulator term so that we can set
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D On Regularisation of Functional Determinants

it to zero in the rest of the expression. Using the definition of ¢, and ¢y in (213

and (O.L4), (OTY) reads:

log Ay = —% sin (s) B (2s — 1,1 —s) (1 — (—)1_28) Z (to—t )%

n>0 s,M=0
o . —2s —2s
+%SIH(WS)B(28— 1,1—5)(1— ()2 ) Z (ty —to)' 2
n<-—1 s,M=0
_9 sin (27s) B(2s — 1,1 — s) Z (to—t.)%
0s ’
n>0 $,M=0
+ 9 ¢n (27s) B (25 — 1,1 —s) Y (ty —to)' >
Os ’
n<-—1 s,M=0
1 — 6—47re 1 — n6—47re 1 — n647re 1 —ag" 2
+1Og( ML (1—q )(1—q"e'™) (1 —q")  (DL10)
e

Finally, we compute the first four terms by noting that ty; — ¢, = —2¢. Both have
a very similar structure. By summing of n in both cases and taking directly the
limit of s going to zero, we show that the first term cancels against the second one
and the third term against the fourth one. Thus, the only remaining piece is

(1 _ e—47re) anl (1 _ qn6—47re) (1 _ qn647re) (1 _ qn)2
me

log A, =log

(D.1.11)

Exponentiating the previous result gives A, which turns out to be analytic in e.
However, to be more careful (the choice of lambda in the regularisation should be
the same for all the factors), we carry out the same analysis for log A_ rather than
going through the previous argument. In this case, we have two main differences.
The pole structure looks the same if we use the same regularisation except for the
fact that both poles are exchanged, i.e. z_ has a smaller imaginary part than z{:

M
. En7—2i6—22—+O(M) =nm +it_, (D.1.12)
€
, iM .
ZOETLT—FE‘FO(M)ETH] +’Lt0. (Dll?))

Moreover, for the same reason, the zero mode part is now included in the negative
mode sum rather than the positive one. Hence, going through the same steps, we
obtain exactly the same result as for A, even for the zero-mode part. Normalising
the result to 1 at e = 0 yields

. 2
As= {191(2“”)} o5 (D.1.14)

dmien(r)3
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D.2 Functional Determinants

D.2 Functional Determinants

D.2.1 Heterotic Functional Determinants and Poincaré Series

In this appendix we discuss a modular-invariant regularisation of the bosonic de-
terminant (826, using properties of Poincaré series in order to extract the corre-
sponding Fourier expansion. Our analysis closely follows [4, 5]. The factorisation
of the modular invariant determinant (B26) is defined in terms of the following
functions:

-1

Y

Gaale—rer) =[] [(2_7;)2<AA+(.€_—g+)A)(AA+(g_+g+)A)

(ma)£0,0) L N2

(D.2.1)

-1

Ghon-hol (€ €4) = — ><1+ fd A )

A(A—¢e_ —¢€ ’
(m,1)(0,0) (A-e& —&)
(D.2.2)
where we use the shorthand notation
A=m-—1n and A=m-—7n. (D.2.3)

The explicit representation of the almost holomorphic piece (D2.0]) in terms of
elliptic functions has already been calculated in ([B2Z1) using the method of Section
[D1 An alternative, more efficient way of obtaining the same result is the following.
First of all, we take the logarithm of (D.2.1]):

.0
log Ganol = — £1—>0 % Z [

(m,n)€(2?)*
.0 —s\ (- —&\"

Here, ® is the modular series defined in (C224]) which regularises (D.2.1]) for large
s. It is related to the usual Eisenstein series

7
m+nt|?+ (62 — €.)(m + n7)]

s+ (6— - _6—)

1 s—w/2
E(s,w)=5 Y 7‘0:1 T (e +d)™ (D.2.5)
(c,d)=1
through
D5 =2C(B)E(B/2, 8- 2a). (D.2.6)
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D On Regularisation of Functional Determinants

Notice that the terms with odd k are identically zero. Moreover, the term k = 0
gives

— log /7], (D.2.7)

which is already taken into account in the full result (BZZT0), since we normalise
the functional determinants to one when e, are set to zero and simply weigh the
e+-deformed part of the amplitude with the partition function. Hence, we restrict
the summation to £ > 2. For k > 4, ¢ is a well-defined modular series even for
s = 0 and leads to the anti-holomorphic Eisenstein series Ej. For k = 2, one
can show that in the limit s — 0, ®7,,,5,,5 reduces to the quasi-modular form

E». Indeed, since 7,5, has a simple pole in s and using the expansion of the
binomial coefficient

(-}:) = (—)’f% +O(s?), (D.2.8)

the pole vanishes upon acting with the derivative with respect to s. The constant

term in the expansion of @7, ., is 2((2)75@2. Therefore, taking the exponential
yields

Gahol(€—7 €+) = —exp {Z @(g_ - E+>2nE2k} €xp {Z @(g_ + €+>2nE2k} )

k>1 k>1
(D.2.9)
with the notation Es, = FEsy, for k > 2. Using the formula
2mAn3 = C(2k) (o, ~
— e = —\N"E. D.2.10
O {; k: W (D.2.10)

we recover the result of Eq. (8Z1).

We now focus on the non-holomorphic piece ([2Z2). One way to see that the
field theory limit of (122 trivialises at the Wilson line enhancement point (831)
is to compute the n = 0 contribution. Indeed, as can be seen by performing
a Sommerfeld-Watson transformation, n labels the oscillator number and thus
corresponds to the mass excitation level. Consequently, the latter is exponentially
suppressed except for the n = 0 term. Now using the identity

- 7B sinw(a+F)
nl;l()<1+m+ﬁ> Csintf w(a+p) (D.2.11)

it is straightforward to show that the n = 0 term in (.22 reads
-1

, (D.2.12)

[sinc (- —éy) sincm(é- +€;)

sincw(é_ — €;) sincm(é_ + €y
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D.2 Functional Determinants

with sinc(xz) = sin(x)/x. At the enhancement point, é = €. (because P, = Pg)
and, hence, ([O2ZT2) trivialises.

We now prove this statement by regularising the full infinite product ([82Z.0) at
the string level in a modular-invariant fashion. We start by taking the logarithm:

log[G™(c_,e )] =— > log(AA+E A—é A) + (64 — —¢4)
(m,n)#(0,0)
0 5 € e\’
. - T\ —5 — + . .
:il—{%% Z Z ( k:)(AA) (E_Z) + (€4 — —€4)
(m,n)#(0,0) k>0
= lim ﬁ Z Z <—s) (k) e éi_e T2£_k_s (I)Z—l+s,k+2sv
=0 Js k>0 0<¢<k k ¢
ke2Z 1e2Z

(D.2.13)

with @, 3 being the modular series of weights (0, 3 — 2a) defined in (C224). It
is absolutely convergent for 3 > 2. Notice that in (OZ2Z13) 8 = k + 2s and, hence,
the limit s — 0 is well-defined for & > 4. The cases where &k = 2 are discussed
separately belowll.

1. For [ = 2, similarly to the analysis for Ganol, ®s2s+2 precisely reproduces the
quasi-holomorphic Eisenstein series 2¢(2)E, upon taking the limit s — 0.

2. For [ = 0, using the identity
O, 5(r,7) = 72070 [q)ﬁ_aﬂ(T, f)] , (D.2.14)

it is easy to see that one similarly obtains 2¢ (2)75@2.

As a result, the Eisenstein series appearing in (L2ZT3)) are well-defined in the limit
where the regulator s is set to zero:

log[G*™ (e, e4)] = C(2)(€? By + € B»)
+2) > (’;) % el et ik E(k/2,20 — k). (D.2.15)

k>4 0<e<k
k€2Z €27

In order to derive the asymptotic behaviour of G, we study the properties of
the modular series in the expansion (D.2TI3)). Indeed, the Fourier expansion of
the modular series ([(C2.24)) is organised into an ‘asymptotic’ contribution and an

!The term k = 0 is taken into account in the normalisation of the full amplitude (EZI0).
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D On Regularisation of Functional Determinants

‘oscillator’ part:

5 B (7, 7) = 2(8) + 275”{03“’ + [t + 1) } .

n>0

(D.2.16)
The coefficients Cy, C,,, I,, are given by:

( 2m)\B(—q)B—2
CiP(my) = ( 7TF)(ﬁ( _2)a) (n72)7 1 01 p(n) (4mnmy) =% 27 Wi, a1 (dmnr)
2m)P(—i)P—2
129y = )r(<a>) (7)™ 01 5(n) (4mnm) 7 AW, g o (d7n)
b2l (B-1)C(B-1)
CoP = 928 (—j)B-2
@ A Y Nt
(D.2.17)
where W), ,(2) is the Whittaker W-function and o4(n) = > d° is the divisor func-

din
tion.

Using the asymptotic properties of the Whittaker function, it is easy to show that
the oscillator modes in ([OD2.14), > (Chq™ + 1,,¢"), are exponentially suppressed
in the limit, 7, — oo. In addition, the zero-frequency term in the curly brackets
decays polynomially in the same limit. Hence, the dominant contribution in the
field theory limit comes from the ‘asymptotic’ part:

T, %P5 3 2¢(6) . (D.2.18)
Consequently, in the limit 75 — 0o, we obtain

lim log[G"*(e—,€.)] = ((2)(2 + €2)

T2 —0Q

+ Z @(g_ — &) (& — —¢y)

= @(g_ e 4 (6 ——¢y).  (D.2.19)

Using the definition of the Riemann zeta function, the sum over k can be performed
and leads to the expected field theory limit:

1 E ¢ 2k
lim loglC" (e = Y0 7 ( ) (e ——¢))

el n,k>1 n
e —é\’
=— log [1— < — *) T (& — —¢&))
n>1
= —log [sincm(é_ — &, )sincm(e_ +€,)] . (D.2.20)
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D.2 Functional Determinants

D.2.2 Type | Functional Determinants

In this appendix we discuss the regularisation of the infinite products appearing
in the functions H,(§; 3;7), introduced in ([L3.4)). We start by choosing the regu-
larisation parameter s such that Re(s) > 1 so that we are considering instead the
exponential of

(¢/2)° ) 6/2
l 1_ p— .
Zog( +g+§_n_27'|2s Z Z|m+ + _%|2sk

mEZL k=1
n>0 n>0

For sufficiently large s, the sums are absolutely convergent. The series in m,n
can be viewed as a limit of a deformed real Eisenstein series E(s; 7). In order to
study its behaviour in the the large-7» limit, we obtain an expansion in ¢ = e~ "".
Using techniques similar to the ones used in extracting the Fourier expansion of
Poincaré series (c¢f. [, 5] for more details), we can obtain the analogue of the
Chowla-Selberg formula:

. > (6/2 1-2sk 7FZC m 9+€ r —mictT —S
BO=- () o X e [
k=1 me Z/TLZ CEZ —00
(D.2.21)
This integral can be explicitly performed [4] as
o0 22720l 25k —1) forc=0
dt e~ Tt (t2 + 1)_Sk = - 2[51;(86]?}2 2sk—1 ’ )
_4 = [1'(‘(8/3:{]22) e g (2m|c|my; sk) -, for ¢ # 0
(D.2.22)

where o(z; s) is a dressed Bessel function, stripped off its asymptotic behaviour:

o(z;s) =7 20(s)z2 ’K, é(%) : (D.2.23)

Indeed, for z — oo, it converges to o(z;s) — 1. As a result, the ‘mode ex-
pansion’ ([D-2.27]) is exponentially suppressed in the limit 75 — oo for the non-
vanishing ‘frequencies’, ¢ # 0. Special care is required in the treatment of the
¢ = 0 term which is potentially divergent. Ordinary (completed) Eisenstein series
E*(s;7) = (*(2s)E(s; 7) have a meromorphic continuation to the full s-plane, ex-
cept for simple poles at s = 0, 1. In our case, this problematic behaviour may arise
from the £ = 1 term, as we try to remove the regulator, s — 1. However, this
naive divergence cancels out between the bosonic and fermionic determinants.
Indeed, let us pick the ¢ = 0 mode contribution in the above sum:

6/2 V2R o\ 125k 2272k 125k — 1) (2sk — 1)
a Z < ) [I'(sk)]? ‘

(D.2.24)
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D On Regularisation of Functional Determinants

It is clear from the properties of the Riemann (-function that the £ = 1 term
has a simple pole at s = 1. However, there is only an overall multiplicative e-
dependence for this term. Taking the logarithm of the full ratio of fermionic and
bosonic determinants appearing in (@3.14), regularising each sum by introducing
the s-parameter and extracting the ¢ = 0 term we observe that the dangerous
k =1 terms cancel:

B (2>1—2s 22—287TF(23 — 1)€(28 . 1)
i ()]

x [2 (%)2+2<%)2— (E‘ ;€+)2— (6"2”*)2] —0. (D.2.25)

Notice the relative factors of 2 in the first two terms in the square brackets, arising
due to the fact that the fermionic products contain positive and negative n # 0
contributions, whereas the bosonic ones are restricted to n > 0 only.

As a result, we can remove the regulator s — 1 and obtain a well-defined ex-
pansion. In particular, in order to study the field theory limit, the relevant terms
are those with ¢ = 0, k > 1. It is easy to see that they decay power-like as 7, 2",
Hence, taking the exponential, the ratio of the infinite products (and, hence, the

ratio of H-functions) goes to 1 in the limit 75 — oo.
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